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Abstract

Commercial airline flight in the United States afArica is under the oversight
of the Federal Aviation Administration (FAA) whidtas set standards for the amount of
harmful or unpleasant compounds onboard aircrafhfisove occupant safety and
comfort. Carbon monoxide (CO), one of these rdgdlaompounds, is of particular
interest to the FAA in addition to sensors thataske to properly detect CO inside the
airline cabin. In this study, a total of ten conmoally available CO sensors were tested
and evaluated. The sensors were operated in arementally sealed chamber where
the total pressure and CO gas concentration wereatied. The sensors were primarily
tested in known concentrations of CO in nitrogehilevadditional experiments were
performed to study the effect of oxygen,©n the sensors. The sensors’ steady state
and transient responses were analyzed. The répégntaf the sensors’ measurements

was also investigated with and without O



Acknowledgments

I would like to express my deepest gratitude toRrel A. Overfelt for his
support and encouragement throughout my collegeteer. Under his leadership | have
learned, developed and applied engineering priesifilat will be invaluable throughout
my professional career. His patience and guidare crucial in my technical training
for which | am very grateful. | would also like tikank Dr. Jeffrey Fergus and Dr. Bart
Prorok for serving on my committee. Their guidaaod insight were paramount in this
research project and allowed me to learn more girots completion.

I would also like to acknowledge my fellow colless for their collaboration
with me and for their friendship. | would like tisank Lance Haney for his patience and
understanding as he taught me about infrared sisecpy, and Amanda Neer for always
being willing to discuss and critique my ideas thgbout this project. | extend my
sincere gratitude to Naved Siddiqui for his effont@ssisting with the completion of the
experimentation in this study, and Wil Kilpatriakrfproviding me with a better
understanding of the chemistry involved in thisjget | would also like to thank L.C.
Mathison for his invaluable technical expertise angport throughout this project. In
addition, | would like to thank Mike Crumpler, Shawang, Briana McCall, Amy
Baldwin, Chan Kang and Hassan Sk for their thoughtsassistance in the completion

of this research effort.



Most importantly, | would like to thank my wondekfvife, Katie, for her
unwavering love and encouragement of me as | pdrmsuyedegree. Without her constant
love and understanding | would not have been abt®mplete this research project. The
support of our family, parents and grandparentsweag encouraging, as well.

Finally, this project was funded by the U.S. Fafl&viation Administration
(FAA) Office of Aerospace Medicine through the Nai@l Air Transportation Center of
Excellence for Research in the Intermodal Transfoutironment (RITE), Cooperative
Agreement 07-C-RITE-AU. Although the FAA has sparesl this project, it neither

endorses nor rejects the findings of this research.



Table of Contents

Y 011 =T od RO UPPPPPPPPPUPPRTRR i
ACKNOWIBAGMENTS ...ttt e e e e e e e e e e e e e e e e et e e e e e bbbt e e e e e e e e e e eeaeeeees ii
LISt O TADIES ...ttt e s e e e e e e e e e e e e e eeeeeeennbannnns vili
LISE OF FIQUIES .ttt s e e e e e e e e e e e e e eeeeeesnennnnes IX
N[0 g g1 gLl = L | PSP Xil
(@ gF=T o] (= g I | o1 o To [1 T £ o PP RRRRRP 1
Chapter 2: LItErature REVIEW .......cccooiiiiiiiiiiiieeeieetes e ee e e e e e e erenan s 4
Commercial Aircraft Systems and Environment OVBIWi..........ccooveeeeeeeiiiieieeeeiiiiiinnnnns 4
Bleed Al SYSTEIM .oiiiiiiiiiiiiiiie e s e et b s aeeeea e as 5
FUME BVENT L. e 12
Effects of Carbon Monoxide on HUMANS .....camm i 13
Fourier Transform Infrared Spectroscopy (FTIR) @8NV .........oovvviviiiiiiiiieeeeeeeeeeee. 17
Principle of OPeration ... 17
IR ADSOrption PrOPErtiE€S ....ccoiiiiiiiiiii et ee e 20
Carbon MonoXide (CO) ...uuvveeeiiiiieeee e 21
ALMOSPNENTC GASES ... ieee e e e ee ettt eee e e e e e e e e e e e e e e e eeeeereenes 22
Carbon Monoxide Sensor Technology OVEervIEW.......cccoooeeveeeiiiiiiieeeiiiiiiiie 25
EleCtroChemiCal ..........coooiiiiiii e e 25
Metal Oxide Semiconductor (MOS) ......cooiiuiiiiiiiie 0.3



Chapter 3: Materials and MethOdS ..........uciiir i e eeeeaeeees 32

Sensor Evaluation SYSTEM ... 32
Analytical CO Concentration Prediction MOdel. ........ovvuviiiiiiiiiiiiiiiee, 38
Experimental Procedure to Evaluate Carbon Mor®&dnsors ...................... 47

Experimental Procedure to Evaluate Carbon More@&dnsors at
ReEAUCEA PreSSUIE ...vvvvieeiiiiiie e e s s e e e e e e e e e e e aeaeeeansnnnesd 49,

Experimental Procedure to Evaluate the Repedtabflthe Carbon

MONOXIAE SENSOIS ...vvuuiiiiiiieeeeeee ettt e e e e e e e e e aaaaeees] 0.5
FTIR Measurement MethodS ............uuuicmoc oo 52
Experimental Procedure for FTIR Calibration EX@&ENtS .........ccccevveeeeieenennnn. 53
Carbon MONOXIAE SENSOIS ....c.uuuuuiuiiiiiiiaaa e e e e e e ettt eeeaaa e e e e e aeaaaeas 55
Unit Conversion and Leak Rate Quantification. ..........ccovvviiiiiiiiiiiiiiiieeeeeeieenan, 60
Chapter 4: Results and DISCUSSION ..o ieiiiiiiiiiiaaaeee e e e e e e e e e eeeeeeeaeeeeneeeeeerenen s 68
FTIR CaliDration .........ueeeeiiiiiee oo a e e e e e e e e e e e e eeeeeeees 68
Premixed Carbon Monoxide Gas EXPeriments ..cuccccccoooeeeeeeeeeiiiiieeeiiiiiiiiee e 72
Carbon Monoxide Sensor Performance ..., 72
Seady At ANAIYSIS ...evueiiiiiii e 72
TranSIeNt ANAIYSIS ....ooeieieiiiiiiiiiee e e e s 80
Repeatability EXPErIMENTS .......cooiiiiiiiiiiiiii e eveeeeee e eeeeeeenes 89
Chapter 5: Summary and CONCIUSIONS ... 98
Chapter 6: Recommendations for FUtUre WOIK . ...veeeeeiiiiiniieeeeeeeeeeeeeeeieiveeeeeiiiees 100
] (=] €= o =T PP RRT 102
Appendix A: Individual SENSOrS’ RESPONSE .. cneiieieeeeeeeiieeeeeeeeiiti s 107
Appendix B: Steady State CO SeNSOr OQULPUL .....ceeiiiiiiiiiiiiiiiiiiiaee e eeeeeeee e 112

Vi



Appendix C: CO Sensors’ TiIMe CONSTANTS ....ceceeiiiiieie et 115

Appendix D: CO Sensors’ Response Normalized tcAtmaytical Model ............ccccceeeeeenenn.

Vii



Table 2.1:

List of Tables

FAA and EPA Regulatory Standards foeRtal Commercial Airline

CONLAMINANTS ...iiiiiiee et e e e s e e s rmnee e e s 8
Table 2.2: CO Exposure Correlated to CO PoiSONYIQEOMS ......ccvvvvvivviiiiieieeeeeeeeeeee e 16
Table 3.1: Carbon Monoxide Concentrations for CQsBe Experiments ...........ccccceeeeeeeeeenne. 48
Table 3.2: FTIR Settings for CO Sensor EXPerimentS.........cocvuvvveeeiiiiiiiiieeeeeeeeeeneeeeeeeeen 48
Table 3.3: FTIR Settings for CO Sensor ExperimahBBeduced Pressure ...........ccc........ 50...
Table 3.4: Experimental Parameters for Repeatalikiperiments ...........ccccceeeeiiiiieiieeceee 52
Table 3.5: Carbon Monoxide Concentrations for FT&ibration ...............ccccvveeiiiiinneenn. 53
Table 3.6: FTIR Settings for FTIR Calibration EXPBENLS .......cccooeeieeieeeiiiieeeeeeeeeeees o 55
Table 3.7: List of CO Sensors and SpecificatiQnS............eeeeeiieeeeeeeeeeereeeeeeiiiiiennns 56 - 57
Table 3.8: Sensitivity of Figaro TGS 5042 SENSOIS......cccceieeeeeiiiiieeeeeeeiv s 59
Table 3.9: CO Concentrations for CO Sensor EXpaTEe............coovvvvveeviivvniiineee e e 64
Table 3.10: CO Concentrations for Repeatability EEHPENtS .......cccoevvveiiieeeiiiiiiieeeevvceeens 65
Table 4.1: FTIR Measurement StAtiSHCS ........ceeveeiiiiiriiiieeiiiiieeie e 69
Table 4.2: CO Sensor Output at 101.3 KPa .....ccccovviiiiiiiiiiiiiiiie e eeeeeeeeeeeeeeee e 79
Table 4.3: CO Sensor Time Constants at 101.3 KPa...........ccccvvviiiiiiiiiiiiie e, 82

viii



List of Figures

Figure 2.1: Schematic of Bleed Air System Commdtdynd in Commercial Aircraft ............ 6
Figure 2.2: Ozone Converter Showing Honeycomb Core...........ooooiiiiiiiiiiieeeeeee, 7

Figure 2.3: Comparison of the Number of Outside@manges per Hour in Different

Man-Made ENVIFONMENTS ..........uviiiiiiiiiieeeesiee e 9

Figure 2.4: Air Flow/Circulation Inside the Aircta@abin ..............ooiiiiiiiiiiiiiie s 10
Figure 2.5: Cabin Altitude versus Aircraft Altitude............ooooeeeeiiiiiiiiee 11
Figure 2.6: COHb Percentage in Human Blood Given@@centration and Duration of

EXPOSUIE oo r e e eaaas 15
Figure 2.7: Relationship between Rotational, Vilorzdl and Electronic Transitions ............. 18
Figure 2.8: The IR Spectrum of CO from the QAS@atabase ..........cccoeveeveveeeeeieseeenen, 21
Figure 2.9: Fundamental Vibrational Mode for COSRLIBOM .o, 22
Figure 2.10: IR Spectrum of G@&om the QASoﬁ Database .......cooovevviiiiiii s . 23
Figure 2.11: Spectrum of 8 from the QASOf! Database ...........cccocoevvveveveeeve s nn. 24
Figure 2.12: Schematic Diagram of Electrochemidal@as Sensor ..........ccccccvvvvvninnnnnn 27.
Figure 2.13: Cross Sensitivity to Various Gasse$igaro 5042 .............oeuvvvevniiinnesmmmmnn. 29
Figure 2.14: Picture and Schematic Diagram of MAB@AS SENSOr .......cceveivieeeeeeeeeeennn. 31..
Figure 3.1: Picture and Schematic Diagram of SeBsatuation System .......................... 33.
Figure 3.2: Sensor Evaluation System: Control Medul.................iiiiiiinnnie e 35
Figure 3.3: Sensor Evaluation System: Sensor Etraludodule .............ccccviiiiiiiiiinnenn. 36
Figure 3.4: Sensor Evaluation System: FTIR Gas ysmlChamber ............ccccevvviiivininnns 38.



Figure 3.5: Analytical Model Prediction ComparedEtxperimental Measurements ............... 41
Figure 3.6: Analytical Model Prediction for the Sen Evaluation System Chamber

Connected in Series with the FTIR Gas Analysis QE&am...........ccccceeeiiiiiiieeeeeeeeeeee, 44
Figure 3.7: System Block Diagram for CO Sensor ERPENTS ..........cevvvvvriiiiiiireeeeeeees s 48
Figure 3.8: System Block Diagram for RepeatabBRperiments ............cccccceeevviiiiiiiinnnne 52
Figure 3.9: System Block Diagram for FTIR CaliboatiExperiments ...........cccccceeeeeenneenne. 54.
Figure 4.1: Comparison of the Experimental FTIR KI€asurements to the Theoretical

Beer-Lambert LAW .......ooooiiiiiiiiii ittt re e e e e e e e e e 69
Figure 4.2: FTIR Calibration Results (Measured M8ISNOWN) ..........cuvvvuiiiiiiiiieeeeeeesianas 70
Figure 4.3: FTIR Calibration Equation (Known verddigasured) ...........ccccvvvvvvvennniinnnnnnn. 71
Figure 4.4: Steady State Results for CO Sensomgtiah at 101.3 kPa .........cccccceeeeeeei 3
Figure 4.5: Steady State Results for CO Sensomiatiah at 87.5 kPa ..........cccccceeeeeeeeeeeen 76
Figure 4.6: Steady State Results for CO Sensomiatiah at 75.3 kPa ..........ccccccceeeeeeeeeeen 16
Figure 4.7: Figaro 5042 (Top) Response at Pressfirb31.3, 87.5 and 75.3 kPa .................. 77
Figure 4.8: FirstAlert Curve Fit at 75.3 kPa and=CE00.0 ppm CO (116 mg COn.......... 81
Figure 4.9: SenseAir Curve Fit at 75.3 kPa and @519 ppm CO (293 mg COn........... 81
Figure 4.10: Figaro 5042 (Top) Transient Respohd®A.3 KPa .........cccccceeviiiiiiiiiiiiiiienees 84
Figure 4.11: Figaro 5042 (Top) Transient Respoh3®&8 KPa .............eevviiiiiiiinneiiiicaaee. 84
Figure 4.12: Kidde Transient Response at 101.3.KPa..............coooviiiiiiiiiiiiiiiiiceeeee e 86
Figure 4.13: Kidde Transient Response at 75.3.KPa..............eeeiiiiiiiiiiiiiiiiiiiiieee 86
Figure 4.14: e2v Transient Response at 101.3 KPa..........ccooeiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeiiieas 88
Figure 4.15: e2v Transient Response at 75.3 KPa.............ooooiiiiiiiiiiiiiiiiiieeceeeeee e 88
Figure 4.16: Repeatability Experiment at 101.3 without G, in the Gas Mixture

(Steady State Concentration 295 Mg CE/M.........ceoviveeeeeeeeeeeeeeeeeeeeeeeeeee s 90



Figure 4.17: Repeatability Experiment at 101.3 Witk 21% Q in the Gas Mixture

(Steady State Concentration 233 Mg CO/M.........oevoveeeeeeeeeeeeeeeeeeeeeeeeee s 90
Figure 4.18: Repeatability Experiment at 101.3 Witk 21% Q in the Gas Mixture

(Steady State Concentration 45 Mg CE/ML..........ccooviveeieeeeeeeeeeee e, 94
Figure 4.19: Repeatability Experiment at 75.3 kith @1% Q in the Gas Mixture

(Steady State Concentration 33 Mg CE/ML........coioveveeeeeeeeeeeeeeee e, 94
Figure 4.20: Schematic Drawing of the Figaro TG8Z58.00 ........cccccoeeeeeeeeeeeeveeeeeiiieiieenns 96
Figure 4.21: Schematic drawing of the e2v EC4-2C@D-............cccovvveevirvveennninnee e e 96

Xi



ACER
ACI
APU
°C
CFM
COHb
CcO
CO,
Cs
DTGS
°F
FAA
FT
FTIR
H0
Hb

HEPA

Nomenclature

Airline Cabin Environment Research

Automation Components, Inc.

Auxiliary Power Unit

Degrees Centigrade

Cubic Feet per Minute

Carboxyhemoglobin

Carbon Monoxide

Carbon Dioxide

Carbon Monoxide Test Gas Source Concentration
Deuterated Triglycine Sulfate

Degrees Fahrenheit

Federal Aviation Administration

Feet

Fourier Transform Infrared Spectrometer/Spesttopy
Water or Water Vapor

Hemoglobin

High Efficiency Particulate Air

Infrared

Kelvin

Xii



kPa Kilopascal
MFC Mass Flow Controller(s)

MOS Metal Oxide Semiconductor

MPa Megapascal
N> Nitrogen

O, Oxygen

O3 Ozone

PPM Parts per Million

PSI Pound per Square Inch

o Standard Deviation

SCCM  Standard Cubic Centimeter per Minute
SLE Sea Level Equivalent

sSnG Tin Oxide

STP Standard Temperature and Pressure
T Time Constant

USA United States of America

VOC Volatile Organic Compound(s)

Xiii



Chapter 1: Introduction

Commercial air travel has become a way of lifenfany people in the United
States of America (USA). In fact, there were d&@0 million passenger enplanements
on domestic, commercial airline flights in 2011.[T[his number is expected to grow
resulting in one billion commercial passenger eng@haents combined from both
domestic and international flights by 2023 accaogdma Federal Aviation
Administration (FAA) forecast model [2]. With soamy passengers and crew members
flying in the USA and abroad, it is important teaéate and understand any health and
safety risks associated with commercial airlingHti

One potential risk, poor aircraft air quality, lgggned a large amount of interest
in recent years from the pilot and flight attendamnions, the FAA and the flying public.
Commercial airliners supply cabin air from the coegsion stages of the aircraft engine
and, in addition, the air treatment and ventilasgatems have been well designed to
supply clean, healthy air to the cabin occupahiswever, there are rare, but
documented cases, called fume events, of uncleam@ring the commercial airline
cabin [3—6]. Fume events are characterized byoatiye following phenomena: a
reduction of the visibility inside the cabin, foad unusual odors inside the cabin, and
occupant physiological symptoms such as drowsirnesgjache and nausea. In a few
isolated cases, this unclean air is attributeddmyesto be the cause of certain illnesses

contracted by passengers and crew.



Because these fume events are so rare it is unkegagtly what compounds are
present in the contaminated air as well as thecgonirthe contamination. However, it is
suspected that the unclean air enters the cabitheibleed air system and is the result of
the burning of certain aircraft working fluids suas de-icing fluid, hydraulic fluid, jet
fuel or jet engine lubricants (oils). As a resplhssible air contaminants inside the airline
cabin include carbon monoxide (CO), ozong)(©arbon dioxide (C¢), unburned
hydrocarbons and tricresyl phosphate (TCP) whi@nianti-wear additive used in
aircraft engine oil 7, 8.

CO has been identified in this study as the comantiof interest. CO is an
odorless, tasteless and colorless gas that israthypt of incomplete combustion and is
well known to be hazardous to human health. Tymbgsiological symptoms of CO
poisoning include nausea, headache, vomiting,dbsensciousness and even death if
the person is not removed from the CO environm@t |n light of these serious health
concerns, it is important to be able to propergniify the presence of CO in the airline
cabin.

One possible solution is to use existing, commdycevailable CO sensors to
detect the presence of CO inside the airline cablmese CO sensors are inexpensive and
readily available which makes them attractive faegration into an aircraft sensor
package. Most of these sensors, however, werdapmeeand designed to operate in a
home or office building where the environmentalditions are predictable and stable.
However, the airline cabin environment is quitdetént from these environments with
variations in the ambient air temperature, relabivenidity and the total pressure. In

light of this, the performance of the commerciaiyailable CO sensors must be



evaluated in these conditions in order that prggégments can be made concerning
their efficacy in the airline cabin.

This study was performed in an effort to advaneeuhderstanding of
commercially available CO sensors’ performancenvirenmental conditions
representative of the aircraft cabin. This studyadd to the growing amount of
information concerning the efficacy of commercialyailable sensors to monitor the air
guality in a reduced pressure environment suchigktroe encountered onboard an
aircraft. A total of ten commercially availabléeetrochemical CO sensors from eight
different manufacturers were tested and evaluatéiis study. The sensors were
operated in an environmentally sealed chamber wiheréotal pressure and CO gas
concentration were controlled. The CO gas cona&atr was supplied by purchased,
premixed tanks of gas. The sensors were primavijuated in a gas mixture of a known
CO gas concentration in nitrogen,fNo study the effects of an oxygen,j@ee
environment on the sensors; however, some testasgascomplished with {added to
this gas mixture for the sake of comparison. Tdwcentration of the CO inside the
sensor evaluation chamber was monitored by a Ré&ilkmer Spectrum GX Fourier

Transform Infrared spectrometer (FTIR).



Chapter 2: Literature Review

Commercial Aircraft Systems and Environment Overviev

One of the main goals of this research is to dater a method by which CO
levels can be properly measured inside a commaetilaier. When detecting a gas of
any kind, it is important to be familiar with theveronment in which the gas is to be
detected and quantifiably measured, thereforeaitiiae cabin environment becomes of
significant interest.

The airline cabin is a dynamic environment whiblarmges during the various
stages of flight and ground operations. The FAA tegyulatory standards which set the
maximum allowable amounts of harmful or unpleasampounds onboard the aircraft,
however, there is no regulation that requires sanse placed onboard to ensure that the
regulations are met [10]. The equipment and systemboard the aircraft have been
carefully designed to control this environmenttte tullest extent and to be able to meet
the FAA standards. Knowledge of the role and dpmraf these systems is important
for understanding the environment in which sensotsd operate and is also important
for designing and building an experimental setwgt dan adequately reproduce the

needed aspects of this environment.



Bleed Air System

All of the breathable air onboard most commeraiadraft comes from the bleed
air system. The one exception is the Boeing 78%abitiner which uses electrical
compressors instead of the jet engines to presstirezcabin and operate the
environmental control system (ECS) [11]. In aditto breathable air, the bleed system
also provides air at the proper temperature ansspre necessary to pressurize the airline
cabin and to meet all of the requirements of theupmatic systems onboard the aircraft
[12]. The bleed system, as shown in Figure 2drtsby extracting pressurized air from
the compression stages of the turbofan engines dihtypically comes from one of two
bleed ports. The first is the low pressure poeigkth compressor stage) where the air
has a temperature of approximately 204 °C (4#9and a pressure of more than 207 kPa
(32 psi) [12]. The second is the high pressuré @difteenth compressor stage) and
commonly has an air temperature of 650 °C (1Z)Gnd a pressure of 2.96 MPa
(430 psi) [12]. The bleed system automaticallgsts which port to draw air based on
the needs of the aircraft systems at any given.timdact, the bleed air system is

completely automatic except for a shutoff switchitable to the pilots [12].
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Figure 2.1: Schematic of the bleed air system commonly founcbmmercial aircraft
[12].

Once the air leaves the bleed system it is thextetldeto remove £by an ozone
converter. The ozone converter, shown in Figu2e drects the air through a
honeycomb core containing a noble metal catalyst si8 palladium where the;O
dissociates into © Thus, the @is converted into @which results in the concentration

of Oz in the air stream being reduced.



Figure 2.2: Ozone converter showing honeycomb core [12].

After the air leaves the ozone converter it is tbeoled using air conditioner
packs to 16 °C (60 °F) while the pressure is reduoe81 kPa (11.8 psi) [12]. This air,
which is now at the proper temperature and predsugater the aircraft cabin, is then
mixed in the mixing manifold with a similar amouoftrecirculated air from the aircraft
cabin [12, 13]. Therefore, the air inside the mgxmanifold that eventually enters the
airline cabin is typically 50% fresh air, as prositlby the bleed air system, and 50%
recirculated air from the aircraft cabin.

Generally for wide body aircraft, the air thatégirculated from inside the cabin
is filtered with a HEPA-type filter which is in ctrast to single isle aircraft which do not
have a HEPA-type filtration system. This HEPArétion system is similar to those used
in critical wards of hospitals which removes 99.6#4ll bacteria and viruses [12, 13].
Additionally, the HEPA-type filters remove any pele from the air which is

0.003 micrometers or larger [13]. However, HEP pdyilters do not remove gasses



such as CO, volatile organic compounds (VOC) oeegcQ. During normal operation
the amounts of these contaminants are assumedkepbéelow FAA regulatory
standards, which are shown in Table 2.1, by dituabthe cabin air with large amounts
of air from outside the aircraft. The output floate of the recirculation system is
approximately 20 cubic feet per minute (cfm) perspa (10 cfm recirculated air and 10
cfm outside/fresh air) which results in the aindesthe cabin being completely
exchanged 10 to 15 times every hour [12, 14]. &yjgarison the number of outside air
changes onboard an aircraft is higher than thaenoéitive areas in a hospital or a typical

building as shown in Figure 2.3 [13].

Table 2.1
FAA and EPA Regulatory Standards for Air Quality [15]
Ambient Aircraft
Pollutant Standard Agency Standard Agency
Ozone 0.12 ppm 1 —hr EPA NAAQS 0.1 ppm (sea level equivalent, FAA(14 CFR 25.832)
0.08 ppm 8-hr time weighed average over 3-

hr at >27,000 ft altitude)
0.25 ppm (sea level equivalent, at
any time >32,000 ft altitude)

Carbon 35 ppm I-hr EPA NAAQS 50 ppm FAA(14 CFR 25.831)
monoxide 9 ppm 8-hr

PM;p 150 pg/m” 24-hr EPA NAAQS None established

PM, 5 65 ug.r’m3 24-hr EPA NAAQS None established

Nitrogen 0.05 ppm annual EPA NAAQS None established

dioxide

CO, None 5,000 ppm (sea level equivalent) FAA (14 CFR 25.831)

ppm = parts per million by volume

PM, = particulate matter less than 10 microns in diameter
PM; s = particulate matter less than 2.5 microns in diameter
png/m’ = microgram per cubic meter
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Figure 2.3: Comparison of the number of outside air change$per in different
environments [13].

From the mixing manifold and the recirculationtsys the air is then
distributed to the passengers via the ventilatimtesn. The ventilation system, as shown
in Figure 2.4, supplies air from the top of theinahrough an overhead air distribution
system that extends the entire length of the dircedoin [12]. Typically, this air is
approximately 20 to 30 °C (68 to 86 °F) [12, 14ilwa relative humidity range of
approximately 10 to 20% [12, 16]. Once the aivé=sathe overhead air distribution
system the air flows generally downward, as shawfigure 2.4, and is designed so that
air that enters at a particular seat row will aga the cabin at approximately that same
seat row [12]. This minimizes fore and aft draftsich improves passenger comfort and
minimizes the propagation of passenger borne cansats should they become
airborne [12]. The air is removed from the cabynvbnts in the sidewalls that run along
the entire length of the floor of the cabin. Otioe air leaves the cabin, 50% is exhausted

to the outside of the aircraft and 50% is retaiand recirculated.
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Recirculation fan- Conditioned air mix manifold

Figure 2.4: Diagram showing air flow inside the aircraft cabisir enters the cabin
from the center of the ceiling and is exhausted tteafloor by vents in the sidewall [12].

One of the aspects that set the commercial aiciien environment apart from
other environments is the variation in pressurbe pressure in most residences and
office buildings is relatively constant with a valalose to atmospheric pressure. Inside
the aircraft cabin, however, the pressure variahffarent stages of flight. The level to
which the cabin can be pressurized is limited lay thct that the cabin-to-outside
pressure difference cannot exceed 59.3 kPa (0#35[42]. Therefore, as the altitude of
the aircraft changes, the cabin air pressure Wwahge as well, as is shown in Figure 2.5.

Typically, commercial aircraft have a cruising taitie of 35,000 to 39,000 ft (23.8 to

10



19.6 kPa) which means that the cabin is pressut@zagproximately 5,400 to

7,000 feet altitude equivalent (83.1 to 78.2 kR2) [L3].

8
7
6 |
5 -
Cabin Pressure 4
(Altitude Equivalent),
Thousands of Feet 3

HANLLLTY dS10d9D

1 | | 1 1 | 1 | | |
0 5 10 15 20 25 30 35 40

Airplane Altitude, Thousands of Feet

Figure 2.5: Cabin Pressure (Altitude Equivalent) versus AircAdfitude [13].

The total pressure inside the cabin can be retatéake partial pressures of each
gas species present inside the cabin by DaltonssdfePartial Pressures which is given

in Equation 2.1.
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= 2.1)

where:

pi = Partial pressure of the i-th gas mixture compoiePa)

Xi = Mole fraction of the i-th gas mixture compong@dnit-less)

Pr = Total pressure of the gas mixture (kPa)

n = number of components in the gas mixture
According to Dalton’s Law, in a gas mixture, fogi@en mole fraction of a specific gas,
Xi, as the total pressurey,Rlecreases the partial pressure of the specificmgalso
decreases. The CO sensors (electrochemical) ndbi$ istudy are dependent on the
partial pressure of CO present at the time of teasarement. This is a potentially
important factor in consideration of 14 CFR 25.881ich only states that 50 ppm CO
must not be exceeded inside the aircraft cabinenthdving the detection method up to
the user [10]. If the operator and designer ofsim@sor do not adjust the sensor’s output
based on the total pressure present when the nesasor was made, then passengers and

crew could potentially be exposed to CO levels @ighan the required 50 ppm CO

before the sensor alarms.

Fume Event

A large amount of effort is involved both in thestyn of the aircraft ventilation
system and in its maintenance to ensure that thenabard a commercial aircraft is safe
to breathe. Occasionally, the bleed air systeth@auxiliary power unit (APU)
malfunctions or is improperly maintained, resultinghe presence of foul odors and
smoke inside the airline cabin [15, 17-22]. Thespnce of foul odors and/or smoke in

the aircraft cabin is called a fume event or anosype event.
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Although rare, fume events potentially containnhfal and toxic components
from the pyrolized aircraft engine oil which is iesled to be the source of the odor and
smoke [23, 24]. It has been suggested that expdsuhe contaminated air of a fume
event is the primary cause of short-term and clrdinmess, and, as a result, fume events

have gained the attention of both pilot and fligtiendant unions and the FAA [25-27].

Effects of Carbon Monoxide on Humans

CO is an odorless, tasteless and colorless gastharmful to human health. It
is unclear exactly how many CO related deaths therevery year but some estimate
that nearly one-half of the fatal poisonings inusttialized countries is the result of CO
poisoning [28, 29]. Additionally, jet engine odsd other aircraft working fluids
commonly used in the airline industry are knowra@atain harmful chemicals [30, 31]
that when burned or pyrolized can create signitieemounts of CO and GQ7, 32, 33].
These facts underline the importance of understanidiie effect of CO on the human
body, especially when considering the fact thatethgine oil and humans are in close
proximity onboard aircraft.

When CO is breathed into the lungs it is easilsoabed into the bloodstream
where it attaches with hemoglobin (Hb) to form easyhemoglobin (COHb). This has
two effects: First, Hb has four sites whergdan bind with it. CO also binds to these
same Hb sites, which reduces the numberdbi@ding sites, thus decreasing the amount
of O, that the blood can carry [28]. Second, CO birely strongly with Hb due to its
high affinity to Hb, and, in fact, the affinity @OHb is 240 times higher than that of

0O, [28, 29, 34]. In addition, when CO is bound tdeaist one of the four {binding sites
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of Hb, the affinity of Q to the altered Hb complex is increased. ThisltesuHb being
unable to release the,@hen it comes time to deliver it to the bodilystigs [28]. Thus,
COHb affects Hb’s capacity to carry @nd to deliver @to the body. The higher the
percentage of COHb in the blood, the lesssupplied to the body’s tissues, resulting
in hypoxia which leads to neurobehavioral and eaaascular symptoms [29, 34, 35].
CO poisoning, which results from COHb saturatiothie blood of 10 to 30%,
includes the following symptoms: headache, dizanesakness, nausea, vomiting,
confusion, disorientation and visual disturban@s B4]. In more severe cases with
COHb blood saturation of 30 to 50% and above, spmptinclude shortness of breath,
increases in pulse and respiratory rates, lossmdaence, and eventually permanent
brain damage, heart attack and death [9, 34, Bbjvever, CO poisoning and the
accompanying symptoms do not occur instantaneauslyperson whom is exposed to
CO. It takes time for COHb to form and to reackid¢devels inside the human body.
Logic follows that the higher the CO concentratithre faster the COHb percentage in
the blood will increase, making the duration of esxyre a key factor in CO
poisoning [34]. Figure 2.6 shows how long a pensust be exposed to a given,
constant CO concentration before the indicated COldbd saturations are reached.
These COHb blood saturation levels correspondrtaiceadverse physiological
symptoms. Selected CO concentration data fromr&igi6 is also tabulated in Table 2.2
in order to aid the analysis of CO poisoning. As be seen from Figure 2.6 and
Table 2.2, a person exposed to 50 ppm CO for foursor less will not experience any
noticeable symptoms of CO poisoning due to thetfaaitt COHb levels will be between

0 to 10% [9]. COHb levels in this range do notalguproduce noticeable, medical
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symptoms [34]; in fact, current research suggésts€OHDb levels of 15 to 20% must be
reached before a 10% reduction in behavioral aralisnpairment can be measured [35].
On the other hand, for a constant exposure to §ad @O, a person will experience a
headache after 10 to 15 min, nausea and drowsaftes<20 to 30 min and

unconsciousness and death after 30 to 45 min [9].
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Figure 2.6: Carbon monoxide concentration (ppm CO) versus {mmia). Plot is

overlaid with a set of curves with each curve reprging a constant carboxyhemoglobin
(COHDb) percentage in the human blood. This plesents the approximate amount of
time a human can be exposed to a certain CO caatientbefore the COHb percenta

in the blood reach a given level. Also includee thre physiological symptoms
associated with the different COHb percentagekerbtood [9].
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Table 2.2

CO Poisoning Symptoms Correlated to Concentrationrad Duration of

Exposure’*[9]
Carbon Monoxide Steady-State Exposure Concentration
(ppm CO)

Symptom(s) 50 100 200 400 800 160(
Slight Headache 3todhr 60min 25min  10min 6 M
Headache 90 35 15 8
Headache & Nausea 140 45 20 1(
Drowsy 240 60 25 12
Vomiting 75 30 14
Collapse 90 35 16
Coma & Brain Damagé 110 40 18
Brain Damage — Death 135 45 20

" Tabulated data from Figure 2.6 [9].

* All times are approximate and given in minuteseptavhere noted.

CO poisoning is treatable even for someone whac®nscious as long as they

are removed from the environment that contains 6®aae given fresh air to breathe

prior to the onset of permanent brain damage [28fhough the strong bond that CO

makes with Hb is reversible, dissociation is slowl aan take a long time [29, 34].

Treatments are available to help revive a persdin @O poisoning and usually involve

administering 100% &at sea level pressure [29, 36, 37] or at a presdigietly above

sea level (usually 2 to 3 atm absolute pressu)438]. However, treatment can vary

depending on the nature of the exposure and thelbage and health condition of the

patient.
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Fourier Transform Infrared Spectroscopy (FTIR) Overview

Principle of Operation

Fourier Transform Infrared Spectroscopy (FTIRamsanalysis technique by
which infrared (IR) radiation is transmitted thrdwg material sample in order to
determine the sample’s composition and quantitye Hey to this method is the
interaction between the IR radiation and the mdescin the sample. Every polyatomic
or heteronuclear diatomic molecule absorbs IR taxfiaof some frequency or set of
frequencies that are specific to that molecule.eWtine radiation or photon is absorbed
by the molecule it undergoes a quantized rotationalbrational energy transition, as
shown in Figure 2.7, which increases the overargy of the molecule and results in an
asymmetrical shift or change of the electric dipafi¢ghe molecule [42]. Consequently,
homonuclear, diatomic molecules do not absorb fiRResthere is no shift in the electronic
dipole of the molecule as a result of its symmatngbration [43]. Thus, when a photon
of the proper frequency is incident on a molechéghoton is absorbed and the overall
energy of the molecule increases while the energlyeagiven frequency in the IR beam
decreases. This frequency specific loss of enisrgyeasured by the detector and the

result is an IR spectra showing how much of eaguency the sample absorbed [43].

17



Electronic excited state

Electronic
I transition

! Vibrational
transition

Rotational
transition

I

Electronic ground state

Figure 2.7: Diagram showing the relationship between rotatioviarational and
electronic transitions. IR spectroscopy primautiizes therotational and the vibratior
transitions [44].

In order for the FTIR to distinguish between thergy lost at different
frequencies it monitors only a single frequency &me [45]. This means that the FTIR
does not expose the sample to all of the frequeratieat once. Rather, the FTIR uses a
monochromator to isolate only one frequency andaletthe energy lost in the sample
for that frequency before moving on to the next gt& 46]. Also, the standard
convention in IR spectroscopy is to use wavenunristead of frequency to describe
which radiation is absorbed and which is transmitté/avenumber is defined as the
reciprocal of the wavelength of a given frequeneg has units of cih[43].

Equation 2.2 shows the relationship between wavéeunfrequency and
wavelength [46]. All of the FTIR analysis in tlegidy was done in the mid-infrared

region which is defined as 4000 to 400°tf3].
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1 v
W==—=— .
A cC (2:2)
where:
W = Wavenumber (ci)
A = Wavelength (cm)
v = Frequency (Hz)
¢ = Speed of light in a vacuum (cm/s)
The IR spectrum that is obtained from the FTIR/@cally plotted in absorbance
(unit-less) versus wavenumber (&n This is very useful for determining the

concentration of a molecule present in the sam@Qleantitative analysis is based on the

Beer-Lambert Law which is given in Equation 2.3][43

1 |
A=log] = |=log] -2 |=¢l .
og[(_l_j og{lj glc (2.3)
where:

A = Absorbance (Unit-less)

T = Transmittance (Unit-less)

lo = Intensity measured with no sample in the beafefence/source intensity)

| = Intensity measured with a sample in the beaangmitted intensity)

& = Absorptivity (ppm/m)

| = Pathlength (m)

¢ = Concentration (ppm)
Analysis of the parameters used in Equation 2.8vshbat the absorbance, A, is
measured by the FTIR and the pathlengtls set by the user, therefore, both of these
guantities are known. The absorptivityjs a known proportionality constant given a
specific molecule vibrating at a specific wavenumbghis leaves the concentration, c,
as the only unknown variable in Equation 2.3 whaah be determined based on the

knowledge of the other parameters. Thus, usin@der-Lambert Law the concentration

of a specific molecule can be determined by anatythe IR spectrum obtained from the

FTIR.
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Interpretation of IR spectra can be very challegguen with simple sample
compositions. Historically, FTIR users were regdito manually interpret the spectrum
by visually comparing spectra of known sample cositfpons and concentrations to the
unknown spectrum. Today, computers and accompgrsgftiware are able to provide a
much faster, more reliable and more repeatable addtir determining molecular

concentrations for IR spectra [45].

IR Absorption Properties

As discussed previously, IR spectra are the redujtiantized rotational or
vibrational energy changes among the moleculeBeo§ample [42]. In addition, there is
only a finite number of ways that a molecule carvenoThese are given by the number
of degrees of freedom and are dependent on theagepof the molecule. In general, a
molecule withN atoms hasI8 degrees of freedom [42, 45]. Three of these desgoé
freedom represent translational motion in the time¢ually perpendicular directions
while an additional three represent rotational oofabout the same three directions [45].
The remaining B — 6 degrees of freedom are the fundamental vibratiorodes of the
molecule [45]. The number of vibrational modesddmear molecule are\3- 5 since
rotation about the bonding axis results in no atodmsplacement which reduces the
inherent degrees of freedom from six to five [48]is these vibrational modes that
determine which frequencies will be absorbed byntioéecule and, thus, ultimately

determine its unique IR spectrum.

20



Carbon Monoxide (CO)

CO is a heterogeneous, diatomic, linear molecutkits spectrum from the
QASoft® database is shown in Figure 2.8. CO (N = 2) &g ane vibrational mode as
given by 3*2-5 = 1 [42, 45] which has a characterigibrational frequency of
ky -2138cmi [42, 47]. As the carbon and oxygen atoms of tBentblecule vibrate they
move along the bonding axis which, as described@lesults in IR absorption, and

Figure 2.9 gives a visual representation of theianadf the atoms while they vibrate.
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Figure 2.8: The IR spectrum of CO from the QASBfiatabase. Spectrum of 100 ppm-
meters CO in 101.3 kPa (1 atm) air.
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.#c

k,=2138 cm’!

Figure 2.9: The fundamental vibrational mode for CQ=%2138cnt. [44]

Detection of CO gas is the focus of this reseanthitis very important that the
FTIR be able to properly detect it. However, CQ@ ielatively weak IR absorbing
species and its spectrum can be distorted by aitrenger species. It is important to

understand the possible factors that can contritoutieis error.

Atmospheric Gases

CO, and water vapor (}0) are two very common species that exist in large
guantities in the atmosphere. Ironically, both,@@d HO have vibrational modes with
IR absorption bands that are very close to, andmialy overlap, that of CO. This
makes it necessary to investigate the IR absorptioperties of C@and HO to ensure
that their influence on the measurement of CO BYRFIR is understood and properly
taken into account.

CQO; is a heterogeneous, linear, tri-atomic molecutk fzas three characteristic
vibrational modes given by 3*3 — 6 = 3 [42, 45]lwitavenumbers ofk= 1337cn,
k, = 667cn and k = 2349cnT, respectively [42, 48]. The spectrum of O&shown in
Figure 2.10. The C£k; mode produces no spectral peak due to the oxygemsa

vibrating symmetrically about the carbon atom whiesults in no shift of its electric
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dipole. The CQk, mode is far away from the CO vibrational mode had no effect in
the measurement of the CO spectrum. ThelG®ibrational mode, however, is only
206 cm* wavenumbers higher than that of CO placing themaekenough together that
the IR absorption bands of the €é&nhd the CO might overlap resulting in an incorrect

measurement of the CO spectrum.

0.00 k

3500 3200 2900 2600 2300 2000 1700 1400 1100 800 500

Wavenumber (cm™t)

Figure 2.10: The IR spectrum of COrom the QASoft database. Spectrum of 100
ppm-meters C@in 1 atm. N at 25°C.

H,O is a heterogeneous, bent, tri-atomic moleculeatsa has three
characteristic vibrational modes as given by 3'8=3 [42, 45] with wavenumbers of
k, = 3657 cn, ko = 1595 cnit and k = 3756 cn, respectively [42, 49]. The spectrum
of H,O is shown in Figure 2.11. ;B vibrational modesikand lk have much higher
wavenumbers than the vibrational mode of CO andal@ffect the measurement of the
CO spectrum by the FTIR. On the other hand, tf@ ki mode is a very large mode

covering a broad range of wavenumbers. It is sadyrin fact, that IR absorption bands
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from the k mode of HO encroach on the absorption bands of CO providotgntial

overlap of the two spectra.
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Figure 2.11: The IR spectrum of 4O from the QASoft database. Spectrum of 1000
ppm-meters kD in 101.3 kPa (1 atm) Mt 25°C.

In reality, the overlap of the CO spectrum withttbf CQ and HO is small.
However, the overlap could cause significant eimahe measurement of CO especially
at lower CO concentrations due to the fact thatfheross-section of CO is small in
comparison to that of CGand HO. For example, if Coand CO were to absorb IR at a
given frequency, the Cabsorption would dominate over the CO absorptiaking it
impossible to analyze that frequency for CO. Caaptof this thesis will provide the
procedure by which the interference due to thetsaleaverlap of C@and HO with CO

was accommodated.

24



Carbon Monoxide Sensor Technology Overview

There are two technologies commonly used in comialgravailable CO
sensors: electrochemical and metal oxide semicaad(idOS). Only electrochemical
sensors were selected for evaluation in this stddyere are performance requirements
for CO sensors [9] and even standards for testidg€hsors [50], but little research has
been published on the ability of the CO sensoraéet the anticipated requirements at
lower pressures onboard aircraft.

One study was done by L. A. Gundel et al. (2010@netihe effects of pressure,
humidity and temperature on select CO sensors stadéed [51]. The study included
two electrochemical sensors and one MOS sensorvtherpressure was varied stepwise
over the pressure range of 1 to 0.7 atm, the veldtiimidity was varied from 10 to 65%
and the temperature was varied between 65 to 8A\ffof the pressure, humidity and
temperature experiments were done independentadf other and the sensors were
evaluated in known amounts of CO mixed with room dihe results showed poor
reproducibility and significant hysteresis for bdtie electrochemical and MOS CO
sensors, and it was recommended that the nexbstépachieve a reproducible and
predictable CO sensor response to changes in pee$aumidity and temperature. This
study ultimately concluded that none of the tesiasors (CO or otherwise) were well

suited for widespread deployment to monitor thegaality onboard aircraft.

Electrochemical

The electrochemical CO sensors that were evaluatiils study were

amperometric sensors, meaning that the amouneofriglal current generated by the
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sensor is proportional to the concentration of @@Which the sensor is exposed [52].
These sensors use alHbased electrolyte to facilitate the oxidationdrettbn reaction

that governs the sensors operation. Figure 2M&s@ schematic representation of the
operating principle of the Figaro 5042 electrochleahCO sensor, while the basic
oxidation/reduction reaction on which their opeyatis based is presented in

Equation 2.4. In this process there are two legttions that occur [53-55]. The first
half reaction generates electrons at the workiegtedde when CO is oxidized by®,

and, as Equation 2.4a suggests, the number of@sagenerated is twice the number of
oxidized CO molecules which creates an electroenination proportional to the CO
concentration. The second half reaction sinkstbetrons at the counter electrode when
ambient Q inside the sensor is reduced to forgOHshown in Equation 2.4b [54, 55].
Thus, when the working and the counter electrodelactrically connected a current is
created that is proportional to the amount of C&sent at the sensor and the components
of the HO based electrolyte are replenished allowing tims®eto have a longer

lifetime [56]. The overall reaction of the eleathemical cell is given in Equation 2.4c.
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Working electrode

Separator immersed
in liquid alkaline OH- HCO3 CO3* T
electrolyte

Counter electrode

Air (0,,C0O,)

Figure 2.12: Adapted schematic diagram which demonstrates theatipn principle of
the Figaro 5042 electrochemical CO gas sensor [56].

Working Electrode: CO+H,0 - CO, +2H" +2¢e (2.4a)
(Oxidation Reaction)

Counter Electrode: 1 + | o (2.4b)
(Reduction Reaction) 502+2H +2e” -~ H,0

Overall Reaction: O+ % o, - CO, (2.4¢)
The specific ions contained in the electrolyte drat are involved in the
oxidation/reduction reaction for the Figaro 504€ haydroxide (OH, bicarbonate
(HCOy) and carbonate (Gf), as shown in Figure 2.12. Each ion has its own
oxidation/reduction reaction that the sensor usegnherate its output signal. The

oxidation/reduction reaction involving Ok$ given in Equation 2.5 [56].
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Working Electrode: CO+20H™ - CO, +H,0+2¢" (2.53)
(Oxidation Reaction)

Counter Electrode: 1 . . (2.5b)
(Reduction Reaction) EOZ +H,0+2e - 20H

OH is generated at the counter electrode wheis @duced and is then transported to
the working electrode where it oxidizes CO to fd@@, and electrons. The

oxidation/reduction reaction involving HGOs given in Equation 2.6 [56].

Working Electrode: CO+2HCO,; - 3CO, +H,0+2e" (2.6a)
(Oxidation Reaction)

Counter Electrode: 1 . . (2.6b)
(Reduction Reaction) 502 +2C0, +H,0+2e ~ 2HCO,
In this reaction, the HCQis a product of the reduction reaction at the ¢teuelectrode
and is then transported to the working electrodereit is a reactant in the oxidization of
CO to form CQ and electrons. The oxidation/reduction reactiolving CQ? is given

in Equation 2.7 [56].

Working Electrode: CO+COI - 2CO,+2¢ (2.7a)
(Oxidation Reaction)

Counter Electrode: 1 - - (2.7b)
(Reduction Reaction) EOZ +CO, +2e - CO,
In this reaction, the C§ is generated by the reduction of & the counter electrode and
is then transported to the working electrode wiitesgidizes CO to form C@and

electrons. These are the ions and the oxidatidnéteon reactions used in the operation
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of the Figaro 5042 electrochemical CO sensor. é2wesensor likely has the same or
similar ions that are used in its electrolyte alitjio no specific information is given in the
sensor’s datasheet.

In addition, according to the literature, electretical CO sensors requirg O
inside and around the sensor in order for the temluceaction at the counter electrode to
properly take place [54, 55]. The necessity ofah®ient Q at the sensor was evaluated
in this study since most of the experiments weréopmed in an anaerobic,,N
environment. Also, the electrochemical sensorefjty have good selectivity in the
presence of interference gasses with the exceptibgdrogen gas which has been
demonstrated to contribute to the output signalhefelectrochemical sensors, as shown

by the Figaro 5042 cross sensitivity chart in FegRrl 3.
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Figure 2.13: Cross sensitivity to various gases for Figaro 562
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Metal Oxide Semiconductor (MOS)

The other major technology currently used in conumadly available CO sensors
is MOS. MOS CO sensors are conductivity basedasssmseaning that the conductivity,
and inversely the resistance, of the sensing seidhanges in the presence of CO. The
sensing surface of the MOS sensors is made of al matle, usually tin oxide (S
deposited on a semiconductor substrate [57]. Wheisensor is exposed to clean air the
conductivity is low, yet when the sensor is in flnesence of a reducing gas such as CO
the conductivity increases [52]. This increaseanductivity is due to electrons being
transferred to the Snvhen the CO is oxidized. Also, the Sn@ust be heated to an
elevated temperature in order for the reactiorctup[58]. If the temperature is not
properly controlled then the sensor will lose itdity to properly detect CO and be
subject to interference from other gasses. In taete is one commercially available
MOS CO sensor that functions as a CO and methars®issimply by changing the
temperature of the sensing surface [59]. To redweénfluence of interfering gases,
most MOS CO sensors use an activated charcoalwilieeh filters out the unwanted
gases through adsorption. Figure 2.13 shows arpicf a MOS CO sensor along with a
schematic diagram of the sensor surface as walh&xploded view of the various

components of a MOS CO sensaor.
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Figure 2.14: a) Picture of a typical MOS CO sensor b) Schenditigram of the MOS
CO sensor structure c) Exploded view of the coreptsof a typical MOS CO
sensor [58]
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Chapter 3: Materials and Methods

Sensor Evaluation System

A laboratory apparatus was developed to evaluat@éhformance of
commercially available CO sensors in a controlledr@nment. In this system, the CO
concentration and the total pressure to which émsa@rs are exposed can be reliably
varied. This laboratory apparatus, shown in Figlfe consists of a control module, a
sensor evaluation chamber and a Fourier Transfofrared Spectrometer (FTIR) gas
analysis chamber. The entire sensor evaluatidersywas plumbed with 6.35 mm (0.25
inches) outer diameter TeflBrubing that is rated for vacuum pressures of 0%

(0.5 atm) with Swageldkcompression fittings.
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Exhaust
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1

Figure 3.1: a) Picture of sensor evaluation system showingibretrol Module (right),
Sensor Evaluation Chambgeft, front) and the FTIR Gas Analysis Chambeft( back).
b) Block diagram of sensor evaluation system.
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The control module, shown in Figure 3.2, was fitteth two Smart-Trak 2
(Sierra Instruments, Inc., Monterey, CA, USA) digjinass flow controllers (MFC). The
first MFC (C100L-RD-2-0OV1-SV1-PV2-V1-SO-C10-LF) hadflow rate range of
0 to 10 sccm, while the second MFC (C100L-RD-2-C8M1-PV2-V1-SO-C10) was
capable of controlled flow over the range of 0 @® Sccm. Due to the relatively low
maximum controlled flow of the first MFC (0 to 16csn), the second MFC
(0 to 500 sccm) was used exclusively in this staittywing for shorter experimental run
times. The 0 to 500 sccm MFC allowed for the acaraf the flow rate of the Npurge
gas (NI CZ200 or NI R300, Airgas, Inc., USA) as hvas the CO in Btest gas

(Airgas, Inc., USA).
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Figure 3.2: Control Module from the sensor evaluation system

The control module was also used to vary the pressside the sensor
evaluation system. This was accomplished by adgisihe inlet-to-outlet pressure
differential of a diaphragm pump (DOA-P704-AA, G&&inufacturing, Inc., Benton,

MI, USA). The control module also provided accesthe valves used to direct the flow
of the gases inside the sensor evaluation system.

The sensor evaluation chamber (Terra Universal, Faderton, CA, USA) is a
vacuum sealed chamber made of Acrylic with outeratisions of 430 by 430 by 343
mm (17 by 17 by 13.5 incheaid a total internal volume of 42.4 liters (0.0483,

shown in Figure 3.3. The sensor evaluation chamwasrsealed with a compression
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O-ring and Dow CorninHigh Vacuum Grease (Dow Corning Corporation, Midla

MI, USA).

Figure 3.3: Sensor evaluation chamber from the sensor evafuagistem.

The sensor evaluation chamber also exhibits atleedigh panel with
dimensions of 149 by 149 mm ¥bby 57 inches) mounted under the bottom of the
chamber. This panel was sealed with a compres3itng, Dow Cornin§ High
Vacuum Grease and held in place by eight thumwscrédMounted to this panel were the
gas inlet and outlet, as well as five, twenty-fpie Xava€ series hermetically sealed
feed-through connectors (Positronic Industriesjrigield, MO, USA). These
connectors were used to pass electrical power aradatquisition signals through the

base of the sensor evaluation chamber while maingithe integrity of the vacuum seal.
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The CO sensors were mounted on a multi-sensonwhath was designed and
custom built by the research team. Only minor mcations were made, if necessary, to
the sensors’ outer packaging to facilitate theailtestion of electrical power, data
acquisition wires, and physical mounting on thekradnfortunately, automatic data
recording was not able to be installed for evensse. However, these sensors
conveniently provided a digitally displayed readofitheir measured CO concentration
on the sensor which allowed the data to be recamatually by periodic, visual
inspection.

In addition, a Spectrum GX FTIR (PerkinElmer, Irfghelton, CT, USA) with a
M-5-22-V variable pathlength long pass gas celir@red Analysis, Inc., Anaheim, CA,
USA), shown in Figure 3.4, was connected to theseavaluation chamber to provide
an additional means of verifying the CO concerntrato which the CO sensors were
exposed. The FTIR was operated via the Speétsoftware which was developed by
PerkinElmer, Inc. The transmitted IR is measurgd last recovery deuterated
triglycine sulfate (FR-DTGC) detector. The FTIRcegpable of scanning over the
wavenumber range of 10,000 to 400 twith a spectral resolution of
64 to 0.2 crit. The total pathlength of the variable pathlerigtiy pass gas cell can be
adjusted in increments of 2.24 meters from 2.222xoneters with the optical path folded
in a volume of 8.5 liters (0.0085%n Quantitative CO concentrations were obtained
from the FTIR spectra by analysis with QASofinfrared Analysis, Inc., Anaheim, CA,
USA). The FTIR operating methods that were usedlacussed in detail later in this

chapter.
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Figure 3.4: FTIR gas analysis chamber from the sensor evaluaistem.

Analytical CO Concentration Prediction Model

In order to gain a better understanding of thes fttynamics of the sensor
evaluation system, a differential equation basedehwas developed to predict the
expected concentration of CO in the sensor evaoaystem at any given time during
the experiment. The following assumptions were enadhe development of this model:

1. All of the constituents of the gas mixture insile system are well mixed.

Two fans were placed inside the sensor evaluahamber to ensure that this
condition was met.

2. The total flow rate of test gas into the systemgsal to the flow out,E K.

3. The CO source is assumed to be a constant andendource of the test gas.
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4. There is a negligible amount of CO inside the seasaluation system when
the experiment begins, i.e.c&t = 0) = 0. The system was purged with N
for at least eight hours prior to the start of floev of the CO test gas to
ensure that this condition was met.

5. The pressure inside the system is 101.3 kPa (1 atm)

6. The gas supply tubes have negligible volume. Tteshvolume of the tubes
was approximated to be 0.4 L which is 0.8% of titaltsystem volume and
can, therefore, be ignored.

This model was derived by determining the madb@test gas inside the sensor
evaluation chamber at any timey,,... (1), and then by dividing the mass of the test gas
inside the chamber by the volume of the chambédetermine the concentrationg&Lt).

This model was developed based on the principlethigachange in the amount of the test

dmchamber

gas in the sensor evaluation chambe1,dt—, is equal to the rate of the test gas into

the chamberm,,, minus the rate of the test gas out of the chajigr as shown in

Equation 3.1.
dmchamber - A
dt min mout (31)
where:
dmchamber _ . L. . .
—dt = change in mass of test gas inside chamber ower(tng/min)

m,, = rate of test gas into chamber (mg/min)
m,, = rate of test gas out of chamber (mg/min)
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The rate at which CO enters the chamipgy,, was calculated as the product of
the CO test gas source concentratiana@d the rate at which this gas is flowing inte th
chamber, | as shown in Equation 3.2a. The rate at which&2®es the chambert),,,

is given by the product of the concentration of IE@ving the chamber and the flow rate

of the gas leaving the chambeg, & shown in Equation 3.2b.
m, =F [C (3.29)

My, = F, (Moo 1) (3.2b)

VOI chamber

where:
F, = Flow rate of CO entering chamber (min)
F, = Flow rate of the gas leaving chamber {tnin)
Cs = CO test gas source concentration (nigy/m

Myarpe(t) = Mass of CO inside chamber at time, t (mg)
Vol chambe = Volume of sensor evaluation chambef)m

Substituting Equations 4.2a and 4.2b into Equadidnyields

dn‘l:dh:rrber = |:I [([:S - Fo dvl l_:hi'a\mber (t) (33)

chamber

Equation 3.3 is a linear differential equation avas easily solved by separating

variables and integrating. Solving Equation 3.8 amaluating the initial condition of

Marmpedt =0) =0 gives

Vol [F. [C ol
My (1) = chamber 1 s [1_ g\ lanes } (3.4)

F

(o]
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By applying the assumption £ F, to Equation 3.4and dividing both sides of the
equation by Vahamberyields the concentration of CO inside the chanasea function of

time, Cco(t), as shown in Equation 3.5.

m (t) -F,[@
Ceolt) = \LT& = Csll— g e } (3.5)
chamber

where:
Cco(t) = Concentration of CO inside chamber at tim@ng/nt)

This prediction model was tested using the 8.5 (0085 i) gas analysis
chamber attachment to the FTIR. The results, shovagure 3.5, demonstrate that the
model provides a good prediction of the CO conegiain inside a given chamber. In
this particular case, a flow rate of 500 sccm witbource concentration of

932 mg CO/m (800 ppm CO) was used at a pressure of 101.3 kPa.
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Figure 3.5: Comparison of the experimental measurements anantigtical model

prediction of the CO concentration over time fairggle chamber. A flow rate of

500 sccm was used in the calculation with a soG®@econcentration of 932 mg COIm

(800 ppm CO) at a pressure of 101.3 kPa. FTIR aoreasents are plotted with £5% of
the measured value.
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The previously described model was able to acelyratredict the final, steady
state CO concentrations for single chamber systédmthe case of the sensor evaluation
chamber being operated in series with the FTIRagadysis chamber, this model needed
modification. A second equation was needed tordesthe CO concentration in the
second chamber which, in the case of these expetsmeas the FTIR gas analysis

chamber. This equation was developed in a simkamner as Equation 3.5 with the

d
change in the mass of CO inside the FTIR chamb%}%{, being equal to the rate of the

CO into the chamberm,,, minus the rate of the test gas out of the chapthgr as

shown in Equation 3.1. However, the assumptiohttfesource concentration into the
FTIR chamber is constant and infinite was no longdid. Instead, the CO concentration

flowing into the FTIR chamber is the CO concentmatilowing out of the sensor
evaluation chamber. With this adjustmerit, and ), become Equation 3.6a and

Equation 3.6b, respectively.

Mt (1)

-
M, = F 0 (3.62)

chamber

Ij”_:TIR(t)

.
M =Fo (3.6b)

where:
F = Flow rate of CO entering chamber (min)
F, = Flow rate of the gas leaving chamber {&nin)

Myamber () = Mass of CO inside chamber at time, t (mg)
M. (1) = Mass of CO inside FTIR gas analysis chambemad,tt (mg)

Vol chamber= Volume of sensor evaluation chambef)m
Volerr = Volume of FTIR gas analysis chamber(m
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Substituting Equations 3.6a and Equation 3.6bkgoation 3.1 yields the linear

differential equation shown in Equation 3.7.

m =F dﬂn:hamber (t) -F dﬂnFTIR(t) (3 7)
dt ' Vol ® Vol '

chamber

Equation 3.7 was solved and the initial conditibrmg, . (t = 0) = 0 was applied resulting

in the CO concentration inside the FTIR gas analgsamber, & r(t), shown in

Equation 3.8.

Mere (1)
C t) = FTIR -
FTIR ( ) VOl i

-F, @ -F, @ (3.8)
Cs — AVOl hamber _ _ AVolerr
VOl e | 1— € Vol x| 1-€
(VOl chamber - Vol FTIR)
where:

Crrir(t) = Concentration of CO inside FTIR gas analgsiamber at
time, t (mg/m)

The predicted concentrations from Equation 3.5Bquation 3.8 are plotted in
Figure 3.6. This figure shows that the concerdgrain the FTIR chamber lags behind
that of the sensor evaluation chamber, as expedibis. is due to the output of the sensor
chamber being connected to the input of the FTI&dber which results in a constantly

changing input CO concentration for the FTIR.
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Figure 3.6: Plot of the analytical, prediction model for tensor evaluation chamber
connected in series with the FTIR gas analysis desumA flow rate of 500 sccm was
used in the calculation with a source CO conceintmaif 932 mg CO/mM(800 ppm CO)
at a pressure of 101.3 kPa (1 atm).

One of the underlying assumptions used in the opweént of Equation 3.5 and
Equation 3.8 was that the pressure inside the sewstuation system was equal to
101.3 kPa (1 atm). This assumption worked welkefigueriments performed at sea level
pressure, but it became limiting when others pmesswere investigated. It was then
necessary to modify Equation 3.5 and Equation@a&tommodate pressures other than
just 101.3 kPa (1 atm). This change was madeviaiig the work of Haney [44] where
the ratio of the atmospheric pressure, P (101.3,kB&he pressure inside the system,

Psys Was multiplied by the mass flow rate ofy,,. Thus, Equation 3.3 was modified and

became Equation 3.9 and in like manner Equatiorn8came Equation 3.10.
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AM e = F, [T, - F, O—thanbe (1) P (3.9
dt Vol chamber PWS .
deT|R -FE ‘chamber (t) -F [rnFTIR (t) P (3 10)
dt " VOl e ° Vol g Pys .

where:
P = Atmospheric pressure (101.3 kPa)
Psys= Pressure inside the sensor evaluation systes) (kP
Solving Equation 3.9 and Equation 3.10 gives artyéinal, prediction model that

takes the pressure inside the system into accohlichvis presented in Equation 3.11 and

Equation 3.12.

-F® [ P
— Myamper (t) — CS * PSYS VOlchamber [Pi}
C,()= = 1-e > 3.11
CO( ) VOI chamber P ( )
Merp(t)
C t) = FTR\Y
FTIR( ) VOl iR

212])
s sys Vol b 1- eVOIChamber Pys —Vol i 1- eV0| Frir( Pys (3 12)
P(V0| chamber ~Vol FTIR)

The final refinement to the analytical model cantewit was discovered that
small amounts of air could leak into the sensotuaten system and dilute the steady
state CO concentration when the system was opeaaitedier pressure. For the purpose
of this model, the leak was assumed to be in ocatilan with a constant flow rate of
room air into the system. The leak rate was ino@ied into the analytical model by an
empirically determined correction factor, as showkquation 3.13, which is dependent

on the ratio of the leak rate to the flow ratelsd CO test gas.
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CorrectionFactor =

1+ I:Ieak (313)

i
where:
Fieak = Leak rate of room air into the sensor evaluasigstem (crifmin)

F = Flow rate of CO entering the sensor evaluati@tesn (cni/min)
The CO concentration at any time, t, for both theser evaluation chamber and the
FTIR gas analysis chamber was determined by muliglthis factor by both
Equation 3.11 and Equation 3.12. The result isvshio Equation 3.14 and

Equation 3.15.

-F,0 (P
1 C.,* P, - h:mba[ ]
Coot) = [ ¥ j 1— @Ot P (3.14)
1+ I:Ieak P
1 C.* Py

Cenr(t) =

Fiea P(V0| chamber — VO FTIR)

1+

-F,E (P

P
Vlcama[P ] Vol
Vol e | 1—€7 =) | —Vol o [1-e " "

Py

—Fo[ﬂ[ b ] (3.15)

Equation 3.14 and Equation 3.15 were used as thigtaoal model to determine the CO
concentration at any time, t, inside the sensolueti@n chamber and the FTIR gas

analysis chamber, respectively.
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Experimental Procedure to Evaluate Carbon MonoSigiesors

The performance of the CO sensors was evaluatedysing them to various
CO concentrations from purchased, premixed tankd®fin N.. The 0 to 500 sccm
MFC was used to control the flow of the purge gas as well as the CO iptest gas. A
list of the CO concentrations that were used isvshim Table 3.1 while Figure 3.7 shows
a block diagram depicting the flow of the CO tes$.g The FTIR settings used for these
experiments are provided in Table 3.2. The sensere evaluated at a pressure of
101.3 kPa (1 atm) in this procedure. It shoulshbted that in this study the atmospheric
pressure inside the laboratory was assumed to b& k@a (1 atm) which is the
atmospheric pressure at sea level. The actuahtsbevof the laboratory is approximately
700 feet above sea level according to the CMO6T¢Hrmark (Hargis Hall,
Auburn University, AL, USA) placed and maintainegdNational Geodetic Survey.
Therefore, the pressure inside the laboratory \Walstly lower than 101.3 kPa, and the
pressure also varied slightly due to changes iméather.
1. System was configured for operation of the sengaluation chamber in
series with the FTIR gas analysis chamber.
2. System was purged with,NNI CZ200) at a flow rate of 500 sccm for at least
eight hours.
3. Flow of the CO test gas was set to 500 sccm.
4. After seven hours the flow rate was set to 50 stxoonserve the CO test
gas.
5. Once the steady state concentration had been iskdblafter approximately

twenty-four hours) a total of eighteen steady stadasurements were taken
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which were divided into three sets of measuremeBtch measurement set
was taken at least one hour apart and containetes#surements, each taken

ten minutes apatrt.

Table 3.1
Carbon Monoxide Concentrations for CO Sensor Expernents
Target Concentration | Actual ConcentTration Error | Standard
(ppm CO) (ppm CO)
18 18.00 +1% Primary
50 49.40 + 2% Certified
100 100.0 +1% Primary
150 149.0 + 2% Certified
250 251.9 +1%| EPA Protocal
" As certified by Airgas, Inc. at 101.3 kPa (1 atm)
Building
Exhaust
Test Ctr Sensor Chambefr FTIR Vacuum |
Gas Mo (42.4L) (8.5L) il Pumg |

operation at 101.3 kPa

L 1

Figure 3.7: Block diagram depicting the flow of the CO teasdor the CO sensor
experiments.

Table 3.2
FTIR Settings for CO Sensor Experiments
OPD Velocity 1cml/s
Scan Range 2300 to 2000 ¢m
Resolution 0.5 cim

# of Scans 4/ 18 ppm CO
32| 150 ppm CO
52| 50, 70, 100, 250, 800 ppm CO
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Experimental Procedure to Evaluate Carbon MonoSigiesors at Reduced Pressure

The effect of pressure on the CO sensor’s perfocemaras evaluated by reducing
the total pressure inside the sensor evaluaticesyand observing the sensor response
to various CO concentrations from purchased, prethgas tanks of CO inJN The
pressures for these experiments were 87.5 kPa(4e@® altitude equivalent) and
75.3 kPa (8,000 feet altitude equivalent), respebtti The sensors were tested at
reduced pressures in an effort to evaluate theossnserformance in an environment
similar to that which would be encountered in awrait cabin. In addition, the CO
concentration and the corresponding pressure fdr &t were selected randomly to
avoid any procedural bias in the experimental tssurhe 0 to 500 sccm MFC was used
to control the flow of the Ppurge gas as well as the CO iptest gas. A list of the CO
concentrations that were used is shown in Tabl@Bdla block diagram depicting the
flow of the CO test gas is in Figure 3.7. The FEHRtings used for these experiments are
in Table 3.3.

1. System was configured for operation of the sengaluation chamber in

series with the FTIR gas analysis chamber.

2. System pressure was set to the appropriate vdlhe.pressure was set to

either 87.5 kPa (4,000 feet altitude equivalentf®B kPa (8,000 feet
altitude equivalent).

3. System was purged with,NNI CZ200) at a flow rate of 500 sccm for at least

eight hours.

4. Flow of the CO test gas was set to 500 sccm.
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5. Once the steady state concentration had been iskidblafter approximately
seven hours) a measurement was taken every terasnifor the next three

hours for a total of eighteen measurements.

Table 3.3
FTIR Settings for CO Sensor Experiments at
Reduced Pressure

OPD Velocity 1 cm/s
Scan Range | 2300 to 2000 ¢m
Resolution 0.5 ci
# of Scans 52

Experimental Procedure to Evaluate the Repeatabifithe Carbon Monoxide Sensors

The ability of the CO sensors to provide reliaskaple and repeatable output for
the same CO test gas input was studied. Due tsticg) reasons, it was decided that
only those sensors which were capable of autordati& logging would be the focus of
these experiments. As a result, the sensors thia @waluated in this set of experiments
were the e2v, GrayWolf and all three Figaro 504%sees. The experiment consisted of
three cycles of filling the sensor evaluation chambith a single, known CO gas
concentration and then purging the system of the&30gas with N

Additionally, the influence of @on the stability and repeatability of the CO
sensors was examined. A tank of pugg(@X UPC300) was purchased from
Airgas, Inc. and was used in these experiment® Gtwas mixed with both the N
purge gas and the CO in kst gas to produce a gas mixture that was 21#n@

79% the purge or test gas which is comparabled@thount of @in the atmosphere

(21% Q). Figure 3.8 presents a block diagram depictiegetxperimental setup for the
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repeatability experiments, and Table 3.4 presehst af the experimental parameters for

each experiment performed. For the experiments @it a rotameter style flow

controller (03SA, Omega Engineering, Inc., Stamf@d, USA) was used to control the

flow of the N, purge gas and the CO in Mst gas, while the 0 to 500 sccm MFC was

used to control the flow of the,@as. The FTIR was not used for these experimants,

only those sensors which had automatic data loggierg examined (Figaro 5042, e2v,

GrayWolf).

1.

2.

System was configured for operation of the sengaluation chamber only.
System pressure was set to the appropriate vdlbe.pressure was set to
either 101.3 kPa or 75.3 kPa (8,000 feet altitugla\alent).

When Q was used in the experiment, the flow rate o{@X UPC300) was
set to 133 sccm, and it ran continually for theadion of the experiment.
System was purged with,NINI R300) at a flow rate of 500 sccm
(approximately 68 mm on the 03SA rotameter) fdeast eight hours.

The flow rate of the CO test gas was set to 50hgepproximately 68 mm
on the 03SA rotameter), and it was run for ten kour

Steps 4 and 5 were performed a total of three times

. System was purged with,NNI R300) at a flow rate of 500 sccm

(approximately 68 mm on the 03SA rotameter) fdeast eight hours.
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Figure 3.8: Block diagram depicting the flow of the;ldurge gas, CO test gas angl O
gas for the repeatability experiments with O

Table 3.4
Experimental Parameters for Repeatability Experimerts’
Source Concentration System Pressure
m COY (kPa) Oxygen
253.6 101.3 No
253.6 101.3 Yes
49.60 101.3 Yes
49.60 75.3 Yes

" Experiments are listed in the order in which theye performed.
* As certified by Airgas, Inc. at 101.3 kPa (1 atm)

FTIR Measurement Methods

It was obviously necessary for the FTIR to be caliéd to ensure accurate and
repeatable results. All FTIR calibration experitsanere conducted by acquiring a
FTIR spectrum measurement from a known CO gas abrat®n with the FTIR. Then a
quantitative CO concentration was obtained with @A%from the measured FTIR
spectrum. There were a total of two FTIR calitmatexperiment sets. In each set of
FTIR calibration experiments the FTIR was used &asure the seven known CO

concentrations listed in Table 3.5.
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Table 3.5
Carbon Monoxide Concentrations for FTIR Calibration

Tarqe}p(;cr)nncc::eg)tratlon Actua(LSr?]nggl)tTratlon Error ' Standard
18 18.00 +1% Primary
50 49.40 2% Certified
70 69.91 +1% | EPA Protocal
100 100.0 +1% Primary
150 149.0 2% Certified
250 251.9 +1%| EPA Protocal
800 799.9 + 1% Primary

" As certified by Airgas, Inc. at 101.3 kPa (1 atm)

Before every experiment the system was purged Mitto eliminate the common
atmospheric gasses from the system such asa@®HO, but even this did not
completely purge these atmospheric gases out cfyiftem. The presence of these gases
could potentially negatively affect the ability thie FTIR to measure the CO spectrum, as
discussed in Chapter 2. In light of this, the FIIRs operated by taking a background
scan after the system was purged with Nlhen, after the CO was flowing, a ratio scan
was performed for each FTIR sample scan. The sato allowed for the effects of the
interfering atmospheric gases on the measurementrsin to be eliminated by
displaying only those parts of the measurementtgjpacthat were different from the

background scan spectrum.

Experimental Procedure for FTIR Calibration Expemts

The FTIR calibration was conducted with the CO gzt flowing directly into the
FTIR gas analysis chamber to isolate the FTIR andihimize system leaks. By
minimizing the system leaks the dilution of the @&t gas inside the system by the

laboratory room air was also minimized. CO conidns from purchased, premixed
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tanks of CO in Mwere used in the calibration of the FTIR. A bfthe CO

concentrations that were used is in Table 3.5 anldek diagram depicting the flow of

the CO test gas is shown in Figure 3.9. The FHERIbration was conducted at 101.3 kPa

(1 atm) and the FTIR settings used for these ewpmaris are in Table 3.6. A rotameter

style flow controller (03SA, Omega Engineering,.Jri&tamford, CT, USA) was used to

control the flow of the Mpurge gas and the CO test gas through the FTIRmggaysis

chamber.

1. The flow rate of the Blpurge gas was set to 1000 sccm (approximately

135 mm on the 03SA rotameter).

2. After the system was purged (approximately 75 naguthe input of the

rotameter was switched to the CO test gas.

3. The flow rate of the CO test gas was set to 108thgapproximately 135 mm

on the 03SA rotameter).

4. Once the steady state CO concentration insideystera was reached, ten

measurements of the CO test gas with the FTIR vedwen.

Test
Gas

I

Flow
Ctrl

FTIR
(8.5 L)

—»

Building
Exhaust

Figure 3.9: Block diagram depicting the flow of the CO test §amsthe FTIR calibratiol

experiments.
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Table 3.6
FTIR Settings for FTIR Calibration Experiments

OPD Velocity 1 cm/s
Scan Range | 2300 to 2000¢m
Resolution 0.5 ci
# of Scans 32

This procedure was performed twice for all sevent€€d gases listed in
Table 3.5. All of the FTIR steady state measurdmesre reported as the average of all
the steady state measurements with plus and mmeistandard deviationglL From
these data a FTIR calibration equation was acquayeplotting the known gas
concentration of CO test gas versus the FTIR stetatg measurements and determining
a curve of best fit. The FTIR calibration equaterabled the FTIR measurements to be

correlated with the actual test gas concentrations.

Carbon Monoxide Sensors

Commercially available CO sensors were purchasedde in this study. A total
of ten individual sensors were tested from eigffedént manufacturers, with three of
these sensors being the Figaro TGS-5042-A00. Tihese sensors are distinguished by
their physical position inside the sensor evalumatibamber and are labeled as follows:
Figaro 5042 (Top), Figaro 5042 (Mid) and Figaro 3QBot). Table 3.7 lists the sensors
that were examined along with technical specifaagiacquired from the manufacturers’
datasheets and application notes for each sen8p6(5-69]. All of the sensors were
turned on and exposed to the room air for four g to any of the tests performed in

this study.

55



9%

Table 3.7
List of CO Sensors and Specifications

Automation CO Guardian e2v
Manufacturer Components, Inc. . Figaro USA, Inc.
LLC Technologies
(ACI)
Model Number A/CP-R-D Aero-551 EC4-2000-CO| TGS 5042-A00
Wall-mount Cockpit panel- Discrete Discrete

mount

Electrochemical

Technology Electrochemical . Electrochemica
Electrochemica
0 to 125 ppm
(standard)
Measurement Range 0 to 250 ppm 10 to 999 ppm| 0 to 2000 ppm| O to 10,000 ppm
(maximum)

Accuracy

+ 2.5% of reading

Operating Range

-20 to 40°C
(-4 to 104° F)
15 to 90% RH

0 to 99% intermittent

0 to 50°C
(32 t0 122° F)
10 to 90% RH

-20 to 50°C
(-4 to 122° F)
15 to 90% RH

-10 to 60 °C
(14 to 140 °F)
5 to 99% RH

Lifetime

2 to 3 years

5 years

2 years

Response Time

< 60 sec for a typica
90% step change

Too=<1 min

Too=<1 min
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Table 3.7

List of CO Sensors and Specifications (Continued)

GrayWolf
Manufacturer First Alert, Inc. Sensing Kidde Sense Air, AB
Solutions
Model Number C0O410 1Q-604 KN-COPP-B aSENSE™ mlll
Wall-mount Handheld Wall-mount Wall-mount
Technology :
Electrochemical

Electrochemical

Electrochemical

Electrochemical

0 to 100 ppm
Measurement Range 0 to 500 ppm 11 to 999 ppm 1083:§n5d0%dp)pm
(extended)
+10 ppm
*2 ppm <50 PP 2096 of reading (standard)
Accuracy * 3% of reading 0 .
> 50 ppm + 15 ppm + 20% of reading
(extended)
410 38 °C -15t0 70 °C 4.4t038.7 °C
Operating Range (40 to 100 °F) (5to 158 °F) (40 to 100 °F)
0 to 98% RH up to 95% RH
Lifetime ! ﬁ:rrrgnmtged 7 years (replace) > 5 years
Response Time

Tgo=<1 min




Figaro TGS-5042-A00 is a discreet CO sensor andopasated using the
manufacture’s evaluation module (COM5042, FigardAURc., Arlington Heights,
IL, USA). Each Figaro 5042 sensor is calibratethatfactory and shipped with the
individual sensor’s sensitivity printed on the adésof the sensor housing in units of
picoamperes per ppm CO; Table 3.8 lists the seitgifor each Figaro 5042 sensor
tested. The output of the COM5042 module was tagelthat was then converted into
the measured CO concentration. The COM5042 dagaphevided the equation, as
shown in Equation 3.16, by which the output curaithe sensor could be calculated

from the measured output voltage of the evaluanodule [65].

(3.16)
where:

lout = Sensor output currentA)
Vout = Output voltage of module (V)

Equation 3.17 is then used to calculate the medstée concentration using the result of

Equation 3.16.

I it
o 3.17
S (3.17)

C=

where:
C = Sensor measured CO concentration (ppm CO)
S = Sensitivity of individual sensoud/ppm CO)
Combining Equation 3.16 and Equation 3.17 givesotherall relationship between the

COM5042 module output voltage and the sensor med<i© concentration, as shown

in Equation 3.18.
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i)
o=\ 313 ) (v, ) (3.18)
S 3.13[8

Equation 3.19 provides a sample calculation ofseresor measured CO concentration for

the Figaro 5042 (Top) with an output voltage of 2\, = 2 V).

(Ve =1) (2-1)
C==~o = =190 ppm CO
3138 31301682 x 10°) bpm (3.19)

Table 3.8
Sensitivity of Figaro TGS 5042 Sensors
Sensor Sensitivity Sensitivity
— (pA/ppm CO) | (nA/ppm CO)
Figaro TGS 5042 (Top 1682 1.682 x40
Figaro TGS 5042 (Mid 1550 1.550 x 10
Figaro TGS 5042 (Bot 1659 1.659 x310

The e2v EC4-2000-CO is also a discreet CO semsbthee manufacture’s
evaluation kit (ECVQ-EKS3, e2v Technologies, Chelandf Essex, England) was used to
operate the sensor and to collect its data outphe e2v required calibration in order to
operate properly. This calibration required twtadaoints; one data point in a CO free
environment, and the other in an environment whmhtained a nonzero amount of CO.
The following procedure given by the manufacture warformed for this calibration:

1. Pure N was applied to the e2v sensor

2. In the data acquisition software under the Elettencical tab, the Set Zero

button was pressed.

3. 149.0 ppm CO at 101.3 kPa was applied to the e2sose
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4. After the system reached steady state (approxisnaésien hours) the new
calibration gas concentration of 150 ppm CO wasreqdtin the data

acquisition software and the Measure Sensitivitiydruwas pressed.

Additionally, the Kidde and the FirstAlert sensdid not display a CO
concentration if the measured value was below 30 §®. Therefore, readings below
30 ppm CO for these sensors were considered ingatidvere not used in any curve fits
or data analysis. The manufactures of these sengentionally designed the sensors to
perform in this way in order to comply with the vég@ments set by Underwriters

Laboratories, Inc [9].

Unit Conversion and Leak Rate Quantification

For simplicity and clarity, all of the CO conceations, including the
concentration of the CO gas tanks, were convertdand reported in units of
milligrams of CO per cubic meter. This allows ttencentration values to be reported
explicitly as mass per volume and eliminates amfusion with attempting to determine
the parts per million of CO inside the system #edent total pressures. The conversion
of ppm CO to mg CO/rhis given in Equation 3.20 and was adapted frontdmversion

given in the 2005 ASHRAE HandboolFundamentals [70].
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C..P..M
=P (3.20)

C
"y, RT

where:
C"y = Concentration of CO (mg CO#n
P

Cppm = Concentration of CO (ppm CO)

Psys = Pressure inside the system (kPa)

M = Molar mass of CO (28.0101 g/mol)

R = Universal gas constant (8.3145-fPa/mol-K)
T = Temperature of the gas (293 K)

Equation 3.21 shows an example of 149.0 ppm C@AB1kPa converted into

mg CO/n.
(1490 ppm CO)1013 kPa) 280101 2
C oo PsM ' ' ' mol
CW = ppRTsyS = 3
m? m” [Pa
8.3145 293 K
(a1 P2 o3 ) a2)
co
=1745 10
m

Additionally, room air leaked into the sensor eaion system for the

experiments performed at the pressures of 87.5ar&lkPa, respectively, which resulted

in the CO test gas concentration being dilutedortier to determine the final, steady sate

concentration using the analytical model, the Ied& of room air entering the system

must be known for each system pressure that wak URee leak rate of room air into the

sensor evaluation system was experimentally detertnby the following procedure:
1. System was configured for operation of the sengaluation chamber in

series with the FTIR gas analysis chamber. Taihlme, V, of 50.9 liters

(0.0509 ).

61



2. The inlet of the sensor evaluation system was dlose

3. System pressure was set to the appropriate vdlhe.pressure was set to
either 87.5 kPa (4,000 feet altitude equivalentf®B kPa (8,000 feet
altitude equivalent).

4. The outlet of the sensor evaluation system wasdlos

5. The amount of timeAt, it took for the pressure inside the sensor eatan
system to increase 0.65 kPa (~200 feet altitudéevabpnt), AP, was
measured.

6. Equation 3.22 was used to determine the leak rjg,of room air into the

sensor evaluation system.

. _[ AP [V
Myea = [ P J(Ej (3.22)

N\, = Leak rate of room air into the sensor evaluasigstem (sccm)

AP = Change in the pressure of the sensor evaluayistem (0.65 kPa)
Patm = Atmospheric pressure inside the room (101.3 kPa)

V = Volume of the sensor evaluation systemcm

At = Duration over whiclAP is measured (min)

where:

This procedure was performed three times for eaebspre with the final leak
rate being the average of the three individuallteslA sample calculation for the
determination of the leak rate at 87.5 kPa (4,@&@Q &ltitude equivalent) is given in

Equation 3.23.

_ AP YV 8815 kPa-8750 kPa ) 50900 cm®
{22

P, At 1013 kPa 33 min
(3.23)
065 kPa \ 50900 cm?®
= - =99 sccm=10 sccm
1013 kPa 33 min
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Having completed this procedure the leak rate feystem pressure of 87.5 kPa
was determined to be 9 sccm, and a leak rate etd® was determined for a system
pressure of 75.3 kPa.

The final, steady state CO concentration for eagyeriment was determined by
the analytical model (Equation 3.14 and Equatid®B. The model was used to
determine the steady state CO concentration tohwthie sensors were exposed, herein
referred to as the “known gas concentration”. &&bhb summarizes the known gas
concentrations used in this study and demonsttagasrelationship to the CO test gas
source for the CO sensor experiments. Table 3®@airrelates the known gas
concentrations to the experimentally obtained stestate measurements of the FTIR.
Table 3.10 summarizes the relationship betweelkibe/n CO gas concentration and the

CO test gas source for the repeatability experiment
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Table 3.9
CO Concentrations for CO Sensor Experiments

CO Test Gas Concentration

FTIR Steady State Measureménts

Model Steady State Concentration

(Source) (Mg CO/rﬁ) (Known(rﬁgs&:(ct)(;rr:%entration)
Requested Actual' Actual 101.3 kPa| 87.5kPa | 75.3kPa | 101.3kPa| 87.5kPa | 75.3 kPa
(ppm CO) (ppm CO) | (mg CO/nt) no leak 9 sccm 15 sccm no leak 9 sccm 15 sccm

18 18.00 + 1% 21 21 +3% 16 + 4% 17 + 4% 21 15 11
50 49.40 = 2% 58 58 + 2% 38 +2% 27 + 3% 58 42 31
100 100.0 + 1% 116 114+1% | 89+1% 54 + 2% 116 85 62
150 149.0 + 2% 174 173+1% | 124+1% | 88%x1% 174 127 93
250 2519+ 1% 293 301 +1% | 194+1% | 138x1% 293 215 157

" As certified by Airgas, Inc. at 101.3 kPa (1 atmith the values reported as the measured CO camtient + the analytical
uncertainty represented as a percentage of theuneebgalue.
*Values are reported as the mean value + the sthedar (1) represented as a percentage of the mean.

S Experiments were performed at 101.3 kPa (no |8k} kPa (a = 9 sccm), and 75.3 kPadf = 15 sccm).




CO Concentrations for Repeatability Experiments

Table 3.10

CO Test Gas Concentration Model Steady State Concer_ltraﬁon
(Source) (Known Gas Concentration)
(mg CO/n)
Requested Actual Actual 101.3kPa | 101.3kPa| 75.3kPa
(ppm CO) | (ppm COJ | (mg CO/mT) | no dilution | 133 sccm | 148 sccm
50 49.60 + 2% 58 - 45 33
250 253.6 £ 1% 295 295 233 -

T As certified by Airgas, Inc. at 101.3 kPa (1 atmith the values reported as the
measured CO concentration + the analytical unaegtaepresented as a percentage of
the measured value.

* Experiments were performed at 101.3 kPa without® dilution), 101.3 kPa with

02 (Fieak = 133 sccm), and 75 kPa with (G (Fiea = 15 scer + 13Z scenr = 14€ scem)

The steady state concentrations at the reducedye=s(87.5 and 75.3 kPa) were
lower than the steady state sea level concentrdtierto the following two reasons: First,
the amount of the CO test gas that can be suppmsete of the system decreases as the
pressure decreases according to Dalton’s Law. rise¢be CO test gas was diluted by
the leaking of room air into the system. The failog is an extended example
calculation which demonstrates the process by wthietknown gas concentration was
determined given a source concentration of 49.40 §® and a system pressure of
75.3 kPa:

First, 49.40 ppm CO was converted into units of @@ynt, as shown in

Equation 3.24, using Equation 3.20.
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(4940 ppm co)753 kPaXZS.OlOl J j

c_ = CoomPysM mol
e al 83145 ™ P2 |(53 k)
3145 (3.24)
co
=228 O
m

CO
The result of Equation 3.24’.},“% =428 mgT was then used as the input

concentration, Cs, into the analytical model (EgquaB.14). Given a leak rate of
15 sccm, the input and output flow rates of 500rseach, a system pressure of 78.3 kPa,

and a chamber volume of 0.0424 the analytical model becomes Equation 3.25.

-F® [ P
cor | e
Ceo(t) = i Spsfsjl—ev'm{%

i (3.25)

-5001( 1013
|1 |razs 753){1—@’-042 m]]

1+ 15 | 1013
500

As steady state was approacheddt) the exponential function in Equation 3.25

approaches zero, as shown in Equation 3.26.

e
fort — oo; @) =g =0 (3.26)
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Finally, Equation 3.26 was used to simplify Equat®?25 resulting in Equation 3.27

which is equal to the known gas concentration &sradened by the analytical model.

1 428* 75.3
Ceo(t) = [ j

15 | 1013
500 (3.27)

mg CO
m3

1+

=3089=31
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Chapter 4: Results and Discussion

FTIR Calibration

Theoretically, CO should exhibit a linear relatibipsbetween the IR energy
absorbed and the CO concentration following therBeenbert Law (Equation 2.3), but
it was difficult to observe this experimentallynstead, the FTIR measurements obtained
for CO showed nonlinear behavior as well as scatttre steady state measurements. In
fact, as the CO concentration increased the na@atity (deviation from the
Beer-Lambert Law) also increased, as shown in Eidut, yet the variation from the
average steady state value, presented as the 9%¥%derece level, showed to be
independent of the concentration as seen in Talle laterestingly, it is not uncommon
to observe a nonlinear relationship between then&gy absorbed and the component’s
concentration at high concentrations. This wasaeted for by means of calibrating the
FTIR [43, 71]. The experimental uncertainty andttr in the data points were
addressed by increasing the number of measureraedtsy increasing the number of

interferometer scans per measurement.

68



900

850

800

750

700

FTIR

— —-Ideal Beer-Lambert Law

=)
=]
=]

FTIR Measurement (ppm CO)
N

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
Gas Concentration (ppm CO)

Figure 4.1: Comparison of the experimental FTIR CO measurgsierthe theoretical

Beer-Lambert Law. The data is presented as the steady state value 51 The

calibration was performed at 101.3 kPa (1 atm).

Table 4.1
FTIR Measurement Statistics*

CO Concentrationf 18.0 49.4 69.9 100 149 252 80p
Average 19.3| 42.6 76.8 108 14 205 476
Confidence Level (95.599) 3.9 2.4 3.7 2 3 4 4
Range 18.7| 13.3 22.9 9 14 17 1%

" All values are given in ppm CO

* Presented data from the second FTIR calibratigreement (101.3 kPa)

The FTIR calibration was performed in order that tlonlinearity might be

guantified and that its measurements would bebiglieorrelated to the known gas

concentration of the CO test gasses. This was pgenthe procedures laid out in the
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FTIR Measurement Methods portion of Chapter 3, thedesults are presented in

Figure 4.2.
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Figure 4.2: Combination of the data from both FTIR calibratexperiment sets. FTIR
measurements are plotted versus the known gas mioatien of the CO test gas. The
curve of best fit incorporates the average oftedldata points from both calibrations for
every concentration. The data is presented asdaa steady state value & 1The
calibration was performed at 101.3 kPa (1 atm).

However, it was more convenient in later experiradat the FTIR measurements
to be plotted as the independent variable, as showigure 4.3. This allowed the curve
of best fit to be the equation that corrected thERFmMeasurements to the actual CO test
gas concentrations. This equation was named tiRe Edlibration equation and is

presented in Equation 4.1.
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y:0.001§k2 +0.787&+1671! (4.1)
where:

x = FTIR measurement (ppm CO)
y = Corrected FTIR measurement (ppm CO)

The FTIR calibration equation gives the concentratn units of ppm CO and which can

be converted into units of mg COfmsing Equation 3.20.
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Figure 4.3: Combination of the data from both FTIR calibratexperiment sets. The
known concentrations of the CO test gas are platéegus the FTIR measurements. The
curve of best fit incorporates the combined datenfboth calibration runs and is called
the FTIR calibration equation. The data is presgéats the mean steady state value £ 1
The calibration was performed at 101.3 kPa (1 atm).
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Premixed Carbon Monoxide Gas Experiments

The CO sensors listed in Table 3.7 were exposédddCO source concentrations
at three total pressures with the known CO gasemunation for each experiment listed
in Table 3.9. The commercial CO sensors were atatufor both their steady state and

transient response.

Carbon Monoxide Sensor Performance

Seady Sate Analysis

The CO sensors were first tested with a systenspresof 101.3 kPa (1 atm). In
light of the fact that most of these sensors wessghed to operate in a residence or
office building, an initial system pressure of IDkPa was chosen in an attempt to
evaluate the sensors in an environment most sinoilerat for which they were designed.
At this pressure the sensors were exposed to CCeatrations of 21, 58, 116, 174 and
293 mg CO/m Figure 4.4 plots the results from these expenisias the sensor
measured CO concentration versus the known COgyaentration. The steady state
value for each sensor was determined by the meaiglofeen measurements taken when

the sensor evaluation system was at a steadyG@imoncentration.
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Figure 4.4: Steady state results for CO sensor evaluatia0hi kPa.

Figure 4.4 enables the sensor’s performance todleaed based on the
comparison of the CO concentration as measuretidogensors to the actual amount of
CO to which the sensors were exposed. In the whessd the sensors would output
exactly the same CO concentration as the knowrtgasentration resulting in linear
behavior as shown by the 1:1 line in Figure 4.4isThowever, did not happen as most
of the sensors measured more CO inside the sys@mthie actual known CO gas
concentration. While this is somewhat disappomtihis reasonable to think that the
sensor manufacturer would intentionally overestartae sensor measured CO
concentration. By doing this, the manufactureuess that the sensor will never

measure a CO concentration lower than that to wihielsensor is exposed. Thus, the
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possibility of the sensor not alarming when the €@centration is at the alarm threshold
is eliminated.

However, one consequence of overestimating the @®eantration is the
possibility of false alarms where the sensor indisan unsafe CO concentration but the
actual CO concentration is still below the alarmegihold. False alarms are potentially
very costly for commercial airline companies; ttiere, the operation of any sensor that
is used onboard commercial aircraft must be wedlewstood so that the appropriate
adjustments can be made, to avoid false alarms.

The GrayWolf sensor was the only sensor that ctargly measured less CO
inside the system than the known gas concentratioaddition, the e2v sensor was the
most consistently accurate sensor for the expetisrgarformed at 101.3 kPa. The ACI
sensor’s output was erratic and unusable. Throuigihe experiments performed at
101.3 kPa, the ACI sensor consistently measuredtivegCO concentrations and
displayed multiple faults and errors.

Even though the sensors generally did not accyratehsure the exact amount of
CO inside the system, each sensor demonstratedax liesponse to an increase in the
CO concentration. This suggests that these seneald be recalibrated so that these
sensors’ output could be reliably correlated toabial CO concentration.

After the sensors were evaluated at 101.3 kP&, @ ggperiments were
performed where the total pressure inside the sena&duation system was randomly
alternated between 87.5 and 75.3 kPa. These t@ssres were chosen because they
will likely be encountered onboard a commercidiraér. 75.3 kPa (8,000 feet altitude

equivalent) was chosen because it is the lowesspre allowed onboard a commercial

74



aircraft at any time [10]. 87.5 kPa (4,000 fe¢tadle equivalent) was chosen because it
corresponds to the pressure at the altitude wiitlalifway between sea level and
8,000 feet altitude.

The steady state results for the CO sensor expetinperformed at total
pressures of 87.5 and 75.3 kPa are presented ume~g5 and Figure 4.6, respectively.
These results show that the sensors demonstraiddrsbehavior at the reduced
pressures as they did at 101.3 kPa. The sendbexktbited a linear relationship
between the measured CO concentration and the kga#/egoncentration. Also, the
sensors measured more CO inside the system th&mdlen gas concentration of CO,
just as they did during the 101.3 kPa experimeblstortunately, the GrayWolf sensor
malfunctioned during the experiments at the lowespures, as demonstrated by sensor
output of 0 ppm CO for all of the experiments tivate performed. In addition, the
Kidde and the e2v sensors’ output did not reliab@bilize during the experiments at the
lower pressures, making steady state analysiseaétpressures impossible. The ACI
sensor’s output was, again, erratic and unusableroughout the experiments performed
at 87.5 and 75.3 kPa, respectively, the sensoistenly measured negative CO

concentrations and displayed multiple faults amdrer
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There was one significant difference between tins@es’ response to different
total pressures. As the pressure was reduced|dpe of the linear behavior of the
sensors increased. This can be most clearly shen the results from the experiments
performed at all three pressures are plotted tegdthn each individual sensor.

Figure 4.7 presents a representative datasetédothmost Figaro 5042 sensor that
demonstrates this behavior. The results for alhefindividual sensors are presented in
Appendix A. The increasing slope of the lineapsse to the increasing amount of CO
suggests that the accuracies of the sensors deasdble pressure decreases. However,
the sensors’ behavior was linear and predictabticating that the sensors could be

calibrated to accommodate changes in total pressure
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There was little variation in the sensors’ measueiswhen the system was at
steady state. For those sensors whose outpuliztaktine statistical uncertainties of the
steady state, mean values were small. Table #\®@ssthe tabulated, mean steady state
measurements for all of the sensors with the stalsuncertainty of each mean value for
the experiments performed at 101.3 kPa. The stalisincertainties in Table 4.2 are
given as the standard errosjlof the mean value represented as a percentage of
mean. Table 4.2 shows that there is little chandke uncertainty of the mean steady
state values of the sensors as the CO concentiatiogases. Appendix B contains the
tabulated, mean steady state measurements acfuiregich sensor at the total pressures

of 101.3, 87.5 and 75.3 kPa, respectively.
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Table 4.2
CO Sensor Output at 101.3 kPH

Carbon Monoxide Steady-State Concentration (mg CO/f
Sensors 21 58 116 174 293
ACI, B B B ~ B
AICO-R-D
COGuardian 55, 190 | 71410 | 144+1%| 211+1% 331+1%6
Aero-551
e2v Tech, 0 0 ! 0 0
Eoa.2000.Col 16:9 £0.3% 55.1+0.1%| 107.9+0.19470.7 +0.1%263.3 £ 0.1
Figaro, 0 0 d 0 0
TGS 5042 (Toph 267 £0-2% 76.5+0.19%) 154.5+0.19223.4 % 0.1%348.7 £ 0.1
Figaro, 0 0 ! 0 0
TGS 5042 (Mid| 269 £ 0-2% 76.7+0.1%| 157.30.19223.3 £ 0.1%352.8 £ 0.1
Figaro, 0 0 ! 0 0
TGS 5042 (Bof} 249 £ 02% 74.6£0.1% 153.1+0.19219.4£0.1%4349.8 £ 0.1
F'ggﬁ'legt’ - 70+1% | 141+1%| 202+1% 310+ 1%
G{S}’E\?ﬁ”’ 12.1+0.29 24.9+0.1%| 50.3+0.2% 93.4+0.1% 136.9 +04%
Kidde, - 70+1% | 141+1%| 206+1% 334+ 1%
KN-COPP-B = = * *
Sense Air,
aceneem | 26%1% | 701% | 141+106  211#10 325 + 16

" Values reported as the mean + the standard eisdaé a percentage of the mean
* All mean values are given in mg CO/m

The sensors generally demonstrated more uncertaititye mean steady state

value at the lower CO concentrations than at thhdri concentrations. This can be

explained by the realization that, at the lower €@centrations, the sensors’ inherent

errors and signal noises are a larger percentatieafverall sensor signal than they are

at the higher concentrations. This fact resultsiiger variations, hence larger statistical

uncertainties, in the sensors’ steady state measnts for the measurements taken at

lower CO concentrations when compared to the uaiceies at the higher

concentrations.
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Transient Analysis

The transient response of the CO sensors wasaidoated. This analysis
evaluated the sensors’ ability to properly measlueechanging CO concentration inside
the system. The sensors’ transient response vedygzad in comparison to the response
of the analytical model. Time constantswere calculated for each sensor as well as the
mathematical model using OriginPro8. In this studgpresents the amount of time that
it took for the CO concentration as measured bys#msors or as calculated by the model
to reach approximately 63% of its final, steadyestalue. OriginPro8 was used to find a
curve of best fit to the measurement versus tinta fitet each sensor and the model.
OriginPro8 was programmed to fit the experimentahdo an exponential equation of

the form given in Equation 4.2.

y= C{l— exr{_?tﬂ (4.2)
where:

y = CO concentration at time, t (mg CGJm

C = Steady state CO concentration (mg C&/m

t = duration of CO test gas flow (min)

T = Time constant (min)
Figure 4.8 and Figure 4.9 present representatis pif the curve fits obtained from
OriginPro8, while the time constants that were wiatd for the experiments performed at
101.3 kPa are presented in Table 4.3. OriginPla@determined the standard erros)(1
of each time constant as well as the regressiofficieat. This information is also
presented in Table 4.3 for each time constant. eApjx C contains the time constants

and regression coefficients for the experiment$opered at 101.3, 87.5 and 75.3 kPa,

respectively.
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Sensor Indicated Measurement (ppm CO)

Figure 4.8:

Sensor Indicated Measurement (ppm CO)
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Table 4.3
Time Constants: 101.3 kP&

21.0 mg/nd R?> | 57.5 mg/m R?> | 117 mg/n R?> | 174 mg/nm R?> | 293 mg/m R?
Model (Sensor)| 84.8 +0.0 1.00| 84.8+0.0 1.00] 84.8+0.0 1.00] 84.8+0.0 1.00] 84.8+0.0 1.00
Kidde - - 93.8+7.4 0.92| 84.7+28 0.98| 80.9+1.6 0.99| 74.1+1.8 0.99
FirstAlert - - 80.5 + 0.9 099 81.7+1.4 0.99] 81.8+0.8 1.00| 72.2+25 0.98
CO Guard 86.5+ 3.3 0.90| 74.6+15 0.99| 76.0+2.2 0.98| 78.4+1.3 0.99| 67.3%+3.0 0.96
SenseAir 91+1.9 0.99| 77.6+0.7 1.00] 80.9+1.1 1.00| 83.8+0.8 1.00| 72.2%27 0.98
GrayWolf 44.7 £0.2 0.90] 1.8+0.0 0.74]| 167.5+4.7 0.89| 149.6 +0.1 1.00 - -
Fig 5042 (Top)| 76.3+0.1 0.99| 76.3+0.0 1.00| 76.8+0.3 0.99| 75.2+0.1 0.98| 60.7+0.9 0.88
Fig 5042 (Mid) | 84.7 +0.1 0.99] 729+0.1 1.00] 77.2+0.2 0.99] 76.2+0.1 0.99| 63.0+0.7 0.92
Fig 5042 (Bot) | 68.5+0.1 0.98| 74.8+0.1 1.00| 78.6+0.3 0.99| 77.2+0.1 0.99| 63.1+0.7 0.91

" Time constants are presented in units of minuestahe standard error §)

* Columns are labeled with the steady state CO curatéon in units of mg CO/f




Table 4.3 shows that the predicted time constarthi® mathematical model is
similar to the time constants of the sensors. &the time constants for the sensors are
similar to that of the model, it can be concludeat the CO sensors are able to keep up
with the increasing CO concentration and stabiben the steady state concentration
inside the system is reached. Table 4.3 also shimatshere is no change in the transient
behavior of the sensors as the known gas conciemtiigtincreased.

Appendix C contains the time constants for theseixpents performed at 87.5
and 75.3 kPa, respectively. The sensors’ abihitirdck the change of CO inside the
sensor evaluation chamber was unchanged by a reduictthe total system pressure
which shows that there is no change in the tran&ehavior of the sensors at the lower
pressures.

To further illustrate the transient response efsbansors, the CO sensors’
response was normalized to the analytical model tla@ result was plotted versus time.
Appendix D contains plots of the CO sensors’ respamormalized to the analytical
model for all of the experiments performed at 108235 and 75.3 kPa. Figure 4.10 and
Figure 4.11 show the transient behavior for thefogp042 (Top) at 101.3 and 75.3 kPa.
This data set is representative of the followingsses: FirstAlert, CO Guardian,
SenseAir and all three of the Figaro sensors. rEigul0 and Figure 4.11 show that the
Figaro 5042 (Top) has a quick response time whempeoed to the chamber filling

response and that the transient response doebage with pressure or concentration.
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Figure 4.10: Figaro 5042 (Top) transient response for CO comagons at 101.3 kPa.
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Figure 4.11: Figaro 5042 (Top) transient response for CO cotmagons at 75.3 kPa.
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In contrast, there were three sensors that exHdibitexpected behavior. As was
mentioned previously, the GrayWolf sensor malfusradéd during the experiments at 87.5
and 75.3 kPa, therefore, transient analysis wablarna be performed for the GrayWolf
sensor at these pressures. The Kidde sensor medaas expected at 101.3 kPa, and it
demonstrated the ability to stabilize when theeyshad achieved steady state, as shown
in Figure 4.12; however, the Kidde sensor demotestrdifficulty stabilizing at the lower
pressures as shown in Figure 4.13. This seemied tlue to the fact that the sensor
overshot the known gas concentration. The ovetdhetwavior of the Kidde sensor

appeared to increase as the pressure decreas#tkaD@ concentration increased.
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Figure 4.12: Kidde transient response for CO concentratiori®at3 kPa.
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Figure 4.13: Kidde transient response for CO concentratiorna8 kPa.
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Figure 4.14 presents the normalized transient fdatdne e2v sensor response at
101.3 kPa. The e2v sensor had a slow responsetithe low concentration of
21 mg CO/m, but, at the high concentration of 293 mg CO(&51.9 ppm CO), the e2v
sensor responded much faster, which indicatestthegsponse time is dependent on the
CO concentration. The e2v sensor demonstratedesibehavior at 75.3 kPa as it did at
101.3 kPa, as shown in Figure 4.15, by respondowlg at the low concentration and
responding significantly faster at the high concatidn. It should be noted that the
experiments performed at 101.3 kPa had a durafigneater than twenty-four hours.
The e2v sensor did eventually stabilize to a conistancentration over this time;
however, this response time is too long considettiad)the duration of an average
commercial airline flight is 1.5 hours [72]. Wh#e e2v output did stabilize, it was the
sensor that was in the best agreement with the/acaimodel.

The ACI sensor’s output was unusable for transa@alysis due to the sensor
consistently measuring negative CO concentratiodsdésplaying multiple faults and
errors for the experiments performed at the pressof 101.3, 87.5 and 75.3 kPa,

respectively.
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Figure 4.14: e2v transient response for CO concentration at3lkPa.
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Repeatability Experiments

A set of experiments was performed to evaluatestalility and repeatability of
select CO sensors’ output. The first experimerd performed at a pressure of 101.3 kPa
and had a steady state CO concentration of 295 @giwith the results presented in
Figure 4.16. The overall observation from thisexpent was that the sensors exhibited
erratic second order responses over the courseedhtee cycles, as shown in
Figure 4.16. The Figaro 5042 sensors exhibitedt\@ppeared to be signal overshoot
from which it recovered faster with each subseqogale. Also, while being purged
with N2 during the second and third cycles, the Figar@5fimonstrated undershoot by
indicating a negative CO concentration. This b&ravas more exaggerated in the third
cycle as compared to the second, but the signplbetentually returned to
approximately 0 mg CO/#rin both cases. Overall, the GrayWolf respondeu/isico the
presence of CO; however, its response time incdeas¢he number of cycles increased.
The performance of the e2v was the most consistgor, but its final steady state
output decreased with each cycle. In additiong®vedid not exhibit a first order
response to the rising CO concentration. Rathggntonstrated an inflection point from
concave up to concave down somewhere along its@@@entration profile for all three

cycles.
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Figure 4.16: CO sensor results for repeatability experimentopmed without Q in the
gas mixture at 101.3 kPa with a steady state cdaratéomn of 295 mg CO/th
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Figure 4.17: CO sensor results for repeatability experimentopmed with 21% Qin
the gas mixture at 101.3 kPa with a steady stateardration of 233 mg CO/in
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References in the literature indicate a needradriant Q during the operation of
electrochemical CO sensors [54, 55]. Additiongenments were performed with the
addition of Q to the gas mixture. The first experiment with #ulition of Q repeated
the 293 mg CO/rhat 101.3 kPa experiment. Purg\@as added to theNburge gas and
the CO in N test gas so that the final gas mixture was 21%The known gas
concentration was diluted to 233 mg CO/ims shown in Table 3.10, due to the mixing
with O, for the repeated experiment which was also taknaccount in the analytical
model.

Figure 4.17 presents the results of the repeadeerienent with the addition of
21% Q to the gas mixture with a known CO gas concermtnatf 233 mg CO/fhat a
pressure of 101.3 kPa. These results show a cbatkast to the experimental results
without G,. With the addition of g the Figaro 5042 sensors exhibited stable, repksata
steady state output without any overshoot or uraeis The e2v sensor demonstrated a
first order response to an increase in the CO cunatgon with stable, repeatable steady
state output. The e2v steady state values wersatie for all three cycles and, thus, did
not decrease with each cycle as they did in themx@nt without @. The e2v sensor’s
output was significantly lower than the predictedd®al which could be the result of its
calibration being in an £free environment. Unfortunately, the GrayWolf s@n
malfunctioned and never responded to any of therS{de the sensor evaluation system
during this experiment.

Overall, there was a significant improvement ia fensors’ response with the
addition of 21% Qto the gas mixture. One possible explanatioriferpoor results of

the Figaro 5042 sensors in the experiment with@ét 2 is that the @was used up in
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the oxidation reaction at the counter electrodeywhin Equation 2.4b. Once the @as
used up the sensors could no longer maintain noopeation and the output current,
and subsequently the measured CO concentratioandegiecrease. This behavior
became more exaggerated with each CO cycle sircantiount of available O
decreased with each successive cycle. The santnatipn can be given for the poor
output of the e2v sensor.

In addition, during the Npurge of the second and third cycles the Figa#250
sensors demonstrated a negative measured CO cratoent This negative measured
CO concentration indicated that the sensors’ outpuent began to flow in the opposite
direction from the current flow during normal op@va. Since there was very little,O
present at the sensors, the chemical reactioreatdtinter electrode in Equation 2.4b
began to operate in the reverse direction in agit to reach equilibrium which
generated @and electrons. Then, these electrons flowed baakvo the working
electrode and, thus, a negative current was gestevehich resulted in the Figaro 5042
sensors indicating a negative CO concentration areagent.

The sensors were additionally tested in the 212943 mixture at a pressure of
101.3 kPa and then later 75.3 kPa, to evaluatedahwined effect of pressure and
ambient Q on the sensors’ performance. For these expergr@esaburce concentration of
58 mg CO/m was used and resulted in a known CO gas conciemtratt 45 mg CO/m
for the 101.3 kPa experiment and a known gas carat@m of 33 mg CO/fhfor the
experiment performed at 75.3 kPa, as shown in Tafile. Prior to the 101.3 kPa
experiment the e2v sensor was calibrated in the @1%as mixture at a pressure of

101.3 kPa with a known gas concentration of 137004gnTt.
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The results of the experiments performed with as®aoncentration of
58 mg CO/m at pressures of 101.3 and 75.3 kPa are presenfédire 4.18 and
Figure 4.19, respectively. These results showttieafFigaro 5042 sensors exhibited first
order, stable, repeatable steady state output wiilwoy overshoot or undershoot for both
pressures tested. The Figaro 5042 sensors’ owgmislightly negative after all of the
CO had been removed from the sensor evaluatioemsyisy the N purge. This,
however, can be corrected by adjusting the sensatput voltage to measure a zero CO
concentration when the sensor is not exposed t€C&hy Unfortunately, the GrayWolf
sensor malfunctioned and never responded to athedfO inside the sensor evaluation
system during the experiments performed at 101d37&:38 kPa.

The e2v sensor demonstrated a first order resgoree increase in the CO
concentration for the experiments performed at Ipo#issures of 101.3 and 75.3 kPa.
While the e2v sensor showed no overshoot, its gtetade output drifted significantly,
while the Figaro 5042 sensors did not drift at dlhis indicates that the e2v sensor is

more affected by the presence oft@an the Figaro 5042 sensors.
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Figure 4.18: CO sensor results for repeatability experimentopmed with 21% Qin
the gas mixture at 101.3 kPa with a steady stateargration of 45 mg CO/n
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Figure 4.19: CO sensor results for repeatability experimentopmed with 21% Qin
the gas mixture at 75.3 kPa with a steady stateertration of 33 mg CO/fn
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There are three main aspects in which the e2vianéigaro 5042 sensors are
different which likely contribute to their differenesponses in the;@nd CO gas
mixtures; the schematics of both the Figaro 54@2the e2v sensors are in Figure 4.20
and Figure 4.21, respectively. The first differetetween the two sensors is the way
that Q diffuses into the sensor. For the e2v sensoOthgas primarily diffuses through
the capillary diffusion barrier, although some diffuses through the sensor
housing [54]. The Figaro 5042 datasheet doesxpicily describe how @enters the
sensor package although the datasheet does sattaés enter the sensor. The most
likely path by which @would enter the sensor is by diffusion throughdhs inlet and
the charcoal filter or between the gasket and tlieracan of the sensor. These aspects of
the physical design of the two sensors will haeedent effects on each sensor’s ability

to resupply the @needed for the oxidation reaction at the courleatede.
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Figure 4.20: Schematic drawing of the Figaro TGS 5042-A00 [56].
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Figure 4.21: Schematic drawing of the e2v EC4-2000-CO [54].

The second difference between the e2v and thed-Bf242 sensors involves
where the @is stored inside the sensor and how that affbetsénsor’s ability to

replenish the @at the counter electrode. The i@side the e2v sensor is dissolved in a



liquid electrolyte while the @inside the Figaro 5042 sensor is in the gas phase
surrounded by bD. For the Figaro 5042 sensors, when th@tQhe counter electrode is
depleted the remaining,@n the gas phase is able to diffuse quickly tdaepthe Q. In
contrast, the @in the e2v sensor is dissolved in the liquid etdgte and diffuses much
slower making it more difficult for the sensor t@aimtain an adequate amount of &

the counter electrode. This phenomenon likely roates to the drift of the e2v sensor’s
output and, therefore, makes it difficult for thensor to properly measure the steady state
CO concentration.

The third difference between the e2v and the Figa@d? sensors is how the
working and counter electrodes are physically pms#d inside each sensor. For the e2v
sensor, both the working and the counter electradesmmersed in the liquid electrolyte
which contains dissolvedO In contrast, the ©inside the Figaro 5042 sensors is present
only at the counter electrode. When thecOncentration inside each sensor changes, the
sensor’s output could be different due to the ptalddifference in the location of the
electrodes in each sensor and their access tojthesi@e. All of these three factors
contribute to the ability of the sensor to properigasure the CO concentration and are
likely contributors to the different measured ougpbetween the e2v and the Figaro 5042

Sensors.
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Chapter 5: Summary and Conclusions

The performance of commercially available CO sens@s evaluated and
analyzed under environmental conditions similathtzse inside a commercial airline
cabin. The sensors were operated in a sealed aramhiere the total pressure and the
CO concentration could be controlled. The CO gestwas supplied by purchased,
premixed tanks of CO in N The steady state and the transient respon$e @&einsors to
various CO concentrations and pressures were aulyin addition, the repeatability of
the sensors was evaluated in gas mixtures thatio@a Q and those that did not contain
0.

This study discovered that the CO sensors usoalyestimated the amount of
the CO inside the system while exhibiting a linesponse to an increase in the CO
concentration. This means that the sensors mustlliated so that their output reflects
the actual amount of CO to which they are exposedddition, it was discovered that
the linear response of the sensors changes badbd total pressure in which the sensor
is operating. This means that the sensor mustoastalibrated to correct for the effects
of pressure on its ability to detect the correcobant of CO to which it is exposed.

Further, it was demonstrated that lias a significant influence on the output of
electrochemical CO sensors. Withouyti@the gas mixture, the sensors’ output was
characterized by a second order response with lbwersand undershoot. However, with

the addition of 21% ©to the gas mixture, the sensors’ output exhibatdidst order
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response that was stable and repeatable with nslua@t or undershoot. This means
that the CO sensors should not be operated in,dre®environment. Itis
acknowledged that this conclusion is potentialtglgvant if the sensors are operated in
an environment that is conducive for human occopatiowever, this conclusion should
certainly be considered if the sensors are operatad environment devoid of,@r

where the @concentration varies.
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Chapter 6: Recommendations for Future Work

The entire set of CO sensor experiments in thidystuas performed with a gas
mixture of CO in N, yet the repeatability experiments demonstrateig@ificant
improvement in the sensors’ performance with thditaah of O, to the gas mixture. As
a result, it is recommended that all future CO sergperiments be performed with
approximately 21% ©in the gas mixture. In addition, it is recommethdtleat the CO
sensor experiments be repeated with this new geisiraj and the results should be
compared to the CO sensor experiments performdoutit. It would be interesting to
investigate if the slope of the sensors’ linearawtr still increases as the pressure
decreases, as it does in the experiments withg(#Q@Qure 4.7), and to investigate the
effect of Q on the sensors’ transient response.

It is also recommended that the electrochemica@shresponse to CO in the
absence of ©be further evaluated. In addition, how énters and is stored by each
sensor should also be studied further. This wallttlv for understanding of how much
O; is needed for the sensors to operate normallyedisas the effect on the sensors’
output due to variations in the amount of @ the electrochemical sensors’ response is
dependent on variations in the amount gtli&n this must be taken into account if the
sensors are operated onboard aircraft.

In this study, a known CO gas concentration watecthrough the system three

times which provided a general understanding ofd¢ipeatability behavior of the
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sensors. To further evaluate the sensors’ resporsehange in the CO concentration, it
is recommended that a series of tests be perfowhede the steady state CO
concentration is systematically incremented andeaiaented at a constant pressure. This
will provide a more extensive understanding ofdependence of the sensors’ response
based on the previous concentrations to which were exposed. It is also
recommended that this set of experiments be peddmot only at sea level pressure but
also at the lower pressures experienced onboardheooml aircraft.

This study focused on electrochemical CO sensetshgre are many CO sensors
that operate using the MOS technology. It is rec@mded for future work that MOS
CO sensors be tested in the same manner as theetemical sensors in this study
were tested. It is further recommended that bo¢helectrochemical and the MOS
sensors be physically dismantled in a systematimnmain an effort to better understand

how they operate.
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Appendix A: Individual Sensors’ Response
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Figure A.1: Kidde response at a pressure of 101.3 kPa.
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Appendix B: Steady State CO Sensor Output

Table B.1
CO Sensor Output at 101.3 kP

Carbon Monoxide Steady-State Concentration (mg CO/f)
Sensors 21 58 116 174 293
ACI, B B B B B
AICO-R-D
COGuardian| 55, 105 | 71410 | 144+1% 21119 331 + 19
Aero-551
e2v Tech, 0 o q o 0
Eoa.2000.Col 16:9 #0.3% 55.1%0.10| 107.9 +0.19470.7 + 0.1%263.3 + 0.1
Figaro, 0 o q o 0
TGS 5042 (Toph26-7 £ 029 76.5£0.1%) 154.5+0.19223.4+ 0.19%4348.7 + 0.1
Figaro, 0 o ) o 0
TGS 5042 (Mic} 26-9 %029 76.7 £0.1%) 157.3+0.19223.3+ 0.1%352.8 + 0.1
Figaro, 0 0 ( 0 9
TGS 5042 (Bof] 249 £ 0-2% 74.6:+0.19%| 153.1%0.19219.4 +0.1%349.8 £ 0.1
F'ggﬁ"legt’ - 70+1% | 141+1%| 202+1% 310+ 1%
G{g{’g\i%'f’ 12.1+0.20 24.9 +0.1%| 50.3+0.2% 93.4%0.1p%6 136.9 + 0%
e sl - 70£1% | 141+1%| 206+1% 334 +19%
Sense Air,
acencem | 26%1% | 70£1% | 141+1% 21119 325 + 1¢6

" Values reported as the mean + the standard esdaé a percentage of the mean
* All mean values are given in mg CO/m
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Table B.2
CO Sensor Output at 87.5 kP&

Carbon Monoxide Steady-State Concentration (mg CO/f)®

Sensors 15 42 85 127 215
ACH - - - - 3
AICO-R-D
COGuardian,| 1, 50 | 5441906 | 111+1%  169+1% 278 + 1%
Aero-551

oy et | 7.0 0.5%| 22.7+0.6%75.8 £ 0.79%| 129.6 £ 0.49%4 217.7 20,194

Figaro, o o 0 o 0
TGS 5042 (Top 20.8+0.39957.0+0.1991185+0.1% 179.1 + 0.1% 295.6 + 0.1%

Figaro, 0 0 0 0 0
TGS 5042 (Mid 25.1+0.19% 60.6 + 0.194122.4 + 0.1% 183.3 + 0.1% 297.9 + 0.1

Figaro, 0 0 0 o 0
TGS 5042 (Bot 20.9+0.29%956.9 +0.194116.6 + 0.2% 177.3 + 0.1% 294.6 + 0.1

F'E:Sé'j:'leort' - 53+ 1% 108 + 1% 162 + 1% 263+ 1%
GrayWolf, _ - -
1Q-610

Kleéngb_B — 44+1% | 106+1%| 150+ 1% 192 + 1%

Sense Air, o , ) )
aSENSE™ mll 20+ 1% 53+ 1% 110+ 1% 165 + 1% 27311(10

" Values reported as the mean + the standard eisdaé a percentage of the mean
* All mean values are given in mg CO/m
8 Assumes a leak rate of 9 sccm
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Table B.3
CO Sensor Output at 75.3 kP&

Carbon Monoxide Steady-State Concentration (mg CO/f)®
Sensors 11 31 62 93 157
ACI, B 3 3 3 3
A/CO-R-D
CO Guardian,| 5, 39, 41 + 1% 86+1%| 132+1%  220+1%
Aero-551
e2v Tech, 0 0 0 0 0
EC4-2000-CO 59+05% | 12.7+0.8 52.8+0.7998.7 + 0.5%| 177 +0.1
Figaro, o 0 0 0
TGS 5042 (Tod 16.4 +0.2%| 44.4+0.1 925+0.19%41.2 + 0.19%237.2 + 0.1
Figaro, o 0 0 0
TGS 5042 (Mid 19.7 +0.2%| 46.4+0.1 95.6 +0.1944.7 + 0.19%240.0 £+ 0.1
Figaro, 0 0 0 0
TGS 5042 (Bot 16.2 +0.2%| 445+0.1 925 +0.19%40.8 + 0.19%235.5+ 0.1
F'ggﬁ'legt’ - 42+1% | 85+10% | 129+10% 212 +10
GrayWolf, _ _ _ _ -
1Q-610
KNif(IngS’P-B - 43 + 1% 83+1% 119 + 1% 181 + 19
Sense Air,
aSENSE™ mil 15+ 1% 42 + 1% 85+ 1% 130 + 1% 218 + 1T)

" Values reported as the mean + the standard eisdaé a percentage of the mean
* All mean values are given in mg CO/m
% Assumes a leak rate of 15 sccm
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Appendix C: CO Sensors’ Time Constants

NO DATA PRESENTED ON THIS PAGE
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Table C.1
Time Constants: 101.3 kP&

21.0 mg/nd R?> | 57.5 mg/m R?> | 117 mg/n R?> | 174 mg/nm R?> | 293 mg/m R?
Model (Sensor)| 84.8 +0.0 1.00| 84.8+0.0 1.00] 84.8+0.0 1.00] 84.8+0.0 1.00] 84.8+0.0 1.00
Kidde - - | 938+7.4 0.92| 84.7+28 0.98| 80.9+1.6 0.99| 74.1+1.8 0.99
FirstAlert - - | 80.5+0.9 099 81.7+1.4 0.99] 81.8+0.8 1.00| 72.2+25 0.98
CO Guard 86.5+ 3.3 0.90| 74.6+15 0.99| 76.0+2.2 0.98| 78.4+1.3 0.99| 67.3%+3.0 0.96
SenseAir 91+1.9 0.99| 77.6+0.7 1.00] 80.9+1.1 1.00| 83.8+0.8 1.00| 72.2%27 0.98
GrayWolf 44.7+0.2 0.90 - - | 1675+47 0.89| 149.6 +0.1 1.00 - -
Fig 5042 (Top)| 76.3+0.1 0.99| 76.3+0.0 1.00| 76.8+0.3 0.99| 75.2+0.1 0.98| 60.7+0.9 0.88
Fig 5042 (Mid) | 84.7 +0.1 0.99] 729+0.1 1.00] 77.2+0.2 0.99] 76.2+0.1 0.99| 63.0+0.7 0.92
Fig 5042 (Bot) | 68.5+0.1 0.98| 74.8+0.1 1.00| 78.6+0.3 0.99| 77.2+0.1 0.99| 63.1+0.7 0.91

" Time constants are presented in units of minuestathe standard error §)

* Columns are labeled with the steady state CO curatéon in units of mg CO/f
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Table C.2
Time Constants: 87.5 kP&

15.4 mg/m R? | 42.2 mg/m R?> | 85.4 mg/ni R? | 127 mg/n R?> | 215 mg/m R?
Model (Sensor)] 73.3+0.0 1.00| 73.3+0.0 1.00] 73.3+0.0 1.00] 73.3+0.0 1.00] 73.3+0.0 1.00
FirstAlert —~ - | 66.8+0.8 0.99| 67.6+0.5 1.00| 68.1+0.6 1.00| 65.8+0.5 1.00
CO Guard 68.1 + 9.0 0.66| 63.7+23 0.98| 63.2+1.2 1.00| 64.8+1.2 1.00| 62.5+0.6 1.00
SenseAir 76.0 £ 2.3. 0.99| 66.7+0.9 1.00| 70.2+0.6 1.00|] 68.9+0.8 1.00| 66.8+0.5 1.00
Fig 5042 (Top)| 71.5+0.4 0.99| 65.0+0.2 1.00] 67.0+0.1 1.00| 66.1+0.2 1.00| 63.1+0.1 1.00
Fig 5042 (Mid) | 66.1+0.1 1.00| 63.5+0.2 1.00] 66.5+0.1 1.00| 66.3+0.1 1.00| 62.3+0.1 1.00
Fig 5042 (Bot) | 75.8+0.4 0.99| 64.9+0.2 1.00| 66.4+0.2 1.00] 65.9+0.1 1.00| 63.8+0.1 1.00

" Time constants are presented in units of minutestahe standard error §)

* Columns are labeled with the steady state CO cdratéon in units of mg CO/f
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Table C.3
Time Constants: 75.3 kP&

11.2 mg/m R? | 30.9 mg/m R?> | 62.5 mg/ni R? | 93.1 mg/m R?> | 158 mg/m R?
Model (Sensor)] 63.0 0.0 1.00| 63.0£0.0 | 1.00| 63.0%0.0 1.00| 63.0+0.0 1.00] 63.0+0.0 1.00
FirstAlert —~ - | 55.7+15 0.96| 63.4+4.9 0.96| 57.1+0.5 1.00| 56.1+0.7 1.00
CO Guard 41.7+8.2 0.28| 53.5+28 0.95| 56.1+1.2 1.00] 54.2+0.9 1.00| 52.9+0.6 1.00
SenseAir 59.4 +2.7 0.98| 56.8+1.1 1.00| 56.6+0.8 1.00| 57.4+0.7 1.00| 56.9+0.5 1.00
Fig 5042 (Top)| 60.5+0.4 0.99| 545+0.2 1.00] 53.1+0.1 1.00| 54.8+0.2 1.00| 53.9+0.1 1.00
Fig 5042 (Mid) | 54.7+0.2 1.00| 50.6+0.1 1.00] 53.1+0.1 1.00| 55.0+0.1 1.00| 54.1+0.1 1.00
Fig 5042 (Bot) | 63.2+0.4 0.99| 55.3+0.2 1.00| 54.0+0.1 1.00| 55.5+0.2 1.00| 54.0+0.1 1.00

" Time constants are presented in units of minutestahe standard error §)

* Columns are labeled with the steady state CO ctratéon in units of mg CO/f




Appendix D: CO Sensors’ Response Normalized tcAtinaytical Model
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Figure D.1: Sensor measurement normalized to the analyticabima@sus time for a
steady state concentration of 21 mg C®ata pressure of 101.3 kPa. The flow rate was
reduced from 500 to 50 sccm at t = 7 hr to constredest gas.
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Figure D.2: Sensor measurement normalized to the analyticabimasus time for a
steady state concentration of 58 mg C®ama pressure of 101.3 kPa. The flow rate was
reduced from 500 to 50 sccm at t = 7.5 hr to coresthre test gas.
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Figure D.3: Sensor measurement normalized to the analyticabimasus time for a
steady state concentration of 116 mg C®étna pressure of 101.3 kPa. The flow rate
was reduced from 500 to 50 sccm at t = 7.75 hottserve the test gas.
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Figure D.4: Sensor measurement normalized to the analyticabimasus time for a
steady state concentration of 174 mg C®étna pressure of 101.3 kPa. The flow rate
was reduced from 500 to 50 sccm at t = 7.3 hr ttseove the test gas.
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Figure D.5: Sensor measurement normalized to the analyticabimasus time for a
steady state concentration of 293 mg C®étna pressure of 101.3 kPa. The flow rate
was reduced from 500 to 50 sccm at t = 7 hr to enesthe test gas.
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Figure D.6: Sensor measurement normalized to the analyticabimasus time for a
steady state concentration of 15 mg C®ama pressure of 87.5 kPa.
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Figure D.7: Sensor measurement normalized to the analyticabimasus time for a
steady state concentration of 42 mg C®ata pressure of 87.5 kPa.
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Figure D.8: Sensor measurement normalized to the analyticabimasus time for a
steady state concentration of 85 mg C®ama pressure of 87.5 kPa.
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Figure D.9: Sensor measurement normalized to the analyticabimasus time for a
steady state concentration of 127 mg Céta pressure of 87.5 kPa.
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Figure D.10: Sensor measurement normalized to the analyticaemaasus time for a
steady state concentration of 215 mg Cdra pressure of 87.5 kPa.
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Figure D.11: Sensor measurement normalized to the analyticaemaasus time for a
steady state concentration of 11 mg C®ata pressure of 75.3 kPa.
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Figure D.12: Sensor measurement normalized to the analyticaemaasus time for a
steady state concentration of 31 mg C®ama pressure of 75.3 kPa.
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Figure D.13: Sensor measurement normalized to the analyticaemaasus time for a
steady state concentration of 62 mg C®ata pressure of 75.3 kPa.
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Figure D.14: Sensor measurement normalized to the analyticaemaasus time for a
steady state concentration of 93 mg C®ama pressure of 75.3 kPa.
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Figure D.15: Sensor measurement normalized to the analytiodehversus time for a
steady state concentration of 157 mg Céta pressure of 75.3 kPa.
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