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As the shift toward lowGWP working fluids becomes more prevalent, the HVRG&stry is
opening up o the usage of flammable refrigerants. Safety codes reggeresors to be installed

in the refrigeration system when using these flammable refrigerants to mitigate the potential fire
hazards. This work, supported by AHRTI Project 90itH a focus on class A2L refrigerants for
use in indoor heating, ventilating, aonditioning, and refrigeration (HVACR) equipment
investigated thesuitability of commercially availabbnd developmental sensor technologies
meet the safety standartequirements and developed and demonstrated methods for assessing
the performance and reliability of refrigerant sensors and detectors

This final report is consolidateddocument whichincludesthree consecutive phases of work.
Primaryfindings are summarized at the end of each Phasectionin this report A brief outline
for each section is as follows:

Phase 1Aeviewedexistingrequirementsfor refrigerant detectors as found in the refrigenadj
system safety standardsThis segment of the worlassesed the capability of currently
commercially availablend developmentakefrigerant detectors to meet the response time
required by the safety standardgnd selected the candidate sensdis be experimentally
evaluated forlPhase 1B

Phase 1Btested the selected candidate refrigerant sensdia their capability to meet the
response time requirementsrhework in this phasdi) configured the test facility for evaluation
of the sensorgesponse time(ii) testedthe sensors' performance for the responsmeto both
step-change and timevarying concentrations of refrigerasaiir mixtures,and (iii)developed a
model to predictthe sensor performance in the reatord application by using the steghange
test data.

Phase 2focusedon the development of testmethods for the assessment of robustness and
reliability of refrigerant detectorsRelevant existing standardgere reviewed and summarized
according to the proposedequirementsand procedures for the sensor reliability assessment
Based on different type of stressaand test procedures, five categoriestbt test have been
established.

Phase 3lemonstratedharshness testsvhichhave beerdeveloped in Phase. Sixsensordrom
different manufacturers were tested. The tested sensomwer five different major sensing
principles. Fivecategories of harshness tests have been investigatkdd resistance and
poisoning tes{Category A extreme storage condition tegCategory Bpperation condition test
(Category GMbration and drop tet (Category D)and epeatability test(Category E).

This project was started in April 2019 and lasted more than two years. As a preliminary result,
GKS NBLER2NI& 2F tKFAS M YR H ©#SNB LlJzmfAaKSR
deeper, tke understanding of the sensors become more thorough; so, some of the conclusions
in the previous versions of the report have been modified or improved:

1 In sectionl.3.1, Kuation (2) has been improved; the effect of the time delay on the
entire sensor response procedure has been taken into account. The model verification
result Figurel-13) has been updated accordingly;



AHRTI Project 9@1Refrigerant Detector Characteristics for UséIMACR Equipment

1 Insection2.2.2 a note has beendaled to refer to Phase 3 for the detailed calibration
procedure for the gas injection method;

1 Insection2.3.2.] a note has been added to point out that based oe tbst result of
Phase 3, a new oil spray test method has been developed and demonstrated in section
3.2.2.3

1 A high temperature survival test has been added toek&reme operation condition
category for the sensor reliability assessment while conducting Phaseb82-3 has
been modified accordingly. A note has been added atige 2.5.1to refer to section
3.4.1.3for the recommended test method and procedure.

Note: the letter codesused in Phase Iefer to different sensorsthan in Phase 3.This
randomized designation has beenade intentionally, because this study aims to investigate
refrigerant sensor technologies and estableésmethodology for sensor assessment, rather than
evaluating a particular sensor and/or manufacturbtost nsor samples used in this project
were prototypes. It should alsdbe noted that further sensor development and improvement
efforts by the suppliers took place in parallel with the project. Therefpeeticipating sensor
manufactures supplied different sensor versions fBhase 1 and 3 Also, me additional sensing
technology has been aludedin Phase 3To assist readersa reminder regardingthe sensor
designatiorrepeatedly appeasin relevant locations throughout threport.
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Phase 1

1.1 Introduction

The objective of this project is to assess refrigerant seasdrrefrigerant detector performance
requirements for flammable refrigerantgith afocus on class A2efrigerantsfor use with indoor

Heating, Ventilating, Ai€onditioning, & Refrigeration (HVA@Ruipment.This report is for the
first phase of the prject which includes two stages:

Phase 1ARequirements review and initial assessment:

Review existingnd proposed requirements for refrigerant detectors as found in the refrigagati
system safety standards. Assess the capability of culgeobmmercially available refrigerant
detectors to meet the response time required by the safety standards, with setpoint(s)
determined in a manner to meet the safety standard considering related issues such as upper
detection limits, accuracy and calibratiodrift over time, sensitivity to environmental conditions
(temperature, pressure, humidity and vibration).

Phase 1BResponse time testing verification:

Test the selected candidate refrigerant sensors to evaluate the capability to meet the response
time requirements. Configure and setup the sensors in a test fixture, then expose to both step
change and timevarying concentrations of refrigeradaiir mixtures, measure the response time
characteristics of the tested sensors.

1.2 Current standards requirementsral sensors compliance (Phase 1A)
1.2.1 Requirements from the standards

Five recently published or modified refrigeragisystem safety standards have been selected and
reviewed they are:

1 IEC 6033%-40 Hdition 6 (Jar2018)[1]

UL/CSA 60333-40 (Now2019)[2, 3]

ASHRAE Standard-2619[4]

ASHRAE proposed Standard 15.2P (Advisory Public REliew)

JRA Standard 4068T: 201/6R

The requirements for the refrigerant detector were summaridzech table andare shownin
Appendk A.

il
il
1
1

1.2.2 Sensor information collection and compliance check

ABensoinformation QollectionListthas been designed and sent out to 26 sensor manufacturers
to collect the sensor specifications directly from the manufacturers through a sufagyel-1
shows the list of the manufacturer&levencompleted listswere returned Table1-2 lists the
sensing pnciples used by these 11 sensors. The specifications provided directly by the
manufactures were then crosshecked with the standards requirements. The compliance of
each sensor is summarizedTiablel-2.
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As shown inTablel-2, there are four sensors that uddetal Oxide Semiconductor (MO&)d
another four sensors that ugdon-Digersive InfraRed (NDIR3s the sensing technology, which
togetherconstitutesaround 75% of the investigated sensors.

Looking affablel-2, requirement No. 15 (stiluihctional after 100% refrigerant exposure for 480
490min)seensto be the major challenges for MOS sensors. This is the main reason why all the
MOSsensorR2 Y20 &l GA&dFé& NBILIdANBYSyld -Ba lcyy SKA[OKE
Note that, according to the information lisg§ensor J is not designed for detecting A2L group
refrigerants. Because of this, the compliance of the other requiremesntset checked andvas

left blank. For the NDIR sensors, two of them failed requirementli8owhile the other two

passed. Sensais the only NDIR sensor to fail requirement No. 15.

Almost all of the sensors, excef@nsos A, B and F, failed the temperature poon of
requirement No. 19 ghall comply with the requirements over the full range of operating
temperature and humidity as specified by the manufacturer). JRA 4068T 2016 listed the
operating temperature ranges for different applications. The lowest reguteamperature is
b40°C for inside freezer applications, which exceeds the lower limit for most of the séhsors
operational temperature range.

Requirement No. 27 (end of life indication) is the other requirement most of the sensors failed.
However, at this stage, most of the investigated sensors are comprised of only the sensing
element, and disregard the fact that usually this indication functtan be added through the
communication boardLastly, br requirement No. 2Zvibrationresistancg, most of the sensor
manufacturers could not specify the allowable lisnit

Tablel-1. List ofSensorManufacturers

No. | Manufacturer | Feedback Status No. | Manufacturer Feedback Status
1 si\l\/lgDA Received 14 | ALPHASZENSZOF E;f’s";’f’ no suitable
2 | SENSEAIR Received 15 | HONEYWELL No feedback received
3 | FIGARO Received 16 | DANFOSS No feedback received
4 | SENSIRION | Received 17 | EMERSON No feedback received
5 | BACHARACH | No feedback received | 18 | MSA No feedback received
6 | PARKER Received 19 | LUMASENSE No feedback received
7 | FUJIKOKI Received 20 \ljgg(L)I;(\IS BY No feedback received
8 | SENSATA Received 21 | FISINC Received
9 | N.E.T. No feedback received | 22 | GOOD FOR GAS | No feedback received
10 | SMARTGAS | Received 23 | QBIT Received
11 | WISE Received 24 | KWJ ENGINEERIN No feedback received
12 | WINSON No feedback received | 25 | CITYTECH No feedback received
13 | SSBENSING Seerf’s";d nosuitable | o6 | 5GxSENSORTEC| No feedback received




Tablel-2. CompliancecheckList

Note: Informationshown in this table was compiled by the contractor of this study based on answers provided by the sensor manufacturers at the
time of the information survey. As manufacturers continuously update and improve their products, the contents shown latetinetetherefore
not necessarily reflect the most recent set of information available.

Underlying .
Standard CandidateSensorg$
Ja
g ool g
W o o N o
L . d Y49 <
No. Priority Requirement N o
FoYgy A B|c|D|E|F |G| H|I 3| K
8 2 o T 9
48423
W99
D
Sensing principle MMM! | NDIR | TG | NDIR | MOS | MOS | SS MOS | NDIR | MOS | NDIR
1 primary Capable of sensing presence of refrigerdat A2L group) Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
2 secondary | Capable to be installed "within the unit* when required Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
3 secondary | Capable to be installed "remote from unit" when permitted Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
4 seconda Capable tobe installed “"indoor coil cased assembly" wh;
Y required Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
5 secondary | Capable to be installed "in air supply duct work" when permitte Yes Yes | Yes| Yes Yes Yes
6 primary Comply with UL60333-40 Annex LL Yes Yes | Yes| NS NS NS
7 secondal Sensorshouldwork when the voltage applied is varied by +1(
Y rated voltage Yes Yes | Yes| Yes Yes Yes
8 fimar Capable of number afycles of operation (300 for sefsetting,
P y 30 for nonselfresetting) Yes Yes | Yes| Yes | Yes | NS Yes | Yes | Yes Yes
9 primary Sensorshould not bea multiporttype device Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
10 primary Capable ofising a setpoint less than 25% of L. FL Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
11 primary Sensor shoulchave an output to indicate the presence of
refrigerant concentration exceeding the set point Yes ves | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
12 secondary | For indicating type, setpoirghould bepreset (e.g. Factory set) yes yes | yes|yes |yes |yes |yes |yes | NS yes
13 secondary | Pre-set setpoint level should ndie adjustable by user Yes Yes | Yes Yes | Yes | Yes | Yes | NS
14 fimar Complies with the requirements IEC 60&2®1 for Group Il
P y equipment Yes Yes | Yes| Yes NS NS Yes | NS NS




AHRTI Project 9@1Refrigerant Detector Characteristics for UséiMACR Equipment

Underlying .
Standard CandidateSensor$
(o o |
L [l
8 o I N
. . o Y & 9 ]
No. Priority Requirement J B W
Foguwdgg A B|c| D | E|F |G| H|.I K
e I <
R
O O o
w5 < -
>
15 fimar Sensor should still function after 100% refrigerant exposure fg
P y 480-490min (used for long term stability Group Il test)
Yes Yes
Sensor should not show false or nuisance trips or show sigr
16 primary poisoning after being subjected to thgas and vapor types Yes Yes
specified by Table LL.4A.1DV
17 primary Capable of meeting response time requirement Yes Yes
18 primary Sensorshouldwithstand condensation condition Yes Yes
Shall comply with the requirements over the full range
19 primary operating temperature and humidity as specified by H¥ACR Yes yes
equipmentmanufacturer
20 primary Accuracy of setpoint mestequirements Yes Yes | Yes| Yes | NA NA Yes | Yes | NS Yes
21 primary Includes output for signal or trigger of mitigation and ventilatiol Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
22 primary Resistance to vibration, can pass required vibration test Yes NS | NS| NS | Yes| NS [ Yes | NS NS NS
23 primary Includes means for sefésting Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
24 primary Selftest at least every hour Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
25 primary Active trouble alarm if a failure is detected Yes Yes | Yes| Yes | Yes | Yes | Yes | Yes | Yes Yes
26 primary Does refrigerant sensor have a defined life? Yes Yes Yes - -I
27 primary If the_re is a defln_ed life, sensshouldhave end of life indication Yes Yes ves | Yes Yes
meeting the requirements
28 secondary | Sensor marking and identification meets requirements Yes Yes Yes | Yes Yes

1. MMM: Micro Machined Membrane
2. NDIR: Nondispersive Infrared

3. TC: Thermal Conductivity

4. MOS: MetaOxide Semiconductor

5. SS: Speed of sound
6. NS: Not specified
7. NA: Not applicable

8. LFL: Lower Flammability Limit, as defibgdASHARE standard 34 LFL 82K 14.4% v/v
9. Sequence of sensor letter code in Phase 1 is different from Phase 3.

Based on the compliance check result and the availability, Sensors A through F were selected as the candidaferseestasts
of Phase 1B



1.3 Testing verification (Phase 1B)

Currently, all the refrigeratig system safety standards use the gas concentration-steggnge
NEaLR2yasS (2 RSTAYS (GKS NBIjdANBOKYyyaSET2 KISNEKES Y&
the test gas concentratiorat the sensing element locatiocthanges from zero to a certain value
instantaneously. This definition provides a consisteasisfor the comparison of different

sensors and also makes the experimental assessment of sensor re$pang#e.However, in

reality, even in the worstase leaagescenario, the refrigerant concentration has to go through
arampdzL) LINPOS&aax gKAOK YIe Ol dzaS GKS -OKS$ywaSNI NE
condition.

The main objective of this phasetesconsider the distinction between steghange response of

gas detectors, which are relative to a step change in gas concentration, and the actual response

time as applied with a particular choice of setpoint and tiva@ying gas concentrations.

1.3.1 Dynamicresponse theory and test strategy

Dynamic response theofy] was used in this project to express the sei@oesponse to a step

change in gas concentration, which will then be dise show the difference between step

change reponse and the actual response.

¢CKS FANRG adSLI Ay TFAYRAY3I (KAIAKIRAFSES NSBE/20.92 yAaasS
dynamic response theorfpynamic response theory has described the step response for a first

order system shown iffigurel-1. Using the response of a gas sensor as an examleis the

sensor output and is initially stabilized @s At time 0, the test gas concentration instantly
increases byo. Afteratime of —has passegthe output of the sensor starts to increase as well,

where —is defined as the time delay. The sen output will continue to increase and will
eventually each another steady state readingdftb , which is equal t@d Y& Hb . The sesor

output can be expressed as shownEguation (1), wheret is the time constant defied as the

additional time (after the time delay} it takesfor the sensor output to reach 63.2% (more
precisely, afractop Q =1lbndocTtd F ndconYoHF) AGa dGd2aGFt OKI

Yeo

y(t)
\

63.2%~_

Ay Ay (o)

[
1
1
1
1
1
1
I
I
I
1
1
|
1
1
I
I
I
1

A t i
Time 0 g T

Figurel-1. FirstOrder System Sep-changeResponse
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W 0 —
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Both—and T can be determined experimentally by a stepange test, and then used to priet
the sensor response to the actual condition.

Under the actual condition, the concentration of the test g@sdually changes over time, and is
shown inFigurel-2(a)asa function of timed o . Taking a short time period/¢) as a segment,

the test gas concentration can be treated as a constant value, provided that the segment is short
enough. This will allow the step changguation (1) to still work for this segmentAs shown by
Figurel-2(b), Equation (1) can be rewritten agquation (2) for the short time segment. Then by
using Equations (2) and (3) together, the sensor output for the gas concentration under time
varying conditios can be described.

u(t) u(t; —6)

Yoo

u(ty) - y(t)

AY (w0
e Ayt

J"(ti)i

Yo

time ‘ i ;
At ti At lin time

@ (b)
Figurel-2. FirstOrder System Time-varyingResponse

Yoo 606 — G0 p Q 2
wh o —

WO , . : 3
W Yw o (0] —

With the proper equations defined, the following strategy witinee steps has been designed:

a) Run stepchange concentration tests to:
1 Compare the tested sensor response with the requirements of the safety standards
1 Get the time delay-and time constant-.

b) Run timevarying concentration tests to:
1 Get the sensor outpt curve under the actual leaking scenario
1 Distinguish the sensor steghange response with the actual leaking scenario

response

c) Put the determined—and T into Equations (2) and (3) to predict the sensor response
under the actual leaking condition. Compare the predicted curitk the tested sensor
output curve to verify the equation.

The verified equation will allow for the prediction of the sensor output under an actual condition.
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1.3.2 Test facility and instruments
1.3.2.1 Test facility

A test facility has been built in order to test tpeovided sensors with both the steghange and

the time-varying conditions, with its pictures and schematic showRigurel-3 and Figurel-4.

An oil free air compressor has been used to provide background gas to be mixed with refrigerant
for the tests. To avoid any possible test gas recirculation, air was taken from a conditioned
endosure outside the building away from the test section. An air cooler and a humidifier have
been installed downstream of the air compressor to adjust the air temperature and humidity to
a certain range. The air stream then splits into two parts. The niesara of the air flow was
controlled to be at a constant mass floate of 3.5g/s and was monitored by a mass flow meter
before being sent into a mixer to be mixed with refrigerant. The rest of the air flow was sent to a
zero-air chamber, where the test sasor can be kept to protect it from contacting any refrigerant
before conducting the tests.

For the refrigerant side, pure refrigerant was taken from a cylinder, sent through a flow controller
and mass flow meter before mixing with the air in the statigen After mixing, the mixture was
sent through the bottom of the test chamber to be used for the test. The concentration of the
test gas can be calculated based on the measured mass flow rafegibgon (4), wherel  is

the measured refrigerant mass flow rafe, is the measured air mass flow rate, and and

- are the molar masses of the refrigerant and the air, respectively. The coatien here is
defined aghe relative refrigerant concentration expressed as a volumetric fraction of refrigerant
per unit of airrefrigerant mixture A linch4-way cross pipe fitting has been used as the diffuser
to equally distribute the test gas ihé test chamber. A thermocouple, pressure transducer, dew
point sensor, and gas concentration sensor (reference sensor in the schematic) have been
installed to monitor the test gas condition. A micro switch was attached to the sensor to be used
to indicatethe moment for starting to count the response time.

R 3 Y T
=

Oil free air
compressor
O

ﬁ L

’ \
! = Mass flow meter
: Transducer]
o i oo R i

Figurel-3. Pictures of theTest Facility

1
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Test sensor Micro switch

Refrigerant Flow controller \ ﬁ
-
5 l . TPDP
QI Refrigerant mass flow meter Ch;lrﬁﬁsger
77777777777777777777777777777777 ‘ Mixer /f
| Chl”er avavy Reference sensor
Air compressor Humidfier
L e ’ %;
\A"ﬂ[’“’ regulator L | Air mass flow meter é Clean Air ?
Air cooler 2 Chamber 2
g i 7
7 ) %M/M/é
Outdoor
Figurel-4. Schematic of th@estFacility
~ e oA o~ ]
Al | A j j , Yoviv 4)

1.3.2.2 Instrumentation

Table 1-3 shows the instruments used on the test facilitly. is worth pointing out the
concentration of the test gas is the most critical parameter for both the-stegange and time
varying tests. Beire conducting the tests, the following approach has been adopted to ensure
the accuracy of the test gas concentration measurement:

1) Calibrate the reference sensor by four different known concentrations of test gas
2) Use another three different known conceations of test gas to check the calibration
result
3) Adjust the flow controller to get four different concentrations of test gas, and use the
measured mass flow rates witigjuation (4) to calculate the test gas concentration and
compare it with the reference sensor reading.
The deviation of measured gas concentrations between these three steps was wibfia. +/

Table1-3. List ofInstruments

No. Instrument Model Accuracy
1 Air side mass flow meter Micro motion CMF025 +0.25% of reading
2 Refrigerant side mass flow meter Micro motion CMF010 +0.25% of reading
3 Flow controller ELFLOW A12-AC NA
4 Reference sensor HenzeHauck WLD gas sens( <1% of the range
5 Themocouple Omega Ttype +025K
6 Pressure transducer Rosemount 1153 +0.25% of rang€0-747Pa)
7 Dew point sensor EdgeTech Com.Air +0.2K

10
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1.3.2.3 Tested sensors and conditions

As shown bylablel-4, six sensors with four different sensing principles have been tested for
Phase 1B of this projed®32 has been selected as the test gabis choice was made because
R32 is a pte fluid which facilitated the development and accuracy of the test method.
Furthermore, R32 is a component in many of the |e6BMWP blends that are being considered by
industry.Tablel-5 shows the test matrix for both stephange and timevarying tests.

Tablel-4. TestedSensors

Sensor

letter A B C D E F

code

Sensing 'V“CTO Nondispersive| Thermal Nondispersive| Metal-Oxide Me'taI-OX|de

o Machined . . Semiconductog

principle Infrared Conductivity Infrared Semiconductor L
Membrane Indicating Type

" Sequence of sensor letter code in Phase 1 is different from Phase 3.

There are two different types of tests that have been carred with this test facility: step
change concentration tests and timarying concentration tests.

Tablel-5. TestConditions

" Relative
Test type Conditiong Temperature Humidity Pressure Test gas
20%LFL (2.88% v/v)
Step 25%LFL (3.60% v/v)
change 50%LFL (7.20% v/v)
100%LFL (14.40% v/v) 19220C 45%65% Atmospheric | R-32 and
pressure air mixture
_ 0.2%ls
Time 0.4%/s
varying
1.0%l/s

1. Stepchange conditions defined akifferent test gas concentrations; timearying conditions defined as different rarup
rate of the test gas concentration

The previous AHRPtoject 900701 [8], conducteda leakagescenario study based aeview of

prior research and CFD simulations. Typical commercial scenarios including (i) Packaged Terminal
Air Conditioner (PTAC) unit in a motel room; (i) Rooftop unit in commercial kitchen; (iiffwWalk
cooler; and (iv) Reaein refrigerator in a convenience s and esidential scenarios including

(v) Split HVAC unit with evaporator section in a utility closet; (vi) Split HVASeuniing error

were considered in their tests. Asresult, a test matrix with three different refrigerant release
rates, three dfferent release locationsand two different release openingsas developed to
simulate the typicaleakagescenarios. As required by AHRI to cover the magkagescenarios,

four refrigerant concentration profiles were selected in this project to présbe influence of
refrigerant release rate (profile a vs. b), release height (profile a vs. ¢) and release opening size
(profile c vs d), as shown IBygurel-5.

11
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Therefore, three different test gas concentration ramp rates have been selected in the time
varying concentration tests. Profile (d) was covered by the-steggnge test due to the fairly large
ramp-up rate. Per the requirements of the safety standaraisthe test gas concentrations, four
different concentrations have been selected for the stdange testsThetest conditions are
listed in Table 1-5. The onditions for step-change tests are definedor each test gas
concentration. For the tim&arying concentration tests, the test conditions are defined ramp
rates of the test gas concentration.

=

40

35 ———1in. =—1n i".ll
=12l 4

B o

—121n

=}

24in, Hin

]

h'

R32 Concentration (%wv/v)

=k e W
n o=

R3IZ Comcentration (% wv)

E 5 2 B oH

= ] / R —
> |

a
a 15 an a5 Bl
i | 1m0 150 24 300
Time (s) - T [5)

(=BT

(a) Release rate 100g/s, height 2.2m, opening siz (b) Release rate 13.5g/s, height 2.2m, opening siz
25mm 25mm

=
=

=

=

]
LA

Lin —1in.

[
=
w
o

—12in. —T

w
=

24 im. 24in,

(=R
>

R32 Concentration (%v/fv)
-
S
= 5

R32 Concentration (%w/v)
= oE o= orEow

= W

= n

a9

0 60 120 180 240 300 360 421[:‘[4&)'%40 500 660 720 780 840 900 960
ma [s]

(d) Release rate 100g/s, height 0.2m, opening siz
365 mm

L1 60 1x0 180 40 300 380 420 480
Time (s)

(c)Release rate 100g/s, height 0.2m, opening siz
25mm

Figurel-5. RefrigerantConcentration Profiles for Typical LeakageScenarios[8]

1.3.2.4 Test method

For the stepchange tests, the test gas concentration in the test chamber wasgjusted to a
desired value. After the condition of the test chamlbed stabilized, the test ssor was quickly
moved from theclean airchamber into the test chamber. At the moment when the test sensor
came into contact with the test gas, the micro switch was triggered by hitting the lid of the test
chamber therebysendng a 5 VDC signal to the DAQ system. This signal was used to determine
the zero time point for counting the response time. The mass flow rates, temperature, pressure,
dew point, and micro switch signal have been recorded at a sampling rate of 10Hzpoaodies)

to a response time resolution of less than 0.2 seconds for the test facility.

12
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Depending on the configurations of the different test sensors, 4 out of 6 serfSorsqisA, B,C,
andD) were using the data logging software provided by the manufac$uo record the sensor
output through a digital interface. The sampling rates of these sensors were determined by the
setup of the sensor and would vary from 0.5 to 1Hz. For the other two tested seSsosnr E
provides an analog output arféétnsor F povidesa relay output. The sensor outputs of these two
were integrated into the facility DAQ system.

When running the timevarying tests, the test sensor was kept in the test chamber initially with
the cleanair condition. The air side mass flow rate wamtrolled to a constant value. The
refrigerant mass flow controller was programed to open at different speeds to achieve different
test gas concentration rampp rates of 0.2%/s, 0.4%/s and 1.0%/s.

1.3.3 Data reduction and test results
1.3.3.1 Stepchange concentrabn tests

As mentiored before, depending on the different sensor configuratio8snsos A, B, CandD

used a separate data logging software provided by the manufacturer to record the sensor output
during the testsFigurel-6 shows the typical original sensor reading curve. These sensors read
at a much slower sampling rate (0.5 to 1 Hz) compared with the test facility DAQ system (10 Hz).
Therefore, the sensor readyj was converted into #tair-typeCzurve as shown blyigurel-7. The
Btair-typeCcurve is preferred because it shows the effect of the sampling rate on the tested
response time. For example, a sensor neadat a sampling rate of 0.5Hz (every 2snhd a
particularreadngis slightly lower than the setpoinbut the subsequent reading is much higher

the sensor can only trigger the alarmthe second reathg. Therefoe, the effect of the sampling

rate needto be included when counting the response time. The unit of the sensor outputs were
also all comerted to %LFL (excefensoisE and F) for eaggomparison

M
=

30000

—-
[=.+]

25000

[y
[=a]

gzoooo 5 1
8 12
B 15000 B 10
3 3 4
2 10000 i
3 & °
5000 4
2
0 0
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
Figurel-6. OriginalSensorOutput Data Figurel-7. Bair-typeCEensorOutput Qurve

The convertedstair-typeCcurve was then synchronized with the recorded DAQ data based on
the time stamp. The micro switch signal was used to find the timg zero and determine the
ef F LJASR (AYSE -axBofRgkral®y o6& GKS E
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Tablel-6. Testedensor Sep-changeResponsé

Sensof) Time delay—s) | Time constantt (s)
Sample 1 4.4 4.7
A Micro Machined Sample 2 63 66
Membrane
Average 54 5.6
Sample 1 1.4 18.1
B NDIR Sample 2 2.4 18.3
Average 1.9 18.2
Sample 1 0.0 0.1
C Cc-)rr?degEf\l/Iity Sample 2 0.0 0.1
Average 0.0 0.1
Sample 1 0.2 17.2
D NDIR Sample 2 0.0 10.2
Average 0.1 13.7

O Detailed test resuttcan be found in Appendix.D
M Sequence of letter code in Phase 1 is different from Phase 3.

The synchronized datzanthen be used to determine the response tintdgurel-9 shows the
step-change test result foBensor B as an example. T(90), T(50), and T(63.2) of the tested sensor
have been pointed out by the dashed lines on the chartSiglire1-9. Here T(90), for example,
represents the response time for a sensor to have an output reach 90% of the final sensor reading
when experiencing a steghange condition. Both T(90) and T(50) are commonly used parameters
for the evaluation of the sensor response. T(63epresentshe time constantt in Equation (1).

For each sensor, two identical samples (S) and two runs (R) per sample (four runs in total) have
been carried out. The lightolored Ines in the charts show the result for each run and the dark
colored line shows the averaged value of these four runs.

Tablel-6 shows the test time delay and time coastsfor Sensoss A, B, CandD,whichare so-
calledmeasuringtype, meaning the sensasutput shows the measured gas concentration. By
usingEguation (1) with the —andt shown inTablel-6, T(50) and T(90) can be easily calculated.
It is important to notethat the calculated sensor output should have the same units of measure
as the test gas concentration used in these equations.

Sensor E is a MOS sensor with an analog output. According to the data sheet, the sensor output
is not linear to the gas concemation and is saturated at about 5000ppr{8:47%LFLPue to the
saturated concentration of the sensor being much lower than the test gas concentrations used
in these tests, the time constant cannot be reasonably determined. This is beddtisés no

longer mainly determined byoé.
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Figurel-10. Sensor Rep-changeTest Result

Sensor F is another MOS type sensor with a relay output, vilheso-called indicating typgi.e.
it only indicatesvhen a certain concentration threshold has been reacliegurel-10shows the
step-change alarm delay @&nsor F. Steghange alarm delay is the time length betweemei
zeroand the time when the relay output is triggered.

1.3.3.2 Timevarying concentration tests
There are two major objectives for the concentration tiverying tests:

a) Distinguish the gas concentration stepange response and the actual condition
response,
b) Verify the response prediction frorgquations (2) and (3) with the actual condibn
response.
The conditions of the tim@arying tests are defined by the different raryp rates of the test
gas concentration. The rates were set to about 0.2%/s, 0.4%/s and 1.0%/s to mimic the different
leakagescenarios froma previous AHRTI projef]. In the tests, the test gas concentration was
determined by the refrigerant mass flokate and air mass flow rate onli{the eference sensor
was not used because @k sensing delay. To ensure the measured concentration is the real
current concentration in the test chamber, the mass flow meter response stihasl to be
checked.

As shown by the stephange test resultsSensor C has e proven to have a response timess

than 0.2s.So, Sensor C was used as a reference to verify the method for concentration
measurement using date from the mass flow metéfigurel-11 compares theSensor C output

with the mass flowrate based test gas concentration. The agreement between the two curves
provesthat the mass flow meters have an acceptable response time.
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Figurel-12. TimevaryingTest Data (Sensor B)
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The timevarying tests results, which are the sensor respasdalifferent test gas concentration
ramp-up rates from 0.2%/s td..0%/s are shownin Figurel-12 as well as the stephange
condition for comparison, usingnsor B as an example.

1.3.3.3  Prediction model

90
80
70
g 60
c
£ 50
@
<
® 40
5 Test gas concentration
O
30
Sensor output
20
Model output
10
0
0 20 40 60 80 100

Time (s)

Figurel-13. PredictionModel Qutput

By knowing the actual test gas concentration profil@od in Equation (2), the sensor output
W 0 can be calculated. The curve showrrigurel-13named as model output is thealculated
sensor output based on the known time delaxand time constant determined by the step
change tests and the controllgdst gas concentration profil& 0 . The result showEguations

(2) and(3) havegood accuracy in predicting the sensor output under the known actual refrigerant
concentration profile condition.

1.4 Analysis
1.4.1 Maximum allowable setpoint

When defining the requirements of sensor response, the safety standards specify the maximum
test gas concentration and the required response time. For example, IEC-88835lition 6.0
requires the sensor to make an tpuit (meaning triggering the alarm) within 30 seconds when
exposed to a refrigerant concentration of 25 % of LFL or lower. Using a lower concentration for
the sensor setpoint allows that sensor to trigger the alarm faster. Looking at the 25%LFL tested
datafor Sensor A inFigurel-14(a), the sensor is found to have a 16.4%LFL maximum allowable

setpoint in order to trigger the alarm at 30 seconds, thus meeting the req@resof IEC 60335
2-40.
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For the three reviewed safety standards, as showhahlel-7, different test gas concentrations
and response times are specified. Therefaach tested sensor has three different maximum
allowable setpoints in order to meet the requirements of the relevant standard.

The maximum allowable set point as determined by this project was based only on 4 tests (2 runs
for each of 2samples). Given theesponse time variability observed in just four runs, the
maximum allowable set points may be lower when considering a larger number of sensor
samples and test runs

Tablel-7. MaximumAllowable Setpoint®

Test gas Response time Maximum allowable setpoint afensofi) (%LFL)
Standard ; :
concentration requirement A B C D E =
ASHRAE 12019 HR5%LFL H5s 16.4 11.2 222 | 14.2 3.1(V) Indicati
ndicatin
IEC 60332-40 ED6 HR5%LFL H30s 21.7 194 22.6 | 20.8 3.8(V) type 9
UL/CSA 60333-40 ED3 M 00%LFL X O0s 32.3 22.8 97.7 | 417 | 4.0(V)

() Detailed test results can be found in Appendix D
(i Sequence of sensor letter code in Phass @ifferent from Phase 1.
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1.4.2 Timevarying alarm delay and Time over RCL

As shown bylablel1-7, each sensor has a maximum allowable setpoint to meet the response
time requirement of relevant standards. No matter which number has been selected as the
setpoint, there is always a time dgldetween when the actual gas concentration reaches the
setpoint concentration and when the ssar output reache the setpoint. This delay is defined

as the timevarying alarm delay.

Table1-8 summarizes the timearying alarm delay fofnsors A, B, ,@nd D with different
maximum allowable setpoints as the alarm threshold. Semgoand F have no output for the
measured test gas concentratiptmerefore, no alarm delg can be obtained.

Table1-8. TimevaryingAlarm Delay and Time wer RC{)

" Setpoint | Timevarying alarm delay (s Time Over RCL(s)
)
Sensof’ | Standard to meet (%LFL) | 0.2%/s | 0.4%/s| 1.0%Is | 0.2%[s | 0.4%]s | 1.0%s

ASHRAE 12019 16.4 8.1 3.1 4.6 3.2 2.0 4.3

A IEC 60332-40 ED6 21.7 7.3 6.7 4.4 5.3 6.3 4.3
EE{SSA 60332-40 32.3 6.4 6.7 6.1 11.0 9.8 6.4
ASHRAE 18019 11.2 14.8 10.7 8.1 6.9 9.0 7.5

B IEC 60332-40 ED6 19.4 17.2 14.9 9.7 14.1 14.1 9.5
EIIS/E?SA 60332-40 22.9 18.4 15.5 11.6 17.1 15.1 11.6
ASHRAE 12019 22.2 1.4 0.0 0.5 0.0 0.0 0.4

C IEC 60332-40 ED6 22.5 1.3 0.0 0.5 0.0 0.0 0.4
UL/CSA 60333-40
ED3 97.7 - - 0.0 - - 29.8
ASHRAE 18019 14.2 9.5 6.5 4.6 3.4 6.5 4.1

D IEC 60332-40 ED6 20.8 10.0 11.1 6.3 7.4 10.5 6.3
EE/:SSA 60332-40 41.7 13.2 13.6 9.3 23.4 18.5 10.1
ASHRAE 18019 3.1(V) - - - 6.8 15.7 19.7

E IEC 60332-40 ED6 3.8(V) - - - 8.7 14.4 16.5
UL/CSA 60333-40
. 4.0(V) - - - 75 | 123 | 138
Indicatingtype with fixed setpoint

F (0.76%LFL or 1100ppm,v) ) ) ) 105 | 189 12

O Detailed test resuttcan be found in Appendix.D

@ Sequence of sensor letter code in Phase different from Phas8.
By using the maximum allowable setpoint, all the tested sensors were supposed to have identical
step-change response times (30, 15, or 10 seconds) under the conditions (test gas concentration
of 25%LFL or 100%LFL) as required by different standaodsistance when Snsor A uses
16.4%LFL as the alarm threshold, it will have the same response time to trigger the alarm as

Sensor B with 11.2%LFL as the alarm threshold, under the 0 to 25%LFL step change condition. In

conclusion, lowering the setpoint of aoster sensor allows it to still meet the stemange
response requirement defined by the safety standards. However, the-t@nging alarm delay
for each sensor will still be different. It was found in the stdyange tests thagensor A has a
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quicker respose thanSnsors B and D. Thereforesensos B and D have a smaller maximum
allowable setpoint to offset the slower respongégurel-15 compares the timevarying alarm
delay of &nsos A, B and D by using the maximum allowable setpoints of three different
standards at the test gas concentration ramp rate of 0.2%/s. The rean whySensor C was
not included in the comparison is becau@msor C has a steghange responsef less than 0.2s,
so the timevarying alarm delay is negligibleis obviously shown byigurel-15, under the time
varying conditions, slower sensors will still have signifigdonger alarm delays, even when
using smaller setpoint.

20 Using maximum allowable setpoint
Test gas concentration ramp-up at 0.2%/s

mA
uB
D

ASHRAE 15-2019 IEC 60335-2-40 ED6  UL/CSA 60335-2-40 ED3

[ =
N v 0

Time-varying alarm delay (s)
[y
o

[ N L * A ¢ »)

Standard used to determine the setpoint

Figurel-15. TimevaryingAlarm Delay

ASHRAE Standard-2819[9] defines a Refrigerant Concentration Limit (RCL) for refrigerants to
reduce the risks of acute toxicity, asphyxiation, and flammability hazards in normally occupied,
enclosed spaces. FBr32, the RCL is equal to 25%LFL. The time length between when the actual
test gas concentration reaches the RCL and when the atanggered by the sensor output is
defined as the Time over RCL (TOR). The T&Rsdrs A, B, C, BndEwasfound by wsing the
maximum allowable setpoistwhichare also listed iffablel-8.
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25

Using maximum allowable setpoint
Test gas concentration ramp-up at 0.2%/s

Time over RCL (s)
S (s =

o

ASHRAE 15-2019 IEC 60335-2-40 ED6  UL/CSA 60335-2-40 ED3
Standard used for determine the setpoint

Figurel-16. Time over RCL

The RCL for A2L group refrigerants is mainly defined for reducing the risk of flammability hazards,
which means wan the refrigerant concentration gets higher than the RCL, there is a risk of
flammability hazards. By using the RCL as the safety criteria, larger TOR means highgurésk.

1-16 compares the TOR &nsors A, B, and D by using the maximum setpoints at the test gas
concentration increase rate of 0.2%/s.

Both IEC 60333-40 and ASRAE 152019 require the use of test gas concentrations equal to or
less than 25%LFL determine the sensor response time. Using the maximum allowable setpoint
by ASHRE 152019 will have the shortest TOR comgarto the other two. UL/CSA 6033540

ED3 requires less than 10s to gaythe alarm but with equal or less than 100%LFL as tke te
gas concentration, which ends up with the longest TOR.

The comparison of the sensors shows tBamnsor Awhich has the fastest steghange response
time, alsohas shorter TOR tha®ensors B and DWhenusing the allowable maximum setpoint
of IEC 60332-40 and ASHAE 152019 Sensor Dalways hasa smaller TOR tha&ensor B.
However,Snsor D, when using the maximum allowable setpoint of UL/CSA 6B3B5ED3,
shows much longer TORaB, althouglt&ensor D has a faster steghange response #m Sensor
B. This is most likely due t&ensor D having its output saturated at around’slOFLkeeping in
mind that sensor response time slows down when approaching the saturation point.

It is important to note that for a fast sensor like Sensor C, the maximumadlevsetpoint could

be very close to the test gas concentration. When referring to UL/CSA &B835it will be
allowed to use a setpoint close to 100%LFL. Because of this high setpoint, it is possible that during
an actual slow leadgescenario, the refgerant concentration of the occupied space will remain
over RCL for a longer time than desired.
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1.5 Conclusios

After reviewing themajor refrigerathg safety standards including IEC 603380 Edition 6 (Jan

2018), UL/CSA 6033540 edition 3 Now2019), ASHRAE Standard2l89, ASHRAE proposed
Standard 15.2P (Advisory Public Review), and JRA Standard 4068T: 2016R, the requirements of
refrigerant sensors were summarized and listed in a table. The related specifications of 11
sensors have been colked through a specially designed survey. By cross checking the standard
NBIljdZANBYSyGa ftAa0 6A0K GKS aSyazNaRQ aLISOATAOI
results show that most of the sensors are able to meet the requiremetdrims ofresporse

time. Both the resistance of loAgrm exposire to 100% refrigerant anthe ability towithstand
condensation conditiomseensto be a challenge fosomeof the MOSand NDIR sensorsiRA

4068T 2016 listed the operating temperature ranges for differeppli@ations, the lowest
temperature being40°C for inside freezer applications, which excetwe lower limit for most

of the sensor€bperational temperature range.

Six sensors with four different sensing principles have been selected and experimasdabged

by both stepchange and timevarying concentration test®ased on the results of an earlier AHRI
project and the requirements of the reviewed safety standards, a test matrix with four different
test gas concentrations for steghange tests and tlee concentration rampp rates for time
varying tests was developed to experimentally assess the performance of the selected sensors
under the typical leakage scenarios.

For the stepchange tests, the sensor response curves were cheagathstthe requrements of

the standards, and as the results show, by using a setpoint lower than the maximum allowable
setpoint, all tested sensors meet the response time requirements defined in the safety standards.
The time constant and time delay of each sanslotained are to be used ifquations (2) and(3)

to predict the sensor response in the actual conditions. For the -zarging test, the time
varying alarm delay and the TOR (Time Over RCL) are found by using the maximum allowable
setpoint as the alarm threshold. The results show that the slower sensors will still have a longer
alarm delay and a longer TOR when using a lower setpoint. Overall ARSHtBndard 13019

was found to have the most strict response time requirement, and ends up having the shortest
time-varying alarm delay and TOR. The prediction model was verified by comparing the time
varying test data with the model output.
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Phase 2

2.1 Introduction

For decades, great effort has been invested in the development of low GWP refrigerant solutions
for the HVACR industry. Some of the alternative synthetic refrigerants have proven excellent
potential to reduce the GWP without sacrificing the performa of the refrigeration system
compared to the currently used family of refrigeranBue to their mildly flammable nature,
several of these alternative refrigerants fall into the A2L safety group according to the ASHRAE
Sandard 34[4]. To use these refrigerants, refrigerant detectors are required by safety standards
to mitigate the possible combustion events. As part of the safeitycal control system, it is
important to assess the robustness and reliability of thetectors. Several existing standards
have includedmethods for the sensor robustness evaluation. Some of them may include
provisions that are not necessary for the application of A2L sensors to occupied spaces. Others
have lists of the stresses and their test methods which are quite different from eadh. oth
Therefore, it is meaningful to review and summarize the reliability evaluation methods from the
existing standards and establish a more complete list of stresses to develop the applicable test
methods for the robustness and reliability of the detectors

As the continuation of Phase 1 A&HRTI Project 9014his Phase 2sectionfocuses on the
development of the test methods for the assessment of the robustness and reliability of
refrigerant detectors. Three existing relevant standards were reviethey, are IEC 600729-1

Edition 2 (Juk2016)[10], JRA 4068Z016[6] and UL/CSA 6033540 Edition 3(Now2019)[2].

The requirements and the poedures for the sensor reliability assessment were summarized.
Based on the different types of stressors and the test procedures, five categories of tests have
been establishedTable2-1 lists these categories and highlights the relevant sections in these
existing standards. The test procedures, test facility desigd failure metric for each category

are described in Sectich3to Section2.7.
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Table2-1. Categories of thelress

Category A. Fluid resistance and poisoning test

10.3 Miscellaneous gas resistance test

JRA 40682016[6]

10.8 Durability test (gas resistance test and sensor durability test)

UL 6033%-40 ED32]

LL.5DV Selectivity test and poisoning test

IEC 600729-1[10]

5.4.4.5 Longerm stability
*UL 603352-40[2] LL.4DV requires 100% refrigerant as the test gas for
longterm test

5.4.16 High gas concentration operation above the measuring range

Category B. Extreme storage condition test

JRA 40682016[6]

None

UL603352-40 ED32]

LL.1DV General (refer to IEC60@BOL [10])

IEC 6007291 [10]

5.4.2 Unpowered storage25+3°C and 60+2°C for 24hours)

Category C. Operation

condition test

10.4 Temperature test

JRA 40682016[6]

10.9 Condensation resistance test

10.6 Power source voltage fluctuation test

UL 60338-40 ED32]

LL.1DV General (refer to IEC60@EOL [10])

5.4.6 Temperature 5.4.9 Air velocity

IEC 600729-1[10]

5.4.7 Pressure 5.4.10 Orientation

5.4.8 Humidity of test | 5.4.18 Powesupply variations

Category D. Vibration and impact

JRA 40682016[6]

None

UL 6033%-40 ED32]

LL.1DV General (refer to IEC60@BOL [10])

5.4.12 Vibration

IEC 600729-1[10]

5.4.13 Drop test for portable and transportable equipment

Category E. Repeatab

ility test

JRA 40682016[6]

10.7 Stability test

UL603352-40 ED32]

LL.1DV General (refer to IEC60@BOL [10])

IEC 6007291 [10]

5.4.4.2 Shorterm stability
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2.2 Sensor performancevaluation method

Depending on the durability of the sensor and the type of stresses, some sensors may instantly
fail under a certain type of stress while some may show degradation in performance after
exposure to stress. To uncover the effect of those stresses which cause performance
degradation, comparing the sensor performance before and after exposure is a feasible
approad. Therefore, a test method for the evaluation of the sensor performance is needed.
Response time and accuracy are the most important parameters of sensor performance. The
methods for evaluation of the sensor response time and accuracy are described below.

221 Sensor response time test method
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Figure2-1. Schematicand Picture of Pushthrough Facility
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The sensor response time is defined as the duration between the moment when the sensor is
put into the standard test gas and the moment when the sensitiates an output signaR5%LFL

of R32 and air mixture is used as the standard test gas for this project. APasgh test facility

is recommended to be used for the sensor response time evaluakimure 2-1 shows the
schematicand the pictureof the Puskthrough Facility.

An oilfree air compressor is used to provide background gas to be mixed with refrigerant for the
tests. To avoid any possilest gas recirculation, the air is taken from a conditioned enclosure
outside the test room. A humidifier is installed downstream of the air compressor to adjust the
air humidity tothe specifiedange. The air stream is controlled to be at a constantaiilasv and
is monitored by a mass flow meter before being sent into a mixer to be mixed with refrigerant. A
gas conditioner is used to adjust the test gas temperature to the temperature of the surrounding
environment. For the refrigerant side, pure refrigat is taken from a cylindeandsent through
a flow controller and mass flow meter before mixing with the air in the static mixer. After mixing,
the mixture is sent through the bottom of the test compartment to be used for the test. The
concentration ofthe test gas can be calculated based on the measured mass flow rates by
Equation(5):

v a jo S

WE E W — — b 0F0 5)

a jo a jo

whered is the measured refrigerant mass flow rafe, is the measured air mass flow rate,

and 0 and0 are the molar masses of the refrigerant and the air, respectively. The
concentration here is defined as the relative refrigerant concentration expressed as a volumetric
fraction of refrigerant per unit of airefrigerant mixture. A diffuser is installed ithe test
compartment at the outlet of the mixture to equally distribute the test gas. A thermocouple,
pressure transducer, dew point sensor, and gas concentration sensor (reference sensor in the
schematic)is installed to monitor the test gas conditiod clean air compartment is installed
above the test compartment. A small blower is connected to the clean air compartment that
provides sufficient air to keep the exhausting test gas away from the clean air compartment. The
test gas is dischargdubrizontdly from the test compartment. The opening on the top of the test
compartment, which is used for the test sample to be pushed into the test compartment, is
covered by a lid to minimize the chance of the exhausting gas going into the clean air
compartment diring the conditioning period. A verticithear actuator is installed in the clean air
compartment that holds the test sample vertically and a horizontal actuator is connected to the
lid of the test compartment. Before the test, the test sample is plagedhe clean air
compartment for the warrrup in clean air. After the stabilization of the test conditions, the
horizontal actuator opens the lid on the test compartment and the vertical actuator is
synchronized to push down the test sample to the test camipent with0.3-0.5 secondslelay.
Simultaneously, an electric signal is sent to the data acquisition system to indicate the moment
for starting tomeasurethe response time.

The test compartment should be properly sizedch thatthe gas velocity in thetest
compartment should be less than 0.2m/s. The test compartment dimensions shofigure

2-1C are for illustration purpose only; different dimensions may producksfsatory results as

well. The mass flow meters and the reference sensor should be calibrated separately. The test
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gas concentration determined by calculation using mass flow rates needs to be checked by
comparing with the reference sensor reading. Thevadlble deviation between these two values
should be no more than 0.1%v/v.

2.2.2 Sensor accuracy test method

Two methods may be used to perform the accuracy evaluation test: the mass flow rate method
and the gas injection method. The mass flow method uses the same procedure used in the Push
through Facility as described in Sectih@.1 Both the air flow rate and the refrigerant flow rate
need to be accurately measured. The concentration of the test gas is determined by calculation
usingEquation (5).

For the gas injection method, a closed vessel with a known inner volume is used as the test
chamberFigure223 K2 ga (KS aOKSYIGAO 2F GKS a3ra AyeaSo
known inner volume is used as the test chamber. The test chamber should b&deadnd

installed with an agitator to improve the uniformity of the test gas concemratThe agitator

should run at a suitable speed to provide sufficient turbulence to the test gas but not significantly
change the air velocity near the test sensor. A syringe or equivalent device is used to add the
refrigerant to the test chamber to get@ertain concentration of test gas. An airbag is connected

to the test chamber tacompensate for the volume change after injection and minimize the
pressure change of the test chamber. The air bag should be completely deflated before injection.

The test @s concentration is determined by calculation udtngation (6):

wEGE , %viv (6)

wherew is the volume of the injection gas andlis the inner volume of the test vessel.

Since the volume of theonnection tubing needs to be included in vessel volume, determination
of w through calibration is recommended. To calibrate the vessel volume, a reliable gas sensor
with accuracy of no less than 5% of reading is needed. The |nJect|on volumes(varied
through at least 3 different points. The mixture concentratlomss(oa ) are measured after
stabilization. The test vessel volunig)(can be obtained by solvirigjuation (6). The calibration

method has been demonstrated in Phase 3, the detailed calibration procedure can be found in
section 3.2.1.

The test procedures$or the sensor accuracgvaluationby using gasnjection methodare as
follows:

a) The test chamber should be well ventilated with fresh air before the test

b) Place the test sensor inside the test chamber and allow it to run for 15 minutes in clean air

c) Seal the test chamber to avoid any air infiltration

d) Calculate the injection amount of the refrigerant based on the known volume of the test
chamber and the desired concentration of the test gas

e) Use the syringe or equivalent device to add the predetermined amount of the refrigerant
to the test chamber

30



AHRTI Project 9@1Refrigerant Detector Characteristics for UséiMACR Equipment

f) Keep he sensor exposed to the test gas and continually record the output signal until the
stabilized output is obtained.

Exhaust

Gas syringe % Pl
1= I =
G nder

. v
Agitator ;

Feed through
connector

Test sensor

AANANNNANN NN RNRRNAN

%

TR

Figure2-2. Gas Injection &st Facility

The £nsor output should be recorded after exposure to the test gas. The criteria for the sensor
accuracyarethat the sensor should not send an output signal unitderlower accuracy limitation
concentration and should send an output signatha higher accuacy limitation concentration.

The accuracy limitation concentrations are determined by the sensor setpoint (the threshold for
activating the alarm). The lower accuracy limitation concentration is 5%LFL below the sensor
setpoint, but no lower than 1%LFL. dhigher accuracy limitation concentration is 5%LFL above
the sensor setpoint.
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2.3 Category A: Fluid resistance and poisoning tests
2.3.1 Test fluids

Three typical scenarios including operating environment, service/maintenance, and leakage have
been considereddr the selection of the fluids for the test§able2-2 shows the selected fluids.

Table2-2. SelectedTest Huids for Huid Resistance andPoisoningTests

= | €
Q . = 29| e
s Concentrationor W) ol gy g
No. | § Test Fluid Flow rate 31883
Q n
n IIE19=s
Z | » | D o
Value Unit
1 - Carbon dioxide 5000t5% a a
2 | s3 Carbon monoxide 35+10% 4
3 |8 % Nitrogen dioxide 0.1+10%
L =
4 | &3 Sulfur dioxide 0.075:10 5 &
o % m v/v
5 Ammonia 100t5% P a |4
6 D4,0ctamethylcyclotetrasiloxane 100+5% i |4
7 D5,Decamethylcyclopentasiloxane | 100+5%
8 o Ethanol 200+5% 4 |a
9 § Acetone 200+5% ;
FCJ Ethylene glycol 3704
< monobutyl ether
(G .
10 s Coil cleane¥| Alcohol, C721, 1596 10+5% ml/min 5
(Indoor) ethoxylated
Sodium xylene 1596
sulphonate
11 Methane 500t5% | ppm viv 4 |4 |4
12 o n-Butane 300t5% | ppm viv Y
13 g , 100+5% %vol 4
14 § Refrigerant (R32) 2000£5% | ppm ViV 3
15 POE ofl 1045% | ml/min 4
16 50%kEthylene glycolvater solutior? 10+5% | ml/min 4

a: For liquid fluid, air is recommended to be used as the driving gas; the air flow rate should be kept witl
range of 57L/min

b: The percentage values refer to the mass fraction of coil cleaner in water

c: PMS is the abbreviation for Project Monitoring Subcommittee

2.3.2 Test procedure

Before exposure to the test fluids, the response time and the accuracy of the test sample should
be intially checked under the standard condition. Here the standard condition is defined as a
temperature of 20+53C and humidity of 50£10%. The test method for determining the response
time and the accuracy of the sensor are described in Se2t®dn
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Figure2-3. Modified GasInjection Test Facility for 100%Refrigerant Test

After the initial performance check, the test sample should be kept in clean air with the power

on for at least 15 minutes. For volatile test fluids or those in theplase other than the 100%
NEFNRAISNI yi GSadx GKS a3l aionRy.2iS @éomdeided tv S K2 R
perform the harshness test. Since the objective of these tests is to check the resistance to the

test fluids, the injected gas should lwme of the fluids listed infable2-2. The method for

obtaining the test gas concentration is the same as for the accuracy evaluation described in
Section2.2.2 For the 100% refrigerant test, the gas injection facility should be set up to the
configuration shown irFigure2-3. The test chamber should be initially vacuumed without the

test sensor installed. Next, add pure refrigerant to the vacuuraedmber until atmospheric

pressure is reached, then open the exhaust valve and keep adding refrigerant to maintain the
pressure in the test chamber slightly higher than atmosphere. Open the test chamber, quickly
install the test sensor, rgeal the test bamber, and close the refrigerant supply and exhaust

valves. The exposure time starts counting when test chamber is séaletquidphase fluids, it

Ad NBO2YYSYRSR (2 dz&aS (GKS af ARIAAIR &aLINI &¢ YSiOK
¢KS RdzNI GA2y 2F GKS SELR&ad:NE &K2dzZ R 0SS y2 38§
YSGK2R YR y2 fSaa (KIy on YAydziSa ¢KSy dzaAy3
should ke continually measured for the whole period of the exposure. No alarm or initiation of

the output signal which is designed to activate the alarm should be obsdoveadl of the test

fluids other than 2000ppm and 100% refrigeraAfter exposure, the testample should be put

into the clean air for at least 20 minutes to perform the response time and accuracy check under
standard condition. The change in response time and accuracy of the test sample caused by each
test fluid should be specified in the tesport.
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2.3.2.1 Liquid spray test methogexceptoil)

\ Y[ é

L, L1
‘ Air pump
Test liquid [ . =D=
[ e\ /7]
L‘ ' Tes! sensor(s| _
Metering pump 1607 ! Som
: f
Spay noz2l

Figure2-4. Liquid Soray Test Setup

A spray method using an entrainment nozzle with air as the driving gas is recommended to ensure
finely dispersed liquid dropletsigure2-4 shows a schematic of the ligd spray test setup. A
metering pump is used to feed the test liquid to the spray nozzleligogd flow rate is measured

and controlled tal0£5%ml/min aslisted inTable2-2. Air is circulated by an air pump to generate

the spray without changing the pressure of the test chamidére air flow rate should be kept
within the range of 5/L/min.The spray nozzle should be a full cone nozzle with a spray angle of
60°. Thetest sensor should be installed 50mm above the nozzle tip, as shokigure2-4. The

test procedures are as following:

a) The test chamber should be well ventilated with fresh air before the test

b) Place the test sensor inside the test chamber and allow it to run for 15 esrntclean
air.

c) The sensor should be mounted above the spray nozzle with the sensing window facing
down.

d) Seal the test chamber to avoid any air infiltration.

e) Turn on the air pump, liquid pump, and adjust the pump speed to the desired flow rate.

f) Keep tke sprayactivefor 30 minutes and continually record the output signal.

The liquid spray method has been demonstrated in Phase 3 for the investigation of the effect of
oil on the sensor performance. Based on the test result, an improved oil spray megisdaekn
developed and verified in Phase 3 and descried in se8tipr2.3
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2.4 Category B: Extreme storage condition test

The response time and the accuracy of the temtple should be initially evaluated under the
standard condition. The extreme storage condition test follows the same test procedure as
described in Section 5.4.2 of IEC 60@%9l Edition 2.J10]. The test procedures as follows:

The test sample shall be exposed sequentially to the following conditions in clean air only:

a) Under temperature of¢@5 + 3) °C for at least 24 h;
b) Under ambient temperature for at least 24 h;

c) Under temperature of (60 + 2) °C foredst 24 h;

d) Under ambient temperature for at least 24 h.

At each temperature, the humidity of the clean air shall be such that condensation does not
occur.Alternatively, a suitableekiccatormay be used to keep the test sample from exposure to
condenstion when under ambient temperature condition&fter exposure, check the sensor
response time and the accuracy at the standard condition and specify any change in the test
report.
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2.5

Category C: Operation condition tests

Table 2-3 summarizes the test conditions, required test facility, and the failure metric for
CategoryC.Section2.5.1to Section2.5.6describe methods of each stress test. Refer to Section

3.4.6for additional recommendations based on the findings of Category C test exaimplease

3.
Table2-3. TestMatrix for Category C
Stress Test facility Condition Failure metric
40+1°C30-70%RH
Pushthrough | Environmental 55+1°C30-70%RH* Response time and
Temperature Facilit hamb S
acility chamber -20+1°C30-70%RH accuracy
-10+1°C30-70%RH
High Pushthrough 105°C (221°F) or specified I Response time and
temperature Facilit Lab oven sensomanufacturer or user accurac
survival test y y
, 4041°C 20+5%RH, _
Humidit Pushthrough | Environmental o ) Response time and
y Facility chamber 1041 CO0+5%RH accuracy
Condensation
L . 73+1kPga standard condition
Pressure GaslnjectionFacility 10141kP3 standard condition Accuracy
Velocity Air flow angle
045
non- o
forced 905 0
18015
045
Air velocity Gaslnjection Facility 340.3m/s 9045° Accuracy
18045
045
6+0.6m/s 9045
18045
Vertical R . d
Orientation Pushthrough Facility 4545 esp;cr::suerettge an
Horizontal

Power supply

variation

Pushthrough Facility

-20%:2% of rated voltage

20%2% of rated voltage

Response time and
accuracy

*. The application of sensors for systems with furnace mexuire a higher temperature which has not been

considered in this project phase. If any adjustment is needed, a revised version will be included with the Phase 3

report.
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251 Method for temperature and humidity tests

The response time and the accuracy of teet sample should be initially checked under the
standard condition. An environmental chamber with controlled temperature and humidity is
required to perform the temperature and humidity tests. The response time and the accuracy of
the sensor should be elcked again under the conditions listedTiable2-3 and the difference in
response time and the accuracy caused by the operating environment is to be specified in the
test report.

Figure2-5 schematically shows the setup of the test facility. The response time and accuracy
evaluation facility (Pusthrough Facility) is located in anvironmental chamber and isolated
GAGK || &ASO2yRINEB 062E (2 | @2AR | ye dsad 3ra Oz
OKI YO SNW-OKK & I6EG FINP OSRAzNE Aa dzaSR (G2 S@Ifdzr GS
as follows:

a) Sensor warrup
The test sensor is kept in the clean air compartment of the test facility to prevent test sample
contact with any test gas before the test. The clean air compartment is connected to a blower
placed outside of the secondary box. The blower blows conditiofireficen the environmental
chamber to the clean air compartment which provides clean air and cooling (or heating) capacity
to the entire secondary box as well.

Actuator
(horizontal)

Blower

*: Humidifier is needed only for
humidity test conditions.

SSSSSS

Refrigerant

Figure2-5. ChamberSetup for Temperature andHumidity Tests
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b) Test gas preparation
The test gas is obtained by mixing the compressed air with the refrigerant. The compressed air is
provided by an oiless air compressor located outside the test chamber to avoid the recirculation
of the test gas. For the lovemperature condition test, tB compressed air should be
dehumidified before being sent to the gas conditioner to avoid frost in the air line. For the
humidity test conditions, the humidity of the air stream needs to be adjusted after leaving the
air compressor. The mass flow rate bétair stream is measured by a mass flow meter and kept
at a constant value. The refrigerant is directly taken from a refrigerant tank, the mass flow is
adjusted by a flow controller according to the desired test gas concentration, and the mass flow
rate is measured by a mass flow meter as well. After mixing, the test gas is sent to a gas
conditioner which is comprised of an air heat exchanger. The gas conditioner has sufficient heat
transfer area to cool down (or heat up) the test gas to be very closén@éoenvironmental
chamber temperature. A static mixer and a diffuser are installed downstream of the gas
conditioner to improve the homogeneity of the test gas in the test compartment.

c) Pushthrough test
After stabilization of the test condition, push dowthe test sample from the clean air
O2YLI NIYSyd G2 GKS (Sad O2 YORINIAYSEyY (2 Fi 2 i KLSS NJF
concentration. The test procedures for determining the response time and accuracy of the test
sample were described in Sectigr2.

The test gas continually exhausts from the test compartment to the secondary box and is vented
out by aventilating fanto the outside of the environmental chamber. Thertilating fanshould

have sufficient capacity to avoid the test gas leaking into the environatemiamber. The
temperature, pressure, humidity, and concentration of the test gas in the test compartment
should be monitored during the test to confirm the teonditions.

A high temperature survival test was added to this Category while investigating the effect of
temperature on the sensor reliabiliip Phase 3The test method is described in section 3.4.1.3.

25.2 Condensation test

The response time and the agacy of the test sample should be initially evaluated under the
standard condition. The procedure of the condensation test is as follows:

a) The test sample should be kept in an isothermal chambe2&t2°C with the power on
until the surface temperature @&ches lower than20°C.

b) Place the test sample in an environment wéttemperature of 25+3C and relative
humidity of 60+5% until condensation occurs on the surface but no shorter than 3
minutes.

c) Repeat the two steps described above 36 tirfasthe test samples with the water proof
level rating equal or higher than IPX3 and 1000 times for others

d) Remove the moisture on the sample surfaitesn place the test sample under the
standard condition for at least 20 minutes.

e) Run the accuracy and response tim@luation tests and specify the change before and
after the condensation tests.
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f) For all the steps described above, the sarshould be installed in a manufacturer
allowed orientation which is how the sensor will be installed in the real application.

2.5.3 Pressure test

Syringe
]

|
I

Vi @ v2 Jv3
(A A A A R A A
R ////

%
. itator
Abagl M .
7 -
% Z
7
“ Test sensor
oA S
|
v, ‘A
7
7
| A/ /
é:’f//lﬁf};/,',’;/,’1”/{2’1‘%’:/
Figure2-6. Pressure Testedup

pas seneof } —CO

vacuum pump

The objective of the pressure test is to simulate the sensor application in different elevations
from sea level t@700ft. Therefore, the accuracy of the sensosjgecified to be checked under

the pressure of 101+1kPa and 73+1kPigure2-6 shows a schematic of the pressure test setup.

A closed vessel with known inner volumeuged as the test chamber for the pressure test, the
vessel should be ledight at £30kPag. Similar to the gas injection method, a syringe is used to
adjust the test gas concentration in the test chamber. An airbag (Airbag 1) is connected to the
test chanber to compensate for the pressure change when adding the test gas. Another
inflatable airbag is placed in the test chamber and connected to a vacuum .piimspairbag
should be isolated from the test chamber, which means no infiltration is allowed betiveen
airbag and the test chamber. The procedures for the low pressure (73+1kPa) test are as following:

a) The sensor should warm up in clean air for at least 15 minutes before performing the test.
b) Place the sensor in the test chamber with the poweriofiate Airbag 2 with air and close
valve V3, keep Airbag 1 flattened, seal the test chamber, and make sure no air infiltration

occurs.

c) Calculate the volume of the test gas based on the known volume of the test chamber and
the desired test gas concentratio

d) Fill in the necessary amount of test gas through valve V2 to achieve a concentration of 70%
to 80% of the lower accuracy limitation and prefill the syringe with sufficient test gas. The
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test concentration should be measured by a gas sensor with proel@ability at the test
pressure.

e) Close valve V1 and V2, open valve V3, and use a vacuum pump to flatten Airbag 2 to reduce
the pressure of the test chamber to the target pressure then close valve V3 to keep the
pressure stable.

f) Open valve V2, add a srhablume of test gas to increase the test gas concentration to the
lower accuracy limitation value. The pressure change before and after adding the test gas
shouldbe less than 1kPa.

g) Close valve V2, keep the condition for enough time to let thesseachieve a stabilized
output.

h) Open valve V2, add the necessary amount of test gas to increase the test gas concentration
to the higher accuracy limitation value. The pressure change before and after adding test
gas should less than 1kPa.

i) Close valve VXeep the condition for enough time to let the s&m achieve a stabilized
output.

Follow thedefinitions of the lower and higher accuracy limitatizas well as the criteria for the
accuracy evaluatiowhichwere describedn Section2.2.

2.5.4 Air velocity test

Gas syringe
7 7
Airbag Agitator goﬁl
ﬁfSc( Test sensorll / -—
o PEEEE I

Figure2-7. Air Velocity Est Facility

Figure2-7 showsthe schematic of the recommended setup of the air velocity test facility. A
closed vessel with known inner volume is used as the test chamber to perform the air velocity
tests. An adjustble fan is used to blow the test gas from different directions with different
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velocities. An airbag is connected to the test chamber to compensate for the volume change after
test gas injection and avoid pressure change. An agitator is recommended tovienfine
uniformity of the test gas concentration in the test chamber. Three different airflow directions
and three air velocities are specified to be test@dble2-4 shows the 3 x 3 test matrix.
The accuracy of the test sample shall be evaluated under each condition. The test procedure is
as follows:

a) The test chamber should be completely vented by clean air before a test.

b) The test sample should be kept in the test ctiger with power on for at least 15 minutes.

c) Place the adjustable fan at the position for the airflow directions as showsduyre2-7.

d) Adjust the fan speed to get th@esired air velocity as listed irable2-4.

e) Perform the accuracy evaluation test as describefention2.2, use the syringe to inject a

certain amount of test gas to obtain the desired concentration.
f) The output of the test sample should be continually recorded.

Table2-4. Air Velocity Test Conditions (X3)

Air direction Air flow rate
045° non-forced
90+5° 3+0.3m/s
180#5° 6+0.6m/s
255 Sensor orientation test

Sersor orientation tests should be performagsing thePushthrough Facility with an additional
fixture to adjust the sensor orientation. Three different orientations including vertical (sensing
window face down), horizontal (sensing window facing horizontal), and 45 degrees inclined are
specified to be testd. Both the response time and the accuracy shall be evaluated at different
orientations using the test procedures described in Seién

2.5.6 Power supply variation ést

Power supply variation tests should be performading the Pushthrough Facility with an
adjustable power supply to power the test sample. Both the response time and the accuracy shall
be evaluated at the rated input voltage of the test sam®0%2% above the rated input
voltage, and20%¢2% below the rated input voltag&ollow he response time and accuratgst
proceduresvhichwere described in Sectidh?2.
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2.6 Category D: Vibration and drop test

Before performing the vibration and drop tests, the test sample performance should be initially
evaluated to obtain the response time and the accuracy as the baseline.

The vibration test follows the procedure describedSection 5.4.12 of IEC 606291 [10]. The
required vibration parameters are listed Trable2-5.

Table2-5. Vibration Test Parameters

Parameter Requirements
Duration For a period of at least 1 h for each direction
Direction Three mutually perpendicular planes

Change exponentially with time. The rate of chang&eduency shall be one
octave per minute

A 10 Hz to 31.5 Hz, 0.5 mm displacement amplitude (1.0 mm-peak
Frequency anc total excursion)

intensity A 31.5Hz to 100 Hz (150 Hz for remote sensors), 19.6 m/s? acceleratio
amplitude

Sweep rate

For the drop tests, theeist procedure described in Section 5.4.13 of IEC 6@37D[10] for the
transportable type is recommended. The release height of the drop test depends on the mass of
the sensor. For those with the mass less than 5kg, the drop height should be 0.3m and for others,
the drop height is 0.2m. The test sample should begé@sthile not operating. Each test sample
should be dropped three separate times with the normal transport direction. The test sample
should be tested with the full #Hield setup. If the interface board is supposed to be installed with
the sensor in the decting location the interface board should be part of the test sample.

After performing the vibration or drop tests, the functionality of the sensor should be checked.
The response time and the accuracy of the test sample are required to be evaluaied Bge
change in response time and accuracy shall be specified in the test r&sbetr to Sectior3.5
(Phase 3) for findings of Category D test examples.
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2.7 Category E: Repeatability test

Per the requirements of JRA 4068016[6] and IEC 600729-1 [10], both shortterm stability

and longterm stability are specified to be evaluateg bhecking the repeatability of the sensor
response to the test gas. The Ptthinough test facility iso be usedor both the short term and

the longterm stability tests. The repeatability of the response time of the test sample shall be
evaluated as fddws:

For short term repeatability, the test sample shall be exposed to six applications of the standard
test gas (25%LFL R32) for 3 minutes followed by exposure to clean air for 7 minutes. The sensor
response time shall be recorded at each exposure eodtandard test gas.

For long term repeatability, the equipment shall be operated in clean air for a period 506
days.Everyeighth day, the equipment shall be exposed to 1Q@Rkrefrigerant for a 480 +160
minute period. The accuracy and respotisee of the test sample shall be evaluated at the end
of each subsequent day period.

Refer to Sectior3.6.3for additional recommendations based on the findings dfeGary E test
examplesn Phase 3.

Note: 100%LFL refrigerant is selected as the test gas for the long term repeatability test and is
based on the following understanding:refrigerant sensor is not reasonably expected to be
repeatedly exposed to 100% raferant during the equipment lifetime3timesfor a 64 day test).

This would represent a refrigerating system that libstentire refrigerant charg8 times due to

some component failure, and after each failure the system would have to be repaired and re
charged. If that happened so many times it seems reasonable that the refrigerant sensor would
be tested or diagnosed and likely replaced (i.e. not expected or required to sufMngeshorter
period exposure to 100% refrigerant is covered by @aegoryA test for fluid resistance, as it
simulates a ondime event for a refrigerating system to rapidly lose the entire system charge
and expose the sensor to nearly pure refrigerant for the duration of the release event and some
period after the release stap
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Phase 3

3.1 Introduction

As the shift towards lows WP working fluids becomes more prevalent, the HVAG&EStryis
opening up o the usage oflammablerefrigerants Safety codes require sensors to be installed
in the refrigeration system when usinigdse flammable refrigerants to mitigate the potential fire
hazardsBecausdhe sensors are required for safety purposes, reliability becomes an essential
characteristigrequiring careful assessment.

Therefore, the test methods for the sensor reliabildapd robustness assessment have been
developedand documentedin Phase 2 of this project. As the continuation of Phase 2, the
harshness tests have been conductiding thisphase. The main objective is to verifpprove,

and demonstrate the test methodseveloped in Phase 2. The test results also provided useful
information regarding thduture suitability of commercially availabbnd developmental sensor
technologiedo meet the safety standard requirements

Following the structure defined in Phase 2 five categories of harshness tests have been
investigated. They are:

1 Category AFluid resistance and poisoning test
1 Category BExtreme storage condition test

1 Category C: Operation condition test

9 Category D: Vibration and drop test

1 Category ERepeatability test

Six sensors from different manufacturers have been obtained, which covered feredifmajor
sensing principlesSensors were chosen based on availability prior to the start of testing, and some
may be further developed by the manufarers.A ketter code of A through F has been assigned to
the sensor sampless shown inTable3-1. It needs to be noted, the letter codes used in this
phaseare differentfrom Phase 1Figure3-1 shows the picture of the sesor samples used in this
phase.

Sincethe main objective of this phase is to demonstrate the test methani$due to the limited
schedule and resources, similar and middle conditions in the test matrix developed in Phase 2
were not demonstration tested as part of Phaserable3-2 shows thereducedtest matrix for

Phase 3 to be conducted.

Figure3-1. Picture of the Six Sensors for Experimental Assessment

44



AHRTI Project 9@1Refrigerant Detector Characteristics for UséIMACR Equipment

Table3-1. Sensos Participating in the Experimental Assessment

Sensor Sensor Function
Letter Cod® |  Principle | Measuring | Indicating

A MMM ®
B TG

C NDIF)
D MO
E NDIRY
F S%Y

@ Sequence of sensor letter code in Phase 3 is different from Phase 1.
@ MMM: Micro Machined Membrane

@ TC: Thermal Conductivity

™ NDIR: Nondispersive Infrared

“MOS: MetalOxide Semiconductor

™) SS: Speed of sound

Table3-2. TestMatrix

Category Item Condition
Carbon dioxide 5000ppmv
Carbon monoxide 35ppmv
A D4 100ppmv
Ethanol 200ppmv
Refrigerant (R32) 100% vol
POE ail 10£5% ml/min 30min
B Storage test
-20°C RH3G0%
Temperature 55°C RH3G0%
85°C survival test
Humidity 40°C 20+5%RH
Condensation
Pressure 73kPa
0°, 3+0.3m/s
C 900, 3+0.3m/s
. : 180°, 3+0.3m/s
Air velocity 00 620.6m/s
90°, 6+0.6m/s
1809, 6+0.6m/s
Horizontal
Sensoiprientation Vertical
45° inclined
D Drop test
E

Short term stability
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For the assessment of the sensor reliability, two approaches have been adopted in this project.
The first approach is to compare the sensor performance before aitet exposire to the
harshnesss Here,sensor performances strictly analyzed bsensor response time and accuracy.

The method for evaluating the sensor performance has been described in Phase 2. The second
approachfor the assessment iby checkng the sensorperformancewhen exposedto the
harshnesss. The criteria of assessment used in the second appraestietermined by the type

of stress.This assessment will help to uncover the effect of strékg. specific criteria used are
discussed in fuher sections.
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3.2 Category A: Fluid resistance and poisoning test
3.21 Testmethods

Therecommendedtest procedure for the fluid resistance and poisoning test was described in
Section2.3(Phase 2

For the gas phase fluids, like CO andXCOG KS a3+ a Aya2SOuAzyé YSGK2ZR
harshness testssigure3-2 shows the schematiand picture2 ¥ G KS a3l & AVI@RSOGAZ2Y
test gas concentration was determined by the ratio of injected fluid volume to the test chamber
volume. To have better aaracy of test concentration control, a calibration procesas

conducted before the test.

Exhaust

Gas syringe
G nder
7
Agitator
Feed through
connector
7.
(a) Schematic (b) Picture

Figure3-2. Gaslnjection Test Facility

Figure3-3. PhotoacousticSensor Used for Calibration

As shown inFigure3-3, a highraccuracyphotoacoustic sensowas usedto measure thetest

concentrationin the test chambemfter gas injection. The calibrationas done under room
temperature (2@5°C), consisting aivo steps: first,as shown byrigure3-4 (a),a correlation
between the injection gas volume and the test gas concentratias obtained byvarying the
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injection gas volume from 10 to 30ml and measgthe test gas concentrationrrespondingly
second, the gas injectiomas performedvith differentinjection volumes 24 times armbmpareal
with the calculated concentration bysing the correlation obtained durirtge first step with the
measured valuesigure3-4 (bl) and (b2) shovthe calibration result. fie deviation between the
calculated concentration and the measured value was within #58sed on the result of the
calibration, Equatior7) was used to determine the test gas concentration for this category.

6 Ed o B TN & 7)
Where:6 ¢ ® is the test gas concentration, ppmv
W  isthe gas injection volume, ml
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Figure3-4. Gaslnjection Calibration

Calculated concentration [ppmv]
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Forvolatile fluids like atamethylcyclotetrasiloxaned4d) and ethangkhe test gas concentration
was determined by the volume fraction of the gas mixture aftaporization while the fluids
were initially injected in the liquid phas€odetermine the test gas concentration the correlation
obtained through tle calibration describedh Equation(7) wasmodified by usinghe equivalent
gas injection volumealculated by Equatio(8).

, W ;i Y@ 8)
(VI ¢ QT FFH =
0
Where:w ; is the guivalent gasnjectionvolume ml

W is the liquid injection volume, ml

Y@ is the liquid density of the fluid, g/ml

0 is the molar mass of the injected fluid, g/mol
*The coefficient 22400 is the standard gas molar volwitk the unit of ml/mol

Because Phase 2 did not disctiss calibration procedure ankow to modifyl KS a3 & Ay 2S¢
methodfor volatile fluidsit is recommended that theghould be annotated in the test protocols
for Cateqory A.

For the 100% R32 test, the modified gas injection facility as recommend&thse 2vas used.
Figure3-5 shows the schematic and the picture of the test facility. An absolute pressure meter
was added to the test setup to have better pressuretooiduring the test. As recommended by
Section2.3.2 (Phase 2 the pressure in the test chambeshould beslightly higherthan the
atmospheic pressurébefore goeningthe test chamber for the test sensor installation

71’\% r = \ '4 *’\ | ]l } [

Exhaust

-

vacuum pump i i
G nder

Agitator

[——— . % Feed through
- connector

Pressure meter

(a) Schematic (b) Picture
Figure3-5. Modified Gaslnjection Test Facility for 100RR32Test

For nonvolatilefluids, like oil, theituid spray test methods recommended in the Phase 2
section Figure3-6 shows the schematic and picture of the test fagilFollavingthe instructiors

in the Phase 3ection test sensors were installegsll mmabove the spray nozzle tip withe¢h
normal operationorientationas shown irFigure3-7.
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A z
7/ I Air pump
Test liquid f == : i
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(a) Schematic (b) Picture

Flgure3 -6. Liquid Spray Test Facility for O|I Test
I .3

/ Spray n0227 /

Figure3-7. Spay Nozzle and Sensor Installation Position

3.2.2 Test resuls and observatiors
The criteria of reliabity assessment for Category A tests:are

1 No alarm or initiation of the output signal which is designed to activate the alarm should
be observedor all ofthe test fluids other than 2000ppm and 10Q%grigerant;

1 The change in response time and accuracy of the test sample caused by each dest flui
should be specified in the test report.

Therefore, the sensor output signaigere recorded when exposedo the test fluids. he
response time and accuracy of the tested sensors were checkedexftesure to the fluidand
compared with thenitial performance datawhich was done before exposure to the fluids.

3.2.2.1 Effect of CO, GOD4 and Ethanol

During the 2 hoursf exposure toCO,CQ, D4,andethanol,none of the sensors were triggered.
However,the presence of C@affectedthe concentrationoutputs of SensoB andSensor F. As
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shownin Figure3-8, the output of Sensor B and iRcreasedby 3%_FLand 24d_FLrespectively
immediatelyafter CQ injection.
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Figure3-8. Two-hour Output Dataof SensorB and F to 5000ppm GO

Oneof the possible explanations &nsoB uses thermal conductivity as its sensing principle.
Thethermalconductivity of pure Ceat standardtemperature and pressures very close tohat

of R32.Thethermalconductivity of 3%LFL R32 and 5000 ppm i@@ry airwere calcula¢d and
boldedin Table3-3. It can be seen thaB%_FL of R32 has almost the sathermalconductivity

as 5000ppmv Crausing the sensor measurement to increase by 3%A Blmilar explanation
can also be uskfor SensoF, which uses the speed auwsdas thesensing principle. Theund
speed of CQ R32, dry air, and their mixes are also listed ifable3-3.

Table3-3. ThermalConductivityand Sound Speed Comparison f&32and CQ

, R32 CQ | R3Zdry aif | R32dry aif | CQ+dry ait*
1,2
Property Dy A1 110006 | [1000%] |  [206LFL] | [3%LFL] | [5000ppmv]
TC. [10°W/mK] | 2588 | 13.96 | 1622 | 2584 25 83 25.83
SS.[m/s] | 3433 | 2393 | 2666 | 3430 342.9 343.0

1. Properties of pure fluid were determined at the condition of°@0 101.3kPa by using EES V1
(Engineering Equation Solver)

2. TC. Thermal Conductivity

3. SS. Sound Speed

4. The concentration of thenixtures are volumdrased and use dry air as the background gas

After 2-hour exposure to CO, GOD4,and ethanol, the tested sensor as put in clean aiand

powered upfor more than 15min to recover. The performance of the sensoiudingresponse
time and accuracwaschecked again afterwardCompaed with the initial performancedatafor

all six tested sensors0 obvious difference in response tinog accuracywas observed

Depending on thepplication the miscellaneous gases may existhe environment where the
sensors are installedConsidering two of the tested sensors have shown a noticeable output
increase when exposed to 5000ppmv L@e sensors' response time or accuracy may be
affected when used in an environment wighconcentration of CQ in the backgroundSensors
tested in this project were only exposed to one test substance at any given time, i.e. the sensors
were not simultaneously exposed to test gas (R32) and a background gas (8.glt @O
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recommended to further improve the tegnethod for the fluid resistance test. he sensor

response time and accuracy need to be tested when sensors are expgmsedertain type of
fluid.

3.2.2.2 Effect 0f100% R32

During the 2 hours of exposure the 100% R32dst, the sensoa 6utput and alarm signakere
continually recordedFigure3-9 shows theoutput data of Sensor A, B, Gaad FSensor Dwhich
isthe MOS typeis designed to be irreversibly malfunctional after expostoea concentration

higher thanthe setpoint for more than 7minTherefore, Sensor D was not used for théour
100%R32 test.

For all five tested sensors, the ubput signalsreached their higher mnit of the working
concentration rangeFor Sensa@ C, E,and F, the alarmsignat were activated and stayed
triggered for theentire period. After the postexposure performance check, all five sensors
showed no poisoning, malfunction, or performance defgidon.
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Figure3-9. Two-hour Output Dataof SensorA, B, C E, andFResistanceo 100%R32Test

3.2.2.3 Effect of dal spray

When catasophic leakage happendependingonwhere the leak point is, a large amount of the
lubricant could be sprayedut by the refrigerant and makeontact with the sensor installed
nearby. Therefore the oil spray testwas initially designed with a fairly high oil flow rate
(20ml/min) and long spray duration (30min) to investigate the effect of the oil during and after a
severe leakage. As recommended ttng Phase 2section to ensure finely dispersed liquid
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droplets an entrainment wzzle with air as the driving gasused in this testThe sensooutputs

havebeen recorded during the oil spray period and the sensor performances were evaluated
after oil spray.

Figure 3-10 shows the sensor readingudng the 30minof oil spray.Sensor A showed no
response;SensorBQAa 2 dzii LJdzG aA3Iylrf 2dzYLISR dzLJ G2 | 6 2 dzi
0.6%LFEor the whole spray periodSensor @lsoshoweda relaively larger output signal at the
beginningandthen slowly reducd to about0.4%_FL; for Sensor D, which is the indication type,

no alarm signal has been initiated during the spray per®ehsoEQ @eadingstayed at zero for

the first 4 minutes beforeincreasingo 8%LFLSensor showedbccasionally enormougnore
than 200%LFlrgadings.
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Figure3-10. SensoReadingduring 30min Oil Spray Test

After the 30-minute oil spraytest, sensorresponse time and accuracy teskere performed

again Figure3-11 compares the sensor response time test results before and after the oil spray.

As shown by the blue cwes in the charts, after oil spray, Sensors A, C, and F did not respond to
the test gas with 25%LFL of R32 at all. Sensors B, C, E responded significantly slower and did not
reachtheir setpoints in 60 seconds.

Based on the test results, it is clear that after a severe leakage and whesertiserpotentially
made contact with the lubrigat, a sensor performance check or replacement is needed. In
reality, the chance of havinguch a catastrophic leakage is smalerefore, the currently used

oil spraytest method seems to be too harsh to cover readrld leak scenarios. Additionally, as
uncovered by the test reswdtsensor response can fully degrade to the test gas after contact with
oil. It is possible sensorsay not be able to catch a leakag#éen oil and refrigerant arpresent
simultaneously. Therefore, changesfurther improve the dispray test method should include:
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() reduction ofthe oil flow rate and the duration of spray to be more realistind (i) Sray oil
with refrigerant instead of air.
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Figure3-11. SensoResponse Time Comparison Before and After Oil Spray

An improved oil spragest method has been developed to simulate more realistic leakage of a
conventional HVAC unit. The recommended conditions for the oil spray test are as following:

1 Drivingfluid: Refrigerant

1 Oil type:Miscible withrefrigerant

1 OCRQOiIl Circulation Ratjo 1.5%n

1 Leakrate: 2.3 kgt 0.2 kgin 4 minutes

1 Two different spray height€.3 mand0.6 m

Figure3-12 shows the schematic of thevised oil spray test setup. In the leak test container,

test sensors are placed on afeeated neshbasedstagesurrounded by aylindricalwall. The

design reducesirculating flowswhich mayreachagain the suidce of the st sensor. Sensor
windows are (i) facing upward, (ii) elevated to the same height, and (iii) 76 mm apart from each
other. The spray height is 0.3 m or 0.6 m above sensor surfaces. The spray fluid is supplied by the

refrigerant/oil mixture tankin a temperature controlled boxXthe method used for preparing the
mixture is as follows:
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1. The refrigerant tank has been cleanedacuated and initially scaled for the weight;

2. Add a certain amount of oil to thevacuatedank;

3. Vacuum the tanlkagainafter adding oil(no air in the tanK);

4. Scale the weight of the tank again after adding oil to determine the mass of oil added to
the tank;

5. Calculate the required mass of refrigerant based on the desired oil concentration;

6. Add refrigerant to the tank;

7. Scalghe weight of the tank to determine the added mass of refrigerant and calculate the
oil concentration;

8. May need to repeat step 6 and 7 several times until reaching the desired oil
concentration;

9. After chargingooth fluidssufficiently shakehe tank.

The mixture is considerettomogeneousn the liquid phasdecausethe oil is miscible with the
refrigerantin this test

Leak Test Container

Conditioned Box

Refrigerant/

oil mixture
(T)
e Y,
Lt

/ shut-off
8(3hiller valve

£
£

Liquid from
the tank bottom

_~ Testsensor

0.3mor0.6m

S

P L ~J \T/
Mesh stage -~ —— ™

Heater 038 m 76 mm

R N SRS SSSESESSSSSSS S S S

S R N N A N N A Y

Vent hole
(Container inner dimensions: W 2.34 mx H 239 mx D 5.9 m)

Figure3-12. Test Conditions of the Improved Oil Spray Test
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The test method has been demonstrated in this phase, as showigure3-13. The specified
test conditions were achieved by the following setup:
9 Driving fluid:R32
1 Oiltype: CPI NXG 5020 oiljsuible withR32 at the test temperature
1 Spray nozzle: sloseendedtube withan orificemade by &@.78 mm nominal size drill bit
1 The pessureupstreamof the orifice 1450 + 10kPa (or tankemperatureof 20-22°Q
1 Sprayduration: 220s (between open/closef the shutoff valve)+ 20s (pressure ramp
down)

Conditioned enclosure for
tank temperature control

Leak test container

P \/
Data recording device

Pressure measurement location Spray angle measurement

Tank temperature measurement

. o »
g %
% ide camera

Figure3-13. Facilityof the Revised Oil Spray Test

Figure3-14 shows the pictures of the spray during the test. The spray angle was 75°, which fully
and uniformly covered the sensor stage. It can be clearly seen that after 4 minutes of spray the
test chanber is filled with oil mistAfter the oil spray testall sensoisurfaces have oil coverage

in the form of filmand/or droplet, as shown ifigure3-15.
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Figure3-14. Test Visualizatiomuring the Spray Test

Data duringoil spraytestsare presented irFigure3-16 (Sensors AC) andrigure3-17 (Sensors b
F). Results showed th#te change of spray pressure in the 4noites spray period was within
200 kRy; the temperature at sensor location dropped approximately0°C with0.6 mspray
height andapproximately-20°C with0.3 mspray height. This indicates th#te test sensors
exposed tomuch more refrigerant and odt a shorter spray distancd=rom the sensor output
curves it was also observed that aénsors werable to trigger the alarnm both 0.6 mand0.3
m spray testsThemeasured concentrationf SensoBreached more than 100%LFigher than
the other sensors in th@.3 mspray tess. Sensor E showadhsteadyreading. Sensor F showed
signal spike
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Figure3-15. Postspray Sensor Appearance
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Figure3-16. Sensor Outpuin the Oil Spray Tds Sensor ASensorB, Sensor C
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SensorDin Spray: 0.6 m
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Figure3-17. Sensor Output in the Oil Spray Test: Senso&thsor E, Sensor F
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Testdata comparingensor responséefore and after theil spray are presented iRigure3-18
(Sensors AC), Figure3-19 (Sensors ), and summarized ifable3-4. Test data comparing
sensoraccuracy before and after thail oray are presented ifrigure3-20 (Sensor\-C),Figure
3-21 (Sensors B), and summarized ihable3-5. Observed outcomesftar the oil spray are as

follows:
1 Senso A showed much slower responses after the spray tests.
1 Sensor B showed no obvious effect aftee 0.6 mspray buta much slower response
after the 0.3 mspray.
1 Sensor C showed3s slower responsafter both0.3mand0.6 mspray tests.
1 Sensor D showed malfunction signabssibly due to more than mhinutes exposure to
the test gas with higher concentration than the sensor setp@nesigned for
1 Sensor E showed 2s faster response dfter0.6 mspray and 23s slowemnresponseafter
the 0.3 mspray
1 Sensor F showed slightly slower response after @& m spray, and slightly faster
response after th®.3 mspray.
Table3-4. Sensor Response before/after the Spragst
0.6m 0.3m
Sensof’ Before Spray After Spray Before Spray After Spray
Response time [s| Response time [§ Response time [s| Response time [§
A 7.6 49.4 8.6 -
B 5.9 5.7 4.7 -
C 125 14.2 15.2 18.5
D 9.0 - 8.9 -
E 10.5 83 | 8.6 9.4 12.0
F 14.1 15.3 14.8 13.8
O Sequence of sensor letter code in Phase 3 is different from Phase 1.
() Repeated test for confirmation
Table3-5. SensorAccuracy before/after the Spray Test
0.6m 0.3m
Sensofd Before Spray After Spray Before Spray After Spray
Alarm at | Alarmat | Alarmat | Alarmat | Alarm at | Alarm at | Alarm at | Alarm at
1.al h.& 1.a h.& .a h.& .a h.&
A N Y N Y N Y N N
B N Y N Y N Y N N
C N Y N Y N Y N Y
D N Y M) N Y M)
E N Y N Y N Y N Y
F N Y N Y N Y N Y

O Sequence of sensor letter code in Phase 3 is different from Phase 1.

@ l.a = low %LFL accuracy limit; h.a = high %LFL accuracy limit
@ M = malfunction signal
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Sensor output after spray

Sensor A Response: 0.6 m Sensor A Response: 0.3 m
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Figure3-18. Sensor Response before/after th@il Spray Tes Sensor ASensorB, Sensor C
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Sensor output after spray

Sensor D Response: 0.6 m Sensor D Response: 0.3 m
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Figure3-19. Sensor Respondeefore/after the Oil Spray Tes Sensor DSensorE, Sensor F
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Sensor A Accuracy: 0.6 m
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Figure3-20. Sensor Accuracy before/after the Spray Test: Sensdgefdsor B, Sensor C
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Sensor D Accuracy: 0.6 m Sensor D Accuracy: 0.3 m
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Figure3-21. Sensor Accuracy before/after the Spray Test: Sensdgbsor E, Sensor F

65




AHRTI Project 9@1Refrigerant Detector Characteristics for UséIMACR Equipment

3.2.3 Summary

Test methoddor the Huid Resistance and Poisonitgstincluding the Gas Injection test method
and liquid Spray test method have been performedn six sensors for the test method
verification, demonstrationand improvement.

The gas injection test method has been used fa thsts of CO, GOD4,and ethanol. With a
slight modification of the configuration and procedure, it was also used for the FEP4est.
During the Zhours of exposure to the test fluids, all six tested sensti®ved no response to
CO, D4, tBanol andthe five tested sensors showedaturatedreadingto 100%R32 as expected.
Two of the tested sensershowed a noticeable output increment (2 and 3%LFL respectively)
immediately after the injection of 5000ppmv GOComparing the sensors' initishnd post
performancedata, it shows all tested fluids ano obvious effect othe sensoa fierformance.

The liquid spray test methodlasused for the oil resistance test. After spraying 10ml/min of oll
for 30 minutes, three of the tested sensmshowed no response tthe test gas, and three of
them showed a significalytslowed response to the test gasmore realistiteak scenariébased
method with a reduced oil flow rate and spray duratioais been developed and experimentally
demonstrated. B2 is used to replace the air as the driving fluid for the spray.réestts showed
thattKk S 2 A€t aLINI & Oly FFTFFSOG | aSyaz2Nna LISNF2NYI
that the revised oil spray test method introduced three features oshaess: (i) oil deposition,
(i) high concentration of refrigerant, and (iii) low temperatufar the sensorsisedin this oil
spray test five of themhave been provemo permanent effect by the 100% R32 and all six
sensoshave been proveno permanentffect by low temperature. It is reasonable to conclude
that the observed performance change of the sensothénspraytest is due to the impact of oil.
However,Sensor D is designed to output a malfunction signal étegexposure to high test gas
concentration.The effect of oil on Sensor D performance could therefore not be determined.

Based on the observations and test results, the following recommendations have been made for
the future improvement of the test method:

1 To determine the volume of theest chamber for a better concentratiotontrol of the
test gas used in thgas injection method, a calibration procedure is recommended

1 To uncover the effect of th@ossiblebackground miscellaneous gases on the sensor
performance, the response time and accuragyaluation during the exposure to
miscellaneous gases is recommended to be added to thddesthe fluid resistance test

1 Due to the nature of multiple harshnessesthe revised oil spray testhé 100% R32 test
and lowtemperature test are required to be penfmed before the oil spray test, to
properly study the oil effect on sensor performance.
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3.3 Category B: Extreme storage condition test
3.3.1 Test procedure and resust

Followingthe test proceduralescribed irSectiorn2.5(Phase 2, theresponse timeandaccuracy
of the testsensorswereinitially evaluated under the standard condititwefore perfornmingthe
storage testHere the standard condition is defined as a temperature of 2G4&nd humidity of
50+10% After keepingthe sensorsn clean air for 12 hours, the storage test was cortedan
four stages:

f Stage 1: Low temperature storage

As shownn Figure3-22, alow temperaturefreezerwasused for this stagel'o ensure o frosting
or condensation oairs on the sensor surface during the tesgr@ keeper(as shown irFigure
3-22) with adedccantinsidewasused.Six test sensonsith power offwerekept in thedry keeper
and put in thefreezer for24 hours undethe temperature of-25 + 2°C Figure3-23 shows the
temperature profile of the freezer and sensor during tt&l-hour low temperaturetest stage
Sensor surrounding air temperature was measured & dny keeper at the location close to
sensas surfaceAfter that,the dry keer with the sensors inside wasken out from the freezer
It wasobservedthat the surface of the dry keepavas instantlycovered with a layer of frost
when the cold surface touched the room ahich had relatively higherhumidity, as showrby
Figure 3-24. The dry keeper was kept sealed until the sengemperature reached room
temperature. Thus, for thentire low temperature test stage, the sensors were kept dry and
clean.

-20

Freezer 22

-25+2°C

24

G
IRV

28 -25-2°C

Temperature [°C]

-30
0.00 5.00 10.00 15.00 20.00 25.00

Elapsed time [hours]

Sensor surrounding air temperature Freezer temperature

Figure3-22. TestSetup for Low Figure3-23. Freezeand SensourroundingAir
Temperature Storage Temperature for Low Temperature Stage
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Figure3-24. Dry Keeper with Sensors When Tak@ut From the Freezer

W
1 Stage2: Roomtemperature storage

After being removedrom the freezerthe sensors were ket room temperature with clean air
for another 24 hoursvith power off.

9 Stage3: Hightemperature storage

After stayngat room temperature for 24 hours, the test sensors were then mowed an oven
with atemperature of60 £2°C for 24 hourgigure3-25 shows the picture for theetupused in
this stage Oven and sensaurroundingair temperatures were recorad by a data logger for 24
hours andare shownin Figure3-26.

T

Test samples in oven

Figure3-25. TestSetup for High Temperature Storage
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Figure3-26. 24-Hour Oven and Sens@urrounding AifTemperature
1 Staged: Roomtemperature storage

After that, test sensors were taken out from the oven and stayed at room temperature for
another 24 hoursvith power off

After complding the four-stagestorage test, theresponsetime and accuracyf all the tested
sensors wer@ecordedand compared with initigberformance checkresults. No obvious effect
from extreme conditiorstoragewasobserved

3.3.2 Summary
The extreme storage condition test method developed in Phase 2 has been conducted and
RSY2yaiGNI 4GSR Ay GKAA aSOGA2Yyd . & redeninghdedin RNE
the Phase &ection no condensate or frost has been observed on the sessdace during the
entire test period. The test method has beprovenfeasible.

The test results showeeglktreme storage conditiohas no obvious effect oanyof the six tested
sSensors.
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3.4 Category C: Operation condition tests

For the operationcondition tests, six stress including temperature, humidity, pressure, air
velocity, and sensor orientatiorare covered in this categorylable3-6 summarizes the tds
conditions, required test facilitiesand the failure metric for Category C.

Table3-6. Selected Operation Test Conditions

Stress Test facility Condition Failure metric
Environmental 55+1°C 3670% RH _
Temperature| F USPtIOUGN | chamber 20:PC 3070% RH | esponse time
Facility _ and accuracy
Oven 85+2°Ccycling
- Pushthrough | Environmental 40x1°C 20+£5%RH Response time
Humidity . _
Facility chamber Condensation and accuracy
Pressure Gas Injectiorfacility 73J‘rlkpa’. _standard Accuracy
condition
Velocity| Airflow angle
0+
- | e [0
Air velocity Gas Injection Facility 1805 Accuracy
0>
6+0.6 9015
m/s
180+%
Vertical
Orientation Pushthrough Facility 45+5 Responsgime
. and accuracy
Horizontal

3.4.1 Operation emperaturetest

The test faciliy for both the low and high operatiotemperature testis shownin Figure 3-27.
The detailed information for both the facility design and test procedures can be fousecinon
2.5.1(Phase 2.

The test facility has been built and used in this phase for the sensor performance evaluation
under 55C and-20°C conditionsFigure3-28 shows the picture of the test facility

After testing several pointhave been made to improve the test quality

1 The bloweiin the schematics designed to dna clean and conditioned air frothe environmental
chamber to theclean aicompartmentin the secondary bowhere the sensor sitisefore contact
with the test gasThe released refrigerant and air mixture from the test compartment was vented
by a ventilator to the outside of the chambeiherefore, a good sealing between the secondary
box and the environmental chamber is required to avoid the released testardaminatingthe
clean air compartment by réculation
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1 As shown by the schematin Figure 3-27, a humidifierwas used tacontrol the humidity of the
test gas byhumidifyingthe compressed ajwhich was used as the background gas Far test.
While the environmental chamber was conditioned to the desired temperature, the humidity of
the air in the environmental chamber may not be the same as the humidity of the test gas. When
the sensor is pushed down from the clean air compartmerthtest compartment, it may go
through a sudden humidity changnich is not desired for the testherefoe, a humidifier is also
needed to control the humidity of the air in the environmental chamber tal®esame as the

humidity of the test gas.

Environment chamber

Secondary box
Actuator (vertical) :
'a t 5 | >
> D54 <
Ventilator P
Test sensor

4 Actuator
Test (horizontal)
compartment

JUUY
Heater

NN

:

Humidifier

Blower
* Humidifier is needed only for
humidity test conditions.

Diffuser

Dew point
sensor ‘

Gas conditioner

ST .

Flow controller _ y % _ N Humidifier:
% Refrigerant mass flow meter Air mass flow meter Air compressor

%

Refrigerant

Figure 3-27. EnvironmentalChamber Setup for Temperature Tests

e -

Figure3-28. Pictureof the Operation Temperature Test Facility
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3.4.1.1Hightemperature test result

Sensor response time testsults underb5+1°CQ 30-70% RHonditionare shown in Figure3-29
in blue curvesComparedwith the test resultsat standard conditionwhich areshown ty the red
curves in the chartghe following effects have been observed

1 Sensor Ashowed aslowerresponse and a higher final output at®®5when exposed to
25%LFL R32

1 Sensor R final output shiftedup by 4%LIE when operated at 58C, whichtriggered the
alarm about 1.Searlier,

1 Sensor Cshowed a zergpoint shiftup by 1%EL tol.5%LFLlwhich causedthe sensorto
triggerin the clean air compartmeriefore applying the test gas

1 SensorDtriggeredthe alarm3sfaster thanthe standard condition
1 Sensor R final output shifted up about 2%LREndtriggeredthe alarmearlier,
1 Sensor Bhowed ashift-down about 2%LFEbut the response time was not affected.
Sensor A Response Time Sensor B Response Time Sensor C Response Time
. sl % r
= sl S S— = =
IR A N N fa g P
< < = -
5 3 [ N
- 2 [er NS I § A E—_———
= Elapsedzgime[s] = = ¢ Elapsedzgime[s] = = ¢ Elapsedzgime[s] “ =
Sensor D Response Time SensorE Response Time Sensor F Response Time
==
, 2 il L
: R e 5 {
g g
R L
8 =J 8 —
= Elapsedzgime[s] = * ¢ Elapsedzgime[s] = = Elapsedzgime[s] =
—— Sensor responsat standard condition —— Sensoresponseat the high temperaturecondition

- - - Sensor etpoint

Figure3-29. SensoiResponse Test Results at 55€B0-70%RH

Besides the response time tastthe accuracy evaluation tests were also performed at
55+1°CB0-70% RHondition. As described in the Phasesé&ction the criteria for the sensor
accuracyarethat the sensor should not send an output signal unither concentrationof lower
accuracylimit and should send an output signalthe concentrationof higher accuacylimit. The
accuracylimit concentrations are determined by the sensor setpoint (the threshold for activating
the alarm). The lower accuradiynit concentration is 5%LFL below the sensor setpdint not
lower than 1%LFL. The higher accuramyt conentration is 5%LFL above the sensetpoint.
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Figure3-30 compares the ecuracycheck results undethe high temperature condion with the
standard condition. fie observations are:

T

T

Sensor A showed a $hup of the final output, but o obvious effet on accuracy was
observedcaused by the high temperature

The final output of &nsor Bshifted up by 4%LFL for both higher and lower acculiaaty
concentratiors but did notfail the accuracy requirenme;

Due tothe zero-point shift, Sensor Ghowed an output ovethe setpoint before exposure
to the test gas;

Snsor Dwastriggered atthe higher accuracyimit concentrationl2searlier than at the
standad condition;

Sensor B aéutput shifted up about 2%LFL at both higher and lowecuracylimit
concentratiors but did notfail the accuracy requirement

SensorC (patput shifted down about 2%LFL at both higher and lowaacuracylimit
concentratiors but did not failthe accuracy requirement

Sensor A Accuracy Sensor B Accuracy Sensor C Accuracy

ra
w
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Sensor responséo higheraccuracylimit concentration estgas at standard condition
Sensor respons¢o lower accuracyimit concentration st gas at lgh temperature condition
Sensor responséo higheraccuracylimit concentration est gas at lyh temperature condition

Figure3-30. SensorAccuracy Test Results at 55€130-70%RH

3.4.1.2 Low temperature test result

Figure3-31 shows the comparison of theesponse timdest results undeithe low temperdure
conditionwith the standard conditionThe observations are:

 Sensor®a NX & LXMid/natShiftiviieryeékposed t@5% FL R32;
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SensorRa FTAY Il 2 dziidbhlnil 5%t Thé ISRemiRetatuye condition,
which caused the alarno be delayedabout X;

Snsor Ghowed the zeregpoint shifted up by 4%LFBecause the setpoint of this sensor
is 1.5%LFL, the alarm was triggebedore coming into contact with the test gas

Snsor Dshowed a slower response #ie low temperature conditionThe alam was
triggered Zlater thanthe standard condition;

Sensor Ra  dutpyt khifted down about 3%LFiwvhich delayed the response time by
3s;

Sensor Fshowed theoutput shifted up about 7%LFlhich causedhe alarm © be
triggered8searlier.
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Figure3-31. SensoResponse Test Results @0+1T 30-70%RH

Figure3-32 shows the accuracy testsults at low temperature.ie observed effectof the low
operation tempeature on sensor accuracy are as follows:

il
1

T

No obviouseffecthas been observed f@ensolA;

Sensor B showed the output shifted down about 1.5%LFL when operating at low

temperature for both higher and lower accuraayit concentration tests;
Sensor C showetie zerapoint shift up about 4%LFL which caused the alarm signal to be
triggered at both higher and lower accurdayit concentration tests;

Snsor Dshowed goodaccuracywhen operating atthe low temperature condition,

although thesensormrespondedslightly slower atthe higher accuracyimit concentration
test;
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1 Sensor B autput shifted down about 3%LFat the low temperature condition for both
higher and lower accuradynit concentration tests

1 Sensor Rautput shifted up about 7%LFL which causieel alarm to triggeat the lower
accuracylimit concentrationtest.

Sensor A Accuracy Sensor B Accuracy Sensor C Accuracy
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Figure3-32. SensorAccuracy Test Results &0+1T 30-70%RH

3.4.1.3 High temperature survival test and test result

Thetests described in the previous two sections were based on the scenario of extreme operating
conditions. This requires the sensor to be fully functional under the conditions when the HVYAC&R
systemis operating properly. However,hgn taking the malfunctioand transition conditions of

the HVAC&R system into account, a different test method is requikadcexample would be a
furnace coil applicatiolPAssuming a sensor is installed abdkie furnace in the indoor unit and
under extreme conditionsvhen the sytem is running at heating mode but tH#ower failed to

turn on, by naturatonvection, the hot air leaving the furnace can hit the sensor and heat it to a
much higher temperature than the normal operation conditiomherefore, ANSI Z21.47
2016/CSA 2:2016 [12] requires testing of furnaces to 93{@00°F) and specifies all electronics
and wiring towithstand up t0105°C (221). During these extreme conditions, sensors are not
required to be fully functionaHowever,some of the systems have an auset functionwhich
requires the sensor to be functional immediately after returningntwmal condition.

As recommended by the PMS of this project, a high temperaureival testhas been adde to
this categoryThe pocedure ofthe test isas follows.
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© N o g bk wDd R

Sensor warrrup for no less than 15min under room temperature and clean air
Perform initial performance check (response time and accuracy)

Keep oven at a designated temperature

Keep the sensor powerezh with the outputrecorded

Move test sensor to the oven and leave &fimin

Removehe sensor from the oven and let it cool down toi9C

Repeat steps 5 and 6 for four times (5 cycles total)

Run performance test right after the sensor cools back to room temperature

Thedesignated temperature of the oven is allowed to be determined by the userdbas the
application or specified by the sensor manufactuieor the test performed in this phase, per the
agreement of thd®MSand the sample suppliers, the oven temperaturasmset to 85+ZC.Figure
3-33shows the test setup for the high temperature survival test used in this phase.

! -;‘—\. Y {
Figure3-33. TestSetup for High Teperature Survival Test

The temperature profiles and the sensor behaviors during the aestshown irFigure3-34:

T

= =

Sensor A showed concentrationabove setpoint fothe first three cycles, but stayed a
zero for the last two

Sensor B showed nonzero concentratiorfor each heating cycle, but the maximu
output was below the setpoint;

Sensor Q @utput signalwasabovethe setpoint for each cycle;

Sensor Oindicationtype) showedno alarm during the testt was noticed, as shown in
Figure 3-34 (D), the sensor surface temperature wasven higher thanthe oven
temperature According to the manufacturethe MOSsensothasan internal heatemwith
a working temperature of around 300, which could heat the sensor sugo be hotter
than the surrounding environment temperature;

Sensor Elso showeda nonzero concentrationfor each cycle but stad below the
setpoint;

Sensor F has similarbehavior assensorE.

76



AHRTI Project 9@1Refrigerant Detector Characteristics for UséIMACR Equipment

100

Temperature [°C]

100
90
80
70

50

30

20
10

Temperature [°C]

100
90
80
70

50

30

20
10

Temperature [°C]

Az Sensor A

0 2000 4000 6000
Elapse Time [s]

C:Sensor C

G
Concentration [%LFL]

8000

95
(=]

T
=)
w

T
[>)
o

] G
Concentration [%LFL]

T
w

0 2000 4000 6000
Elapse Time [s]

E: Sensor E

8000

10000

] 5 0B &5
Concentration [%LFL]

T
w

0 2000 4000 6000

Elapse Time [s]

Oven temperature
Sensor output

8000

10000

100
90
80
70

50
o 30
-

20
10

100

100

Temperature [°C]
(%3]
(=]

B: Sensor B
0
L 25
—
(N
—
- - 20 X
=
2
F 15 E
=
=
- 10 &
=
(=]
Ll g ©
1
0 2000 4000 6000 8000 10000
Elapse Time [s]
D:Sensor D
0
L 25
- 20
=
- 15E
o
L 104
In om om om om fm o om om em em F5
—1L o0
0 2000 4000 6000 8000 10000
Elapse Time [s]
Sensor F
0
L 25

5 &5 0B
Concentration [%LFL]

T
(%))

0

0 2000 4000 6000
Elapse Time [s]

Sensorsurface temperature
Sensorsetpoint

8000

10000

Figure3-34. TemperatureProfile and Sensor Behavialuring High Temperature Survival Test

77



AHRTI Project 9@1Refrigerant Detector Characteristics for UséiMACR Equipment

After beingexposel to high temperatures 5 times, the sensor performances werkeckedight
after the sensor surface temperature returnéd room temperature Figure3-35 compares the
sensorresponse time testesult before and after heating

1 Sensors A,,land F showed no effect on the sensor performance
1 Sensors B and C shegla slight downward zergpoint shift,
1 Sensor D responded significantly slower
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Figure3-35. SensoiResponse Time Test Reshb#fore andafter High Temperature Survival Test

3.4.2 Humidity test
3.4.2.1Drycondition test

The test facilities used for th@perationtemperature tess were also used fothe dry condition
test but conditioned to 40+£1°C and 20+5% RH as requirkd.response time andccuracy of
the test sample were initially cheed under the stadard condition,and then checked again
under dry condition.

Under the dry condition, no obvious effect was observed for Seso€, Dor F. Sensor B and

E showed some effedtom dry operation conditions as shown Bygure3-36. Sensor B showed

an upwardzero-point shift, which caused the response time to be 3s faster than under standard
condition. Sensor E showed a steeper slope of the output curve, which causaththeto be
triggered 3s faster than standard condition.
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Figure3-36. Sensor Band EResponse Time Comparistietween Dry Condition and Standard Condition

3.4.2.2 Condensation test

As specified in the Phases@ction there are two high humidity tated operation condition tests.
One is the test with the condition df0+1°C 90+5%RHandthe other is the condensation test.
The condensation test was selected to be performed inghase because it is relatively harsher

than the high humidity conditiomnd shouldprovide a more conservative result for the sensor
reliability assessment.

The test procedure was describedlire Phase Zection Anenvironmental chambewith a warm

side and acold sidewasused for this testFigure3-37 shows the schematic and picture of the
test chamber setup. The warm and cold side of the test chamlege conditioned t025+3C /
60+5%RH and25+2°C respectively. The sensors were moved between two sides of the chamber
to perform the required 3&ool down and warrup cyclesFigure3-38 shows the temperature

and humidity of the test chamber during the 4tbur test period. The fairly large thermal mass

of the chamber and higher cooling and heating capacity provided good stability of the test
condition.

Figure3-39 shows the temperature profiles measured on the surface of each tested sensor and
sensor output during the test. It is worth pointing ahtat some of the tested sensoc®ntained
aninternal heater to keep the sensor core warm when detectirigwa temperature conditionlt

was observed thawhen the surface thermocouple was attached very close to the location where
the internal heater was installed, the measured sensor surface temperature was never able to
drop below the required temperature-Z0°C). To better represent the actual sensorfaae
temperature these warm spots should be avoided when installing the temperature detector.
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Figure3-37. ChambeiSetup for Condensation Test
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Figure3-39. TemperatureProfile and Sensor Behavialuringthe Condensation Test

The observatiosof the sensor behavior during the condensation test are as follows:

1 Sensor A randomly showed a peak during the condensation test. After several cycles, the

sensor lost connectiowith the IB board. Té chart of Sensor A igure3-39 shows only

a shot period of the sensor outputyecause the sensor dat@aslost when data logging

softwarewasnot closed properly;

Sensor B showed an output of 2.5%LFL to 7.5%LFL for every cycle;

Sensor C shosd a repeatable output increadeom 1 to 4.6%LFL for every cycle. Since

the set point ofSensorC was as small as 1.5%LFL, the alarm was triggered focyezeh

No alarm signal was observed fansorD during the condensation test;

Sensor Bandomly provided an output signal (up to ~40%LFL) and triggered an alarm for

the first few cycles;

1 Sensor F showed arpward output shiftof 4-5%LFL at the beginning of the condensation
test.

= =

= =

Figure3-40 shows apicture of the tested sensors towards the end of these 36 cycles. Frost (or
ice) can be seean the surface of the tested sensors. However, after waprmand the removal

81



AHRTI Project 9@1Refrigerant Detector Characteristics for UséiMACR Equipment

of the condensate on the sensor surface, noiohg performance change was observeddoy
of the testedsensors.

Figure3-40. TestedSensordowards the End ofthe Condensation Test

The test method was initially developed by refeg to RAstandard 406892016[6]. According
to JRA13],the ted procedure was designed fbght commercial refrigeration applicatispmore
specifically, for refrigerated display casAs described above, it has been obsertred five out
of six tested sensors showed responsegshe sudden temperature and humiditghangeat a
different level during the condensation tesind two of them triggered the alarniowever, the
criterion for this test is to check the performance after removal of the condensataus,the
ASYaz2NRa FoAf AGR 02 T dzy Odarin@ ybe &sdebskdArbthery 2 NJY | €
recommendation that has been made by tR&Sof this project is to change the tesame of
d/ 2V RSV &l GACNS SilSS (i% sitiehedreqiiirSdicdld side temperature -85°C
will turn every droplet on the tst senso surface into frost. Laterhese frostparticlesthaw when
moving the sensor back to the warm side.

3.4.3 Pressure test

The schematic of the facility used for theepsure tests shown irFigure3-41. The recommended

test procedures were describad the Phase 3ection It has been found during the verification
tests, the prefilling of the test gas to -BD% of the concentration dhe lower accuracyimit can

be increased to 100%. The original attempt of reduced prefilling percentage was to ensure no
alarm occurs before performgthe pressure reduction. Since it is required to check the sensor
performance before conduttgthe pressure test, it shodlbealready confirmed no alarms will

be triggeredat atmospheic pressure.

For the measuring type sensors (SessdrB, C, EBndF), to uncover the effect of the pressure
on the sensor output at both concentrations of higher and lower accufimcy, the sane
procedures were used for both concentrations. &@ther words instead of using the
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recommended methodf increasingthe test gas concentration from lower accuraayit to
higher accuracyimit by gas injection, the approach of prefilling the test chamto the desired
concentration before reducing the pressure has been adopted., Theshange of sensor output
caused by the pressure drdpr both concentrations wasaptured ands shown inFigure3-42.

For the indication typsensorSensor D), the gas injection method as recommended in the Phase
2 sectionwas used in thiphase.

The measuring type sensongere kept in theest chamberfor 10minafter reducing thepressure

to let the sensor output haveenough time to stabilize. eédsor D is designed teshow an
irreversible malfunction signal after exposurettee test gas witha concentration higher than
the setpoint for more than 7minThereforethe exposure timeor Sensor D was reduced to 5min.

Syringe

Gas sensor

o
P
| ;I

]

ho

Vacuum pump
Vi ? V2 13
2z 17 i

Agitator

Airbag 1

=

Figure3-41. Pressurelest Setup
The effects of pressure on sensor outpats shown inFigure3-42:

1 For Sensor A, as the pressure reduced from atmospipeessure (100kPa), the output
shifted up about 2%LFL on both concentrations of higher and lower acdurdicy

1 For Sensor B, the output shifted up about 1%L Fiallyitvhen thepressure droppedrom
100kPa to 73kPa but came back to the previous value when the pressure stabilized,;

1 Sensor Ghowed a noisy output during the test, especially for the concentration of highe

accuracylimit condition;

No effectof pressureon the alarmsignal of sensor Bas been observed ;

ForSensor Ethe output reducedby 2-4%LFL feer pressure reduction;

The autput of Sensor F slightly increased during pressure reduction, but slowly decreased

back to thepreviousreading after pressure stabilized.

= =4 4
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