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9ȄŜŎǳǘƛǾŜ {ǳƳƳŀǊȅ 

As the shift toward low-GWP working fluids becomes more prevalent, the HVACR industry is 
opening up to the usage of flammable refrigerants. Safety codes require sensors to be installed 
in the refrigeration system when using these flammable refrigerants to mitigate the potential fire 
hazards. This work, supported by AHRTI Project 9014, with a focus on class A2L refrigerants for 
use in indoor heating, ventilating, air-conditioning, and refrigeration (HVACR) equipment, 
investigated the suitability of commercially available and developmental sensor technologies to 
meet the safety standard requirements; and developed and demonstrated methods for assessing 
the performance and reliability of refrigerant sensors and detectors. 

This final report is a consolidated document, which includes three consecutive phases of work. 
Primary findings are summarized at the end of each Phase section in this report. A brief outline 
for each section is as follows: 

Phase 1A reviewed existing requirements for refrigerant detectors as found in the refrigerating 
system safety standards. This segment of the work assessed the capability of currently 
commercially available and developmental refrigerant detectors to meet the response time 
required by the safety standards, and selected the candidate sensors to be experimentally 
evaluated for Phase 1B. 

Phase 1B tested the selected candidate refrigerant sensors for their capability to meet the 
response time requirements. The work in this phase (i) configured the test facility for evaluation 
of the sensors response time, (ii) tested the sensors' performance for the response time to both 
step-change and time-varying concentrations of refrigerant-air mixtures, and (iii) developed a 
model to predict the sensor performance in the real-word application by using the step-change 
test data.  

Phase 2 focused on the development of test methods for the assessment of robustness and 
reliability of refrigerant detectors. Relevant existing standards were reviewed and summarized 
according to the proposed requirements and procedures for the sensor reliability assessment. 
Based on different types of stressors and test procedures, five categories of the test have been 
established. 

Phase 3 demonstrated harshness tests, which have been developed in Phase 2. Six sensors from 
different manufacturers were tested. The tested sensors cover five different major sensing 
principles. Five categories of harshness tests have been investigated: fluid resistance and 
poisoning test (Category A), extreme storage condition test (Category B), operation condition test 
(Category C), vibration and drop test (Category D), and repeatability test (Category E).  

This project was started in April 2019 and lasted more than two years. As a preliminary result, 
ǘƘŜ ǊŜǇƻǊǘǎ ƻŦ tƘŀǎŜ м ŀƴŘ н ǿŜǊŜ ǇǳōƭƛǎƘŜŘ ƻƴ !IwLΩǎ ǿŜōǎƛǘŜ ǎŜǇŀǊŀǘŜƭȅΦ ²ƛǘƘ ǘƘŜ ǎǘǳŘȅ ƎƻƛƴƎ 
deeper, the understanding of the sensors become more thorough; so, some of the conclusions 
in the previous versions of the report have been modified or improved: 

¶ In section 1.3.1, Equation (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 (Figure 1-13) has been updated accordingly; 
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¶ In section 2.2.2, a note has been added to refer to Phase 3 for the detailed calibration 
procedure for the gas injection method; 

¶ In section 2.3.2.1, a note has been added to point out that based on the test result of 
Phase 3, a new oil spray test method has been developed and demonstrated in section 
3.2.2.3; 

¶ A high temperature survival test has been added to the extreme operation condition 
category for the sensor reliability assessment while conducting Phase 3. Table 2-3 has 
been modified accordingly. A note has been added in section 2.5.1 to refer to section 
3.4.1.3 for the recommended test method and procedure.  

 

Note: the letter codes used in Phase 1 refer to different sensors than in Phase 3. This 
randomized designation has been made intentionally, because this study aims to investigate 
refrigerant sensor technologies and establish a methodology for sensor assessment, rather than 
evaluating a particular sensor and/or manufacturer. Most sensor samples used in this project 
were prototypes. It should also be noted that further sensor development and improvement 
efforts by the suppliers took place in parallel with the project. Therefore, participating sensor 
manufacturers supplied different sensor versions for Phases 1 and 3. Also, one additional sensing 
technology has been included in Phase 3. To assist readers, a reminder regarding the sensor 
designation repeatedly appears in relevant locations throughout this report. 
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 Introduction 

The objective of this project is to assess refrigerant sensor and refrigerant detector performance 
requirements for flammable refrigerants with a focus on class A2L refrigerants for use with indoor 
Heating, Ventilating, Air-Conditioning, & Refrigeration (HVACR) equipment. This report is for the 
first phase of the project which includes two stages: 

Phase 1A: Requirements review and initial assessment: 

Review existing and proposed requirements for refrigerant detectors as found in the refrigerating 
system safety standards. Assess the capability of currently commercially 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 calibration, drift over time, sensitivity to environmental conditions 
(temperature, pressure, humidity and vibration). 

Phase 1B: Response 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 time-varying concentrations of refrigerant-air mixtures, measure the response time 
characteristics of the tested sensors. 

 Current standards requirements and sensors compliance (Phase 1A)  

1.2.1 Requirements from the standards  

Five recently published or modified refrigerating system safety standards have been selected and 
reviewed; they are: 

¶ IEC 60335-2-40 Edition 6 (Jan-2018) [1] 

¶ UL/CSA 60335-2-40 (Nov-2019) [2, 3] 

¶ ASHRAE Standard 15-2019 [4] 

¶ ASHRAE proposed Standard 15.2P (Advisory Public Review) [5] 

¶ JRA Standard 4068T: 2016R [6] 
The requirements for the refrigerant detector were summarized in a table and are shown in 
Appendix A. 

1.2.2 Sensor information collection and compliance check  

A ΨSensor Information Collection ListΩ has been designed and sent out to 26 sensor manufacturers 
to collect the sensor specifications directly from the manufacturers through a survey. Table 1-1 
shows the list of the manufacturers. Eleven completed lists were returned. Table 1-2 lists the 
sensing principles used by these 11 sensors. The specifications provided directly by the 
manufactures were then cross-checked with the standards requirements. The compliance of 
each sensor is summarized in Table 1-2.  
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As shown in Table 1-2, there are four sensors that use Metal Oxide Semiconductor (MOS) and 
another four sensors that use Non-Dispersive Infra-Red (NDIR) as the sensing technology, which 
together constitutes around 75% of the investigated sensors.  

Looking at Table 1-2, requirement No. 15 (still functional after 100% refrigerant exposure for 480-
490min) seems to be the major challenges for MOS sensors. This is the main reason why all the 
MOS sensors Řƻ ƴƻǘ ǎŀǘƛǎŦȅ ǊŜǉǳƛǊŜƳŜƴǘ bƻΦ сΣ ǿƘƛŎƘ ƛǎ άŎƻƳǇƭȅ ǿƛǘƘ ¦[слоор-2-пл !ƴƴŜȄ [[έΦ 
Note that, according to the information list, Sensor J is not designed for detecting A2L group 
refrigerants. Because of this, the compliance of the other requirements is not checked and was 
left blank. For the NDIR sensors, two of them failed requirement No. 18 while the other two 
passed. Sensor I is the only NDIR sensor to fail requirement No. 15. 

Almost all of the sensors, except Sensors A, B and F, failed the temperature portion of 
requirement No. 19 (shall 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 required temperature is 
ҍ40oC for inside freezer applications, which exceeds the lower limit for most of the sensorsΩ 
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 function can be added through the 
communication board. Lastly, for requirement No. 22 (vibration resistance), most of the sensor 
manufacturers could not specify the allowable limits. 

 

Table 1-1. List of Sensor Manufacturers  

No. Manufacturer Feedback Status No. Manufacturer Feedback Status 

1 
NEVADA 
NANO 

Received 14 ALPHASZENSZOR 
Replied, no suitable 
sensor 

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 
NEROXIS BY 
VEOLIA 

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 ENGINEERING No feedback received 

12 WINSON No feedback received 25 CITYTECH No feedback received 

13 SST SENSING 
Replied, no suitable 
sensor 

26 SGXSENSORTECH No feedback received 
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Table 1-2. Compliance Check List 

Note: Information shown 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 in the table may therefore 
not necessarily reflect the most recent set of information available. 

No. Priority Requirement 

Underlying 
Standard 

Candidate Sensors9 

IE
C

 6
0

3
3

5-2
-4

0
 E

D
6 

U
L
/C

S
A

 6
0

3
3

5-2
-4

0
 E

D
3 

A
S

H
R

A
E

 1
5-2
0

1
9 

A
S

H
R

A
E

 1
5

.2
P 

JR
A

 4
0
6

8
T

: 
2
0

1
6
R 

A B C D E F G H I J K 

Sensing principle MMM1 NDIR2 TC3 NDIR MOS4 MOS SS5 MOS NDIR MOS NDIR 

1 primary Capable of sensing presence of refrigerant (for A2L group)      Yes Yes Yes Yes Yes Yes Yes Yes Yes NO 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 secondary 
Capable to be installed "indoor coil cased assembly" when 
required 

         
Yes Yes Yes Yes Yes Yes Yes Yes Yes   Yes 

5 secondary Capable to be installed "in air supply duct work" when permitted          Yes Yes Yes Yes Yes Yes Yes Yes Yes   Yes 

6 primary Comply with UL60335-2-40 Annex LL          Yes Yes Yes NS6 NO NO Yes NO NS   NS 

7 secondary 
Sensor should work when the voltage applied is varied by ±10% 
rated voltage 

         
Yes Yes Yes Yes NO Yes Yes Yes Yes   Yes 

8 primary 
Capable of number of cycles of operation (300 for self-resetting, 
30 for non-self-resetting) 

        
Yes Yes Yes Yes Yes NS Yes Yes Yes   Yes 

9 primary Sensor should not be a multiport-type device           Yes Yes Yes Yes Yes Yes Yes Yes Yes   Yes 

10 primary Capable of using a setpoint less than 25% of LFL8      Yes Yes Yes Yes Yes Yes Yes Yes Yes   Yes 

11 primary 
Sensor should have an output to indicate the presence of a 
refrigerant concentration exceeding the set point 

       
Yes Yes Yes Yes Yes Yes Yes Yes Yes   Yes 

12 secondary For indicating type, setpoint should be preset (e.g. Factory set)         yes yes yes yes yes yes yes yes NS   yes 

13 secondary Pre-set setpoint level should not be adjustable by user          Yes Yes Yes NO Yes Yes Yes Yes NS   NO 

14 primary 
Complies with the requirements IEC 60079-29-1 for Group II 
equipment 

         
Yes Yes Yes Yes NO NS NS Yes NS   NS 
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No. Priority Requirement 

Underlying 
Standard 

Candidate Sensors9 

IE
C

 6
0

3
3

5-2
-4

0
 E

D
6 

U
L
/C

S
A

 6
0

3
3

5-2
-4

0
 E

D
3 

A
S

H
R

A
E

 1
5-2
0

1
9 

A
S

H
R

A
E

 1
5

.2
P 

JR
A

 4
0
6

8
T

: 
2
0

1
6
R 

A B C D E F G H I J K 

15 primary 
Sensor should still function after 100% refrigerant exposure for 
480-490min (used for long term stability Group II test) 

         
Yes Yes Yes Yes NS NO Yes NO NO   Yes 

16 primary 
Sensor should not show false or nuisance trips or show signs of 
poisoning after being subjected to the gas and vapor types 
specified by Table LL.4A.1DV 

         Yes Yes Yes Yes Yes NS Yes Yes NO  Yes 

17 primary Capable of meeting response time requirement      Yes Yes Yes Yes Yes Yes Yes Yes Yes  NO 

18 primary Sensor should withstand condensation condition          Yes Yes Yes Yes Yes NO Yes NO NO  NO 

19 primary 
Shall comply with the requirements over the full range of 
operating temperature and humidity as specified by the HVACR 
equipment manufacturer 

        Yes yes NO NO NO Yes NO NO NO  NO 

20 primary Accuracy of setpoint meets requirements        Yes Yes Yes Yes NA7 NA Yes Yes NS  Yes 

21 primary Includes output for signal or trigger of mitigation and ventilation        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 self-testing      Yes Yes Yes Yes Yes Yes Yes Yes Yes  Yes 

24 primary Self-test 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 No No Yes No Yes Yes No  No 

27 primary 
If there is a defined life, sensor should have end of life indication 
meeting the requirements 

        Yes Yes No No No No No Yes Yes  Yes 

28 secondary Sensor marking and identification meets requirements         Yes Yes Yes Yes Yes Yes Yes Yes Yes  Yes 

1. MMM: Micro Machined Membrane 
2. NDIR: Nondispersive Infrared 
3. TC: Thermal Conductivity  
4. MOS: Metal-Oxide Semiconductor 

5. SS: Speed of sound 
6. NS: Not specified  
7. NA: Not applicable  
8. LFL: Lower Flammability Limit, as defined by ASHARE standard 34 LFL for R-32 is 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 candidate sensors for the tests 
of Phase 1B 
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 Testing verification (Phase 1B) 

Currently, all the refrigerating system safety standards use the gas concentration step-change 
ǊŜǎǇƻƴǎŜ ǘƻ ŘŜŦƛƴŜ ǘƘŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ ǘƘŜ ǎŜƴǎƻǊ ǊŜǎǇƻƴǎŜ ǘƛƳŜΦ ά{ǘŜǇ-ŎƘŀƴƎŜέ ƘŜǊŜ ƳŜŀƴǎΣ 
the test gas concentration at the sensing element location changes from zero to a certain value 
instantaneously. This definition provides a consistent basis for the comparison of different 
sensors and also makes the experimental assessment of sensor response feasible. However, in 
reality, even in the worst-case leakage scenario, the refrigerant concentration has to go through 
a ramp-ǳǇ ǇǊƻŎŜǎǎΣ ǿƘƛŎƘ Ƴŀȅ ŎŀǳǎŜ ǘƘŜ ǎŜƴǎƻǊ ǊŜǎǇƻƴǎŜ ǘƻ ŘƛŦŦŜǊ ŦǊƻƳ ǘƘŜ άǎǘŜǇ-ŎƘŀƴƎŜέ 
condition.  

The main objective of this phase is to consider the distinction between step-change 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 time-varying gas concentrations. 

 

1.3.1 Dynamic response theory and test strategy  

Dynamic response theory [7] was used in this project to express the sensorΩs response to a step 
change in gas concentration, which will then be used to show the difference between step-
change response and the actual response. 

¢ƘŜ ŦƛǊǎǘ ǎǘŜǇ ƛƴ ŦƛƴŘƛƴƎ ǘƘƛǎ ŘƛŦŦŜǊŜƴŎŜ ƛǎ ǘƻ ŜȄǇǊŜǎǎ ǘƘŜ ǎŜƴǎƻǊ άǎǘŜǇ-ŎƘŀƴƎŜέ ǊŜǎǇƻƴǎŜ ǳǎƛƴƎ 
dynamic response theory. Dynamic response theory has described the step response for a first-
order system shown in Figure 1-1. Using the response of a gas sensor as an example, ώὸ is the 
sensor output and is initially stabilized as ώ. At time 0, the test gas concentration instantly 
increases by Ўό. After a time of — has passed, the output of the sensor starts to increase as well, 
where — is defined as the time delay. The sensor output will continue to increase and will 
eventually reach another steady state reading of ώЊ , which is equal to ώ ЎώЊ . The sensor 
output can be expressed as shown in Equation (1), where † is the time constant defined as the 
additional time (after the time delay —) it takes for the sensor output to reach 63.2% (more 
precisely, a fraction ρ Ὡ = 1 ҍ лΦостф Ғ лΦсон ƻŦ ƛǘǎ ǘƻǘŀƭ ŎƘŀƴƎŜ ЎώЊ ).  

 

Figure 1-1. First Order System Step-change Response 
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ώὸ

ώ                                               ὸ —

ώ Ўόρ Ὡ               ὸ —
 (1) 

Both — and † can be determined experimentally by a step-change test, and then used to predict 
the sensor response to the actual condition. 

Under the actual condition, the concentration of the test gas gradually changes over time, and is 

shown in Figure 1-2(a) as a function of time όὸ. Taking a short time period (Ўὸ) 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 change Equation (1) to still work for this segment. As shown by 
Figure 1-2(b), Equation (1) can be rewritten as Equation (2) for the short time segment. Then by 
using Equations (2) and (3) together, the sensor output for the gas concentration under time-
varying conditions can be described.  

 
Figure 1-2. First Order System Time-varying Response 

Ўώὸ όὸ — ώὸ ρ Ὡ
Ў

 (2) 

ώὸ

ώȟ                                ὸ —

ώ Ўώὸ          ὸ —
 (3) 

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

a) Run step-change concentration tests to: 

¶ Compare the tested sensor response with the requirements of the safety standards 

¶ Get the time delay — and time constant †. 
b) Run time-varying concentration tests to: 

¶ Get the sensor output curve under the actual leaking scenario  

¶ Distinguish the sensor step-change response with the actual leaking scenario 
response 

c) Put the determined — and † into Equations (2) and (3) to predict the sensor response 
under the actual leaking condition. Compare the predicted curve with 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 the provided sensors with both the step-change and 
the time-varying conditions, with its pictures and schematic shown in Figure 1-3 and Figure 1-4. 
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 
enclosure 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 main stream of the air flow was 
controlled to be at a constant mass flow rate 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 sensor 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 static mixer. 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 rates by Equation (4), where Í  is 
the measured refrigerant mass flow rate, Í  is the measured air mass flow rate, and -  and 
-  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 air-refrigerant mixture. A 1 inch 4-way cross pipe fitting has been used as the diffuser 
to equally distribute the test gas in the 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 indicate the moment for starting to count the response time.  

 

Figure 1-3. Pictures of the Test Facility 
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Figure 1-4. Schematic of the Test Facility 

 

ÃÏÎÃ
ϳ

ϳ ϳ
   , % v/v (4) 

1.3.2.2 Instrumentation 

Table 1-3 shows the instruments used on the test facility. It is worth pointing out, the 
concentration of the test gas is the most critical parameter for both the step-change and time-
varying tests. Before 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 concentrations 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 with Equation (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 within +/-5%. 

Table 1-3. List of Instruments  

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 EL-FLOW F-112-AC NA 

4 Reference sensor Henze-Hauck WLD gas sensor <1% of the range 

5 Thermocouple Omega T-type ±0.25K 

6 Pressure transducer Rosemount 1153 ±0.25% of range (0-747Pa) 

7 Dew point sensor EdgeTech Com.Air ±0.2K 
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1.3.2.3 Tested sensors and conditions 

As shown by Table 1-4, six sensors with four different sensing principles have been tested for 
Phase 1B of this project. R-32 has been selected as the test gas. This choice was made because 
R-32 is a pure fluid which facilitated the development and accuracy of the test method. 
Furthermore, R-32 is a component in many of the low-GWP blends that are being considered by 
industry. Table 1-5 shows the test matrix for both step-change and time-varying tests. 

Table 1-4. Tested Sensors  

Sensor 
letter 
code* 

A B C D E F 

Sensing 
principle 

Micro 
Machined 
Membrane 

Nondispersive 
Infrared 

Thermal 
Conductivity 

Nondispersive 
Infrared 

Metal-Oxide 
Semiconductor 

Metal-Oxide 
Semiconductorς 
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 carried out with this test facility: step-
change concentration tests and time-varying concentration tests.  

 

Table 1-5. Test Conditions 

Test type Conditions1 Temperature 
Relative 
Humidity 

Pressure Test gas 

Step-
change 

20%LFL (2.88% v/v) 

19-22oC 45%-65% 
Atmospheric 

pressure 
R-32 and 

air mixture 

25%LFL (3.60% v/v) 

50%LFL (7.20% v/v) 

100%LFL (14.40% v/v) 

Time-
varying 

0.2%/s 

0.4%/s 

1.0%/s 

1. Step-change conditions defined as different test gas concentrations; time-varying conditions defined as different ramp-up 
rate of the test gas concentration 

 

The previous AHRTI Project 9007-01 [8], conducted a leakage scenario study based on review of 
prior research and CFD simulations. Typical commercial scenarios including (i) Packaged Terminal 
Air Conditioner (PTAC) unit in a motel room; (ii) Rooftop unit in commercial kitchen; (iii) Walk-in 
cooler; and (iv) Reach-in refrigerator in a convenience store, and residential scenarios including 
(v) Split HVAC unit with evaporator section in a utility closet; (vi) Split HVAC unit servicing error 
were considered in their tests. As a result, a test matrix with three different refrigerant release 
rates, three different release locations, and two different release openings was developed to 
simulate the typical leakage scenarios. As required by AHRI to cover the major leakage scenarios, 
four refrigerant concentration profiles were selected in this project to present the influence of 
refrigerant release rate (profile a vs. b), release height (profile a vs. c) and release opening size 
(profile c vs d), as shown by Figure 1-5. 
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Therefore, three different test gas concentration ramp-up rates have been selected in the time-
varying concentration tests. Profile (d) was covered by the step-change test due to the fairly large 
ramp-up rate. Per the requirements of the safety standards for the test gas concentrations, four 
different concentrations have been selected for the step-change tests. The test conditions are 
listed in Table 1-5. The conditions for step-change tests are defined for each test gas 
concentration. For the time-varying concentration tests, the test conditions are defined ramp-up 
rates of the test gas concentration.  

 

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

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

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

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

Figure 1-5. Refrigerant Concentration Profiles for Typical Leakage Scenarios [8] 

 

1.3.2.4 Test method 

For the step-change tests, the test gas concentration in the test chamber was pre-adjusted to a 
desired value. After the condition of the test chamber had stabilized, the test sensor was quickly 
moved from the clean air chamber 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, thereby sending 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 10Hz, corresponding 
to a response time resolution of less than 0.2 seconds for the test facility.  
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Depending on the configurations of the different test sensors, 4 out of 6 sensors (Sensors A, B, C, 
and D) were using the data logging software provided by the manufacturers to 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 sensors, Sensor E 
provides an analog output and Sensor F provides a relay output. The sensor outputs of these two 
were integrated into the facility DAQ system.  

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

 

1.3.3 Data reduction and test results 

1.3.3.1 Step-change concentration tests 

As mentioned before, depending on the different sensor configurations, Sensors A, B, C, and D 
used a separate data logging software provided by the manufacturer to record the sensor output 
during the tests. Figure 1-6 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 reading was converted into a Ψstair-typeΩ curve as shown by Figure 1-7. The 
Ψstair-typeΩ curve is preferred because it shows the effect of the sampling rate on the tested 
response time. For example, a sensor reading at a sampling rate of 0.5Hz (every 2s), and a 
particular reading is slightly lower than the setpoint, but the subsequent reading is much higher, 
the sensor can only trigger the alarm at the second reading. Therefore, the effect of the sampling 
rate needs to be included when counting the response time. The unit of the sensor outputs were 
also all converted to %LFL (except Sensors E and F) for easy comparison.  

 

 

Figure 1-6. Original Sensor Output Data 

 

Figure 1-7. ΨStair-typeΩ Sensor Output Curve 

The converted Ψstair-typeΩ curve was then synchronized with the recorded DAQ data based on 
the time stamp. The micro switch signal was used to find the time zero and determine the 
άeƭŀǇǎŜŘ ǘƛƳŜέ ŀǎ ǎƘƻǿƴ ōȅ ǘƘŜ Ȅ-axis of Figure 1-8. 
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Figure 1-8. Synchronized Data 

 

  

  
Figure 1-9. Step-change Response Time Test Result (Sensor B) 
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Table 1-6. Tested Sensor Step-change Response(i)  

Sensor(ii) Time delay — (s) Time constant † (s) 

A 
Micro Machined 

Membrane 

Sample 1 4.4 4.7 

Sample 2 6.3 6.6 

Average 5.4 5.6 

B NDIR 

Sample 1 1.4 18.1 

Sample 2 2.4 18.3 

Average 1.9 18.2 

C 
Thermal 

Conductivity 

Sample 1 0.0 0.1 

Sample 2 0.0 0.1 

Average 0.0 0.1 

D NDIR 

Sample 1 0.2 17.2 

Sample 2 0.0 10.2 

Average 0.1 13.7 
(i) Detailed test results can be found in Appendix D. 
(ii) Sequence of letter code in Phase 1 is different from Phase 3. 

 

The synchronized data can then be used to determine the response time. Figure 1-9 shows the 
step-change test result for Sensor 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 charts of Figure 1-9. 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 step-change condition. Both T(90) and T(50) are commonly used parameters 
for the evaluation of the sensor response. T(63.2) represents the time constant † 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 light-colored lines in the charts show the result for each run and the dark 
colored line shows the averaged value of these four runs.  

Table 1-6 shows the test time delay and time constants for Sensors A, B, C, and D, which are so-
called measuring type, meaning the sensor output shows the measured gas concentration. By 
using Equation (1) with the — and † shown in Table 1-6, T(50) and T(90) can be easily calculated. 
It is important to note that 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 concentration and is saturated at about 5000ppmv (3.47%LFL). Due 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 because ώЊ  is no 
longer mainly determined by Ўό. 

 



AHRTI Project 9014: Refrigerant Detector Characteristics for Use in HVACR Equipment 

16 

 

 

Figure 1-10. Sensor F Step-change Test Result  

Sensor F is another MOS type sensor with a relay output, which is a so-called indicating type, i.e. 
it only indicates when a certain concentration threshold has been reached. Figure 1-10 shows the 
step-change alarm delay of Sensor F. Step-change alarm delay is the time length between time 
zero and the time when the relay output is triggered.  

 

1.3.3.2 Time-varying concentration tests 

There are two major objectives for the concentration time-varying tests: 

a) Distinguish the gas concentration step-change response and the actual condition 
response, 

b) Verify the response prediction from Equations (2) and (3) with the actual condition 
response. 

The conditions of the time-varying tests are defined by the different ramp -up 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 
leakage scenarios from a previous AHRTI project [8]. In the tests, the test gas concentration was 
determined by the refrigerant mass flow rate and air mass flow rate only. The reference sensor 
was not used because of its sensing delay. To ensure the measured concentration is the real 
current concentration in the test chamber, the mass flow meter response times had to be 
checked.  

As shown by the step-change test results, Sensor C has been proven to have a response time less 
than 0.2s. So, Sensor C was used as a reference to verify the method for concentration 
measurement using date from the mass flow meters. Figure 1-11 compares the Sensor C output 
with the mass flow rate based test gas concentration. The agreement between the two curves 
proves that the mass flow meters have an acceptable response time.  
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Figure 1-11. Sensor C Time-varying Test Data 

 

  

  

Figure 1-12. Time-varying Test Data (Sensor B) 

 






























































































































































































