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Preface by AHRTI Project Monitoring Subcommittee 
This research project started in late June of 2016.  The CFD work was completed in July and whole room 

Ƴŀƛƴ ŜŦŦŜŎǘǎ ŘŜǎƛƎƴ ƻŦ ŜȄǇŜǊƛƳŜƴǘǎ ƻǊ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŎŀƭƛōǊŀǘƛƻƴ ǘŜǎǘǎέ ¢ŀǎƪ м ōŜƎŀƴ ƛƴ !ǳƎǳǎǘΦ  

Equipment testing, Task 2, began in October and was completed on December 9th.  This was a large 

project and it proceeded at a fast pace. 

One decision made initially was to always use ignition sources that were thought to have sufficient 

energy to cause ignition if a flammable mixture reached the ignition source.   The reason for this was 

that the PMS was interested in learning about the severity of post ignition events, if ignitions did occur.  

Likewise, ignition sources were placed in locations where we judged combustible mixtures were most 

likely to occur.  Because of the way we approached these experiments, some relatively low probability 

events were forced to occur and we have learned some things that were not previously known to us (a 

few insights are listed below). For the majority of Task 1 tests, the refrigerant charge quantity released 

corresponded to 50% of the lower flammability limit (LFL) when fully mixed into the entire room 

volume, regardless of release height or rate. The 50% of LFL value was selected based on a number of 

draft standards potentially allowing up to or greater than a 50% LFL equivalent refrigerant discharge into 

a room for a high wall (1.8 meter) leak event.  It should be noted that several of the tests would actually 

be outside of the proposed standards, i.e. more refrigerant was leaked into the space without the 

mitigation proposed by the standard.  Four tests were run at 25% LFL at the lowest release height (0.2 

meters) to determine the main effects of reducing refrigerant concentration and refrigerant type.   The 

PMS feels that follow-up research projects will be needed to enable us to provide the best guidance to 

the developers of HVAC&R safety standards and building codes. Future work should include reviewing 

irregular test results, and potentially include updating risk assessments to better quantify both the 

probability of occurrence and severity of any ignition events, with a more thorough evaluation of: 

¶ the probabilistic distribution of real world ignition sources in terms of ignition energy, quantity, 

spatial location throughout the room, and activation frequency 

¶ the probabilistic distribution of different refrigerant release scenarios, across a range of leak 

rates and total refrigerant charge released 

Learnings: 

¶ In Task 1, liquid refrigerant releases do not fully vaporize at the release valve or orifice and 

refrigerant liquid remained after the refrigerant release completed, either as droplets, pooled 

liquid on floor, or liquid running down the wall adjacent to the leak, or all three in combination.  

Refrigerant liquid could be seen on the floor even after a flammable event had self-extinguished 

and high temperatures were seen in the room.  In addition, thermocouples recorded low 

temperatures near the atmospheric boiling points of the refrigerants just adjacent to where the 

refrigerant was being released, also indicating the presence of liquid refrigerant being sprayed 

onto the thermocouples, potentially as droplets.   

¶ Depending upon the operating state of the equipment and the location of the leakage point 

within the refrigerant circuit, the release may be mainly vapor or a vapor/liquid mixture.  The 
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CFD studies that have been used to guide the industry do not consider the possibility of a 

mechanism that can pool liquid refrigerant at the floor or droplet formation suspended in the air 

(refrigerant fog).  This, of course, significantly changes the refrigerant concentration regime. 

Further work done by Robert Uselton at Lennox laboratories with R-410A liquid refrigerant leaks 

similar to what was done in this work confirmed refrigerant liquid could remain for hours 

depending on the leak methodology. Further work would be warranted to understand the two-

phase and time factor dynamics of various liquid refrigerants leaks scenarios. CFD models would 

need to be updated to accurately reflect the correct release phenomena.  Product risk 

assessments would also need to be reassessed with this new information. [Also see ASHRAE 

RP-1448 final report for discussion of relevant leak scenarios including pooling of liquid on the 

floor.]  

¶ In many refrigerant releases in Task 1, a fog was seen forming in the room during the release.  It 

was originally assumed that this was water moisture condensing as the refrigerant cooled the 

air.  However, in later Task 2 experiments, it became apparent that this could be refrigerant fog 

and not a water moisture induced fog.  In Task 2, many two-phase liquid/vapor refrigerant 

releases occurred into a compartment first before being introduced into the room which 

allowed the refrigerant to absorb some heat.  In these cases, when the refrigerant was then 

released into a room that had the same elevated temperature and humidity conditions as Task 

1, no fog was formed.  This would indicate that reduced air temperature may not be the driver 

for the fog formation. 

¶ The low burning velocity of 2L refrigerants does not prevent rapid flame spread under many 

conditions we observed.  Moreover, ignitions can occur even when the local air velocity is much 

higher than the laminar burning velocity.  This observation may require further investigation as 

it may be related to ignition source energies used. 

¶ For some classes of refrigeration equipment (reach-in coolers, walk-in coolers, etc.) medium or 

large leaks can cause refrigerant accumulation in the cold storage compartment.  Since these 2L 

refrigerants are heavier than air, flammable concentrations can be reached fairly easily in such 

confined spaces.  When a door is opened, there is a spill of refrigerant to floor level leading to 

possible ignition. 

¶ Cursory evaluation of hazard mitigation systems suggests refrigerant detection systems will 

need to have a faster response time than the 30 second response time that had been originally 

envisioned.  More investigation is needed. 

¶ {ƻƳŜ ƻŦ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴǎ ŜǾŀƭǳŀǘŜŘ ƭƻƻƪŜŘ ƎƻƻŘ ŦƻǊ ǘȅǇƛŎŀƭ άƴƻƳƛƴŀƭέ refrigerant charges. Larger 

charges, up to the maximum allowed by guidance of current draft standards, were not 

necessarily validated with data and could well present a greater hazard.  
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UL Executive Summary 
The phase-out and restriction of the most common and widely used refrigerants was initiated in the late 

мфулΩǎ ŀƴŘ Ƙŀǎ ǎǇǳǊǊŜŘ ƛƴƴƻǾŀǘƛƻƴΣ ōƻǘƘ ŦƻǊ ǘƘŜ ŀƭǘŜǊƴŀǘƛǾŜ ǊŜŦǊƛƎŜǊŀƴǘǎ ǘƘŀǘ ƘŀǾŜ ōŜŜƴ ƛƴǘǊƻŘǳŎŜŘ ŀǎ 

well as the equipment that uses them.  Several Class A2L refrigerants have been identified as potential 

replacement for refrigerants currently used in HVAC and refrigeration systems. Safety evaluation of 

these Class A2L refrigerants requires an understanding of refrigerant flammability in representative-

scale settings so that equipment can be appropriately designed and installed for safe operation.  

The objective of this research is to conduct refrigerant leak and ignition testing under  whole room scale 

conditions to develop data and insight into the risks associated with the use of Class A2L refrigerants 

versus the Class 1 refrigerants currently in use while considering ambient conditions (temperature and 

humidity) and refrigerant lubricants. 

A technical plan was developed that included investigation of refrigerant concentrations in room-scale 

experiments. Calibration experiments developed data on the influence of refrigerant charge, leak rates, 

leak locations, and leak opening size on the accumulation of refrigerant concentration and the potential 

for ignition. Parametric test experiments investigated the influence of ambient temperature and 

humidity, obstructions representing furniture within the test room, lubricating oil, and refrigerant leak 

quantity on potential for ignition. Tests were also conducted in larger-scale scenarios to investigate 

potential for ignition and fire hazard in representative residential and commercial installations. All 

experiments were performed in a nominal 30 x 30 x 8 ft. (9.1 x 9.1 x 2.4 m) [L x W x H] chamber that 

provided a controlled temperature and humidity test environment. The test chamber was designed to 

Ŏƻƴǘŀƛƴ ǘƘŜ ǊŜƭŜŀǎŜŘ ǊŜŦǊƛƎŜǊŀƴǘǎ ŀƴŘ ŎƻƳōǳǎǘƛƻƴ ǇǊƻŘǳŎǘǎ ǿƘƛŎƘ ǿŜǊŜ ǘƘŜƴ ǇǊƻŎŜǎǎŜŘ ǘƘǊƻǳƎƘ ¦[Ωǎ 

smoke abatement system. 

 

Prior Research Review and UL CFD Simulations 

A review of previous research on Class A2L refrigerants provided a reference for this investigation 

relative to measurements, refrigerant release methods, and refrigerant build-up in different scenarios. 

The literature review identified a need for additional CFD (Computational Fluid Dynamics) simulations to 

develop insights into refrigerant build-up from leaks into a test room, safety of the laboratory 

operations, and placement of instrumentation and ignition sources. The CFD simulations performed 

were based on a refrigerant quantity equal to 50% of the LFL concentration if uniformly mixed in the 

room. A total of eight simulations were performed with each combination of leak locations, mass flow 

rate, and leak opening size.  The findings from the UL CFD simulations were as follows:  

a) Refrigerant release at a higher velocity (100 g/s through 50 mm opening) from 2.2m height 

results in a jet that mixes with the ambient air. The resulting refrigerant concentration in the 

test room is below the lower flammability limit (LFL) except in a narrow region surrounding the 

jet flow. However, if refrigerant is released from a lower level at the same velocity, obstructions 

impede jet flow mixing in the room volume and create flammable mixtures at the floor level. 

b) Refrigerant release at lower velocity (13.5 g/s through a 300 mm opening) from 2.2 m height 

allows the refrigerant to continually mix with the air.  Only a relatively small volume of 
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flammable mixture develops near the release location. However, refrigerant released from a 

lower level (0.2 m) at the same velocity, generally results in pooling flammable refrigerant-air 

mixtures.  

c) Based upon the CFD simulations and analysis of refrigerant concentrations, the results show an 

area in between the obstruction and release opening provides a suitable location for ignition of 

refrigerant-air mixtures. 

Hazard Controls 

The conduct of this fire test program involved hazards to test personnel, test facilities and the 

environment.  Potential hazards to personnel and the test facility included non-flammable and 

flammable gases, fire, suffocation, toxic gases, acid gases (particularly hydrogen fluoride gas and 

hydrogen fluoride acid), electric shock, frostbite, and mechanical hazards.  Potential hazards to the 

environment included releases of refrigerant gases, decomposition products and combustion products 

that were expected to be toxic and corrosive.  Hazards were addressed through design of the test facility 

and through procedures that included (1) Elimination, (2) Engineering controls, (3) Administrative 

controls, and (4) Personal protective equipment. 

Calibration Tests 

The calibration tests were conducted in a 2.4m x 3.6m x 2.4m high test room to determine the influence 

of leakage rate, leakage location, opening size, and temperature and humidity.  The results from these 

tests assisted in selection of test conditions for the parametric and scenario tests.  The findings from 

calibration tests were as follows: 

1. Refrigerant release rate, release height and refrigerant line opening size influence mixing or 

pooling of the refrigerant in the test room.  

2. The mixing of the refrigerant is influenced by obstructions (e.g., furniture) such that a high 

velocity jet does not fully mix with air and develops a local area of flammable mixture. 

3. Low release velocity flows (low release rate of 13.5g/s, 356 mm opening with baffling) at 0.2 m 

release height resulted in pooling of the refrigerant with concentrations near the floor level 

higher than the upper flammability limits. In these cases, ignition occurred only after the 

concentration decreased below the UFL from diffusion mixing process. 

4. High release velocity flows (high release rate of 100g/s, 25 mm opening) at the 2.2 m release 

height resulted in turbulent mixing of the jet with air. Subsequently, refrigerant concentrations 

were below their lower flammability limit. This test did not result in ignition.  In this case, the 

obstruction did not influence the jet as it was below the mixing zone. 

5. All but one test in the calibration series were conducted with R-32 refrigerant. Several of these 

tests resulted in ignitions.  One test was conducted with R-452B (high release rate of 100 g/s; 25 

mm opening, at 0.2 m release height) which resulted in ignition. 

6. An intermediate mass release rate (55 g/s in Cal13) through the 356 mm opening with baffling 

at the 2.2 m release height resulted in the observation of liquid refrigerant pooling on the floor 

and a significant fire event.  Cal17 was similar to Cal13 but at the 1.8 m release height.  Liquid 

refrigerant was also observed pooling on the floor. 
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Parametric Tests 

Parametric tests were conducted in a 2.4m x 3.6m x 2.4m high test room to investigate influence of 

ambient temperature and humidity, obstruction, refrigerant leak quantity, and lubricating oil on 

potential for and severity of ignition.  In these tests, the leakage location was at 0.2m height location, 

the leakage rate was 100 g/s, and delivered through a 25 mm size opening.  The findings from the 

parametric tests are as follows: 

1. Refrigerants R-22 and R-410A with lubricating oil (1.5 and 3.0%) did not ignite under the test 

conditions used in this investigation. 

2. Ignition of R-32 in higher ambient temperature and humidity conditions (91 °F and 70 % RH) 

resulted in higher maximum pressure in the test room, and longer duration fire for R-32 

refrigerant.  

3. Ignition of R-452B in lower temperature and humidity conditions (73 °F and 50 % RH) resulted in 

higher maximum temperature in the test room, but the duration of flaming was longer.  Ignition 

of R-452B at 91°F and 70% RH resulted in a higher pressure rise. 

4. The presence of the obstruction in the room increases mixing of the refrigerant release with 

room air and develops local conditions that have a flammable refrigerant mixture that is above 

the LFL and conducive to ignition. The volume of the obstruction was not used to reduce the 

volume of the room in calculating the planned refrigerant discharge amount. Without the 

obstruction, ignition did not occur for either R-32 or R-452B refrigerant. 

5. In general, reducing the refrigerant quantity to achieve an average room concentration equal to 

25% LFL, and with obstruction, reduced the fire size and temperatures observed in the room. 

Further, the fire was localized to the area of the ignition source. 

6. R-452B tests with lubricating oil (1.5 and 3.0%) and no obstruction did not result in ignition. 

R-452B refrigerant tested without lubricating oil and with no obstruction did result in ignition.  

7. R-32 refrigerant ignited with a significant fire with 1.5% lubricating oil and no obstruction, but 

had a relatively small fire with 3.0% lubricating oil.  

   

Scenario Tests 

Room scale tests were performed for commercial and residential scenarios. The commercial scenarios 

included (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. Residential 

scenarios included (v) Split HVAC unit with evaporator section in a utility closet; (vi) Split HVAC unit 

servicing error; and (iii) Split HVAC unit Hermetic Electrical Pass-Through Terminal failure. Each scenario 

was developed based upon input from the AHRTI Project Management Subcommittee (PMS). 

Throughout this report, refrigerant charge amounts were calculated based on proposed changes to the 

appropriate standards or based on expert judgment of the PMS.   For some scenarios, the refrigerant 

charge amounts were based on m1 per proposed draft IEC 60335-2-40.  Refrigerant charges related to 

m1 are not based on room volume or floor area as m1 is considered safe without restrictions.    In this 
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report, room volumes and percentage of LFL are provided so that comparisons may be made to other 

standards which use Refrigerant Concentration Limit (RCL).  Typically, RCL values are 25% or 20% of LFL.   

The findings from each of the scenarios are presented herein. 

PTAC Unit in Motel room  

The PTAC tests were designed to emulate the release of refrigerant from the evaporator into a typical 

motel room with ignition devices representing those sources that could be expected to occur. The 

refrigerant quantity released in the tests corresponds to proposed m1 size charge  of φ ά ὒὊὒ ), 

where LFL is the lower flammable limit in kg/m³ from for the refrigerant used (as proposed for future 

edition of IEC 60335-2-40 in subclause GG.1.1 and future adoption in North America).  For the typical 

motel room size selected for this project (1660 ft³, 47.1 m³), this quantity of refrigerant is equivalent to 

an average concentration that is approximately 13% of the LFL  if the refrigerant is completely mixed in 

the test room volume.  Nine tests were conducted for this scenario using R-32 and R-452B refrigerants. 

The ignition sources were tea candles (open flame) placed at floor level or electric arc sources which 

continually arced once energized at the various locations. In some of the tests, the candle ignition 

source failed to either ignite or stay ignited.  Refrigerant concentrations measured in the test room did 

not show values above the LFL and ignition did not occur.  One test using R-452B resulted in a low 

energy ignition near the PTAC power cord plug lasting no more 3 seconds.  There was no secondary 

ignition of the cheesecloth for either refrigerant in this test.  An additional test was added placing the 

electric arcs directly in front of the PTAC in the refrigerant discharge zone.  This test resulted in ignition 

of the refrigerant. 

Rooftop Unit in Commercial Kitchen 

The commercial kitchen scenario involved the use of a roof top unit with duct work connected to the 

kitchen space below.  The kitchen size was 14 x 16 x 8 ft. high (4.3m x 4.9m x 2.4m). The release 

quantities for R-32 and R-452B were based on a IEC SC 61D Working Group 9 draft version of IEC 60335-

2-40 (Annex GG section: GG.10.1). Five tests were conducted for this scenario using R-32 and R-452B 

refrigerants. Tests represented a refrigerant leak in the evaporator in the air handler.  This location was  

approximately 9 ft. (2.7m) above the work surfaces. In these tests, the HVAC unit fan was turned on 30s 

or 60s after the start of refrigerant release as a mitigation technique. There was accumulation of the 

leaked refrigerant in the evaporator condensate drain pan and therefore not all the refrigerant entered 

the test room. This resulted in lower concentrations of refrigerants and no ignition was observed. In 

these tests, the candle ignition source was extinguished by the fan-induced flow of the air-refrigerant 

mixture in the test room. 

Walk-in Cooler 

The walk-in cooler scenario involved the use of a ceiling mounted commercial refrigeration unit with the 

refrigerant leak in the evaporator.  The refrigerant release quantities were based on ρσ ά ὒὊὒ  

(from draft version of IEC 60335-2-89) for R-455A and R-457A.  Seven tests were conducted for this 

scenario using R-455A and R-457A refrigerants. The location of the discharge had a significant effect on 

ignition results.  Tests with the discharge at the return bend of the evaporator in the unit cooler forced 
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the refrigerant to leave the unit cooler through the condensate drain and drop to the floor.  This direct 

path to floor level (approximately 7 ft., 2.1m) resulted in flammable refrigerant mixtures.  In contrast, 

the discharge through the coil face resulted in turbulent mixing of the refrigerant with air before the 

cooled mixture dropped to floor.  This indirect path to floor level resulted in greater mixing of the 

refrigerant with room air. There was no ignition of the refrigerant when the discharge was from the coil 

face due to turbulent mixing before the mixture dropped to the floor. The position of the test room 

door, open or closed, appeared to have little impact on ignition results. 

Reach-in Cooler 

The reach-in cooler scenario involved a product display refrigerator having an internal volume of 21 ft³ 

(0.59 m³), located in a convenience store with dimensions of 30 x 30 x 8-ft. high (9.1m x 9.1m x 2.4m).  

Tests with release quantities of 300g, 400g, and 500g were performed. The 500 g value is the current 

limit for class 2 flammable refrigerant in UL 471 edition 10 including revisions through November 2014. 

Four tests were conducted for this scenario using R-455A and R-457A refrigerants. The reach-in cooler 

tests showed that ignition of the refrigerant occurs with a refrigerant release quantity greater than 

300g. The fire spread indicated that walls and corners in proximity of the reach-in cooler facilitate higher 

concentrations of refrigerants.   

In those cases where ignition occurred, the highest temperatures attained were near the floor level.  

The 300 gram test showed some flaring of the candles due to the presence of refrigerant, but there was 

no visible spread of flame into the surrounding air.  Maximum temperatures from the events increased 

with increasing charge size.  Both 400 and 500 gram charge sizes resulted in ignition.  R-455A had 

approximately 150 ºF lower maximum temperatures than R-457A for the same release mass of 500 

grams. 

Split HVAC unit in a utility closet  ï Internal Leak  

The residential A/C application test scenario involved a HVAC unit located in a 24ft. 2in. x 30ft. x 8ft. 

(7.4 x 9.1 x 2.4m) residential arrangement with the air conditioning unit located in an 8 x 4 x 8-ft.  (2.4 x 

1.2 x 2.4m) closet. The refrigerant release quantity was based upon a proposed revision to IEC 60335-2-

40.   The value of φ ά ὒὊὒ was used for the test cases without mitigation (m1 charge).  In this 

scenario, five tests were performed with internal leak in the A-coil area using R-32 and R-452B 

refrigerants. Tests were also conducted with a proposed IEC 60335-2-40 WG9 mitigation procedure 

using the HVAC unit fan to circulate the leaked refrigerant, with the fan energized 30s after initiation of 

refrigerant release.  

In the tests with and without mitigation, the both R-32 and R-452B refrigerants ignited in the hallway in 

less than 12s in proximity to the return grill where pilot flame and electric arc sources were located. 

While most of the flaming occurred in proximity of the leaked refrigerants near the return grill, there 

was some spread of flame along the hallway. 

The mitigation procedure appeared to reduce the time for flaming in the hallway. However, the flames 

were drawn into the HVAC unit through the return grill and flaming was observed within the unit. Smoke 

was observed emitting from the supply grill as the flames were drawn into the return grill. Without 
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mitigation, the flaming was of longer duration by approximately 40s in the hallway even though the 

refrigerant charge released was less. 

Comparing the leakage rates between the A-coil leak and servicing error tests, the leakage rate was 

higher in the A-coil test (using a constant flow rate) compared to the natural pressure decay used in the 

servicing error test. 

 

Split HVAC unit in a utility closet ï Servicing Error  

The residential A/C application test scenario involved a HVAC unit located in a 24ft 2in x 30ft x 8ft 

(7.4 x 9.1 x 2.4m) residential arrangement with the air conditioning unit located in a 8 x 4 x 8 ft.  (2.4 x 

1.2 x 2.4m) closet. In this scenario, three tests were conducted using R-410A, R-32 and R-452B 

refrigerants. The refrigerant charge used was the same as that used in the A-coil experiments. However, 

the refrigerant was released under natural pressure decay to represent a servicing scenario such as a 

mistake during joint brazing. In all of these scenarios 30g lubricating oil was mixed with each refrigerant 

prior to release.  

Ignition was not observed with R-410A refrigerant. However, ignition occurred for both R-32 and R-452B 

refrigerants near the release location which was located inside the closet. There was no ignition of the 

refrigerant outside the utility closet for either refrigerant.   

The candle ignition sources were placed near the point of release.  Once the discharge started, these 

candles were immediately extinguished by the discharge.  Ignition was observed once the electric arc 

was energized.  The location of the electric arc and the discharge rate combined to limit the ignited 

volume to the immediate vicinity of the electric arc.   

Hermetic Electrical Pass-Through Terminal  Failure 

The Hermetic Electrical Terminal failure scenario involved the use of the outdoor section of a residential 

compressor/condenser unit.  Four tests were conducted for this scenario using R-32, R-452B, and 

R-410A refrigerants. Each test was conducted using a new factory-built compressor charged with 

refrigerant and lubricating oil. A 1/8 inch hole was drilled in the Hermetic Electrical Terminal plug to 

represent a terminal failure. The results from the Hermetic Electrical Terminal failure tests showed that 

R-452B ignited under these test conditions.  In the R-452B experiment, it was observed that the molded 

plug remained attached to the terminal which was different from all other experiments where the 

molded plug was completely ejected.  The experiment with R-410A was repeated because of concern 

about the seating of the terminal plug on the electrical terminals.  In both R-410A tests, there was no 

ignition.  It was anticipated that R-32 would ignite under these same conditions, but an electrical 

interference from the electric arc influenced the solenoid valve controlling the refrigerant discharge and 

caused reduction in the overall rate of R-32 discharge.  This slower rate of the R-32 discharge resulted in 

refrigerant/air mixtures that were not ignitable. 
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1. Benchmarking Risk by  Whole Room Scale Leaks and 

Ignitions Testing of Refrigerants 

1.1. Background 

The phase-out and restriction of the most common and widely used refrigerants was initiated in the late 

мфулΩǎ ŀƴŘ Ƙŀǎ ǎǇǳǊǊŜŘ ƛƴƴƻǾŀǘƛƻƴΣ ōƻǘƘ ŦƻǊ ǘƘŜ ŀƭǘŜǊƴŀǘƛǾŜ ǊŜŦǊƛƎŜǊŀƴǘǎ ǘƘŀǘ ƘŀǾŜ ōŜŜƴ ƛƴǘǊƻŘǳŎŜŘ ŀǎ 

well as in the equipment that uses them.  Research is being conducted by the refrigeration and air 

conditioning industry to develop lower Global Warming Potential (GWP) / zero Ozone Depletion 

Potential (ODP) alternatives. Class A2L refrigerants, made up of refrigerant blends or single component 

refrigerants which can contain olefinic and non-olefinic type refrigerant compounds, represent the most 

recent in the development of deployable reduced GWP/zero ODP refrigerants.  Safety evaluation of 

these Class A2L refrigerants requires an understanding of refrigerant flammability in representative-

scale settings so that equipment can be appropriately designed to maintain safe operation.  

 

1.2. Objectives 

The objective of this research is to conduct refrigerant leak and ignition testing in whole room scale 

scenarios to develop data and insight into the risk associated with the use of Class A2L refrigerants as 

opposed to the Class 1 refrigerants currently in use while considering ambient conditions (temperature 

and humidity) and refrigerant lubricants. The ignition sources chosen had sufficiently high energy (open 

flames or electrical arcs) to ignite A2L refrigerants and refrigerant-lubricants mixtures. 

1.3. Scope 

This research includes baseline evaluation of Class A1 refrigerants (e.g., R-410A and R-22), and four Class 

A2L refrigerants (R-32 and R-452B, or R-455A and R-457A) selected for each scenario equipment 

application type, each with appropriate lubricants. In addition, R-22 refrigerant with mineral oil lubricant 

is compared to R-410A with POE lubricant.   
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1.4. Technical Plan 

The ignition sources used in this project were intentionally of high energy to insure likelihood of ignition 

when they are in the presence of a flammable mixture.   The electric arc system was operated 

continuously and simultaneously in multiple locations in the test space.   The experiments were 

conducted at near-full-scale and this type of ignition system was vital to provide a true signal of 

combustion potential taking into account factors that included the following: 

¶ Ambient temperature and humidity 

¶ Mixing of the refrigerant with air 

¶ Refrigerants flammability, leakage rate, location, quantity, and opening size 

¶ Lubricating Oil 

¶ Obstructions 

According to previous AHRI studies, the probability of a continuous high energy electrical arc occurring 

in a residential or light commercial conditioned space is low. Thus, the results are expected to provide 

the potential worst case severity of ignition events for the A2L refrigerants tested rather than the 

probability of occurrence.  

 

The technical plan developed to meet the objective of this research included the following tasks. 

Task 0 ς Detailed Review of AHRI 8004, AHRI 8009 and AHRI 8016 Project Reports 

Task 1 ς Refrigerant Leak and Ignition Testing Under a Controlled Environment 

Task 2 ς Refrigerant Leak and Ignition Testing Under a Whole Room Scale 

Task 3 ς Data Analysis and Discussion  

Task 4 ς Technical Report 
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The project investigation plan is presented in Figure 1. 

  

Figure 1 ς Technical Plan  
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1.5. Refrigerants 

Table 1 presents the properties of refrigerants used in this project (from ANSI/ASHRAE Standard 

34-2016 and ISO 817:2014). 

Table 1 ς Refrigerant Release Properties and Quantities 

 

Parameter R-22 R-32 R-410A R-452B R-455A R-457A 

Lower 
Flammability 
Limit  
(LFL, % volume) 

no 
flame 

propagation 
14.4 

no 
flame 

propagation 
11.9 11.8 6.0 

(LFL, kg/m³) 
Sea Level 

 0.307  0.310 0.423 0.215 

(LFL, kg/m³) 
200 m (650 feet) 

 0.301  0.304 0.415 0.211 

Upper 
Flammability 
Limit 
(UFL, % volume) 

no 
flame 

propagation 
29.3 

no 
flame 

propagation 
22.0 12.9 18 

Refrigerant 
Concentration 
Limit 
(RCL, ppm v/v) 

59,000 36,000 130,000 30,000 22,000 15,000 

Laminar 
Burning 
Velocity 
(cm/s) 

no 
flame 

propagation 
6.7 

no 
flame 

propagation 
<4.0 <1.5 6.3 

Composition 
(% mass) 

100% R-22 100% R-32 
 50% R-32 
 50% R-125 

 67% R-32 
 26% R-1234yf 
 7% R-125 

75.5% R-1234yf 
21.5% R-32 
 3.0% R-744 

 70% R-1234yf 
 18% R-32 
 12% R-152a 

 

When converted to mass basis (kg/m³), the LFL values were adjusted for the test site elevation of 200 

meters (650 feet). 
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2. Task 0 ï Detailed Review of AHRI 8004, AHRI 8009 and 

AHRI 8016 Project Reports 
 

Previous research included refrigerant dispersion simulations and experiments in residential 1 and 

commercial application scenarios 2 for several A2L refrigerants and subsequent risk analysis using fault 

trees analysis. 

Building upon research by Goetzler et al.3, AHRTI has identified key scenarios for refrigerant leakage that 

may result in refrigerant ignition (AHRI 8004) as shown in Table 2.  

  

                                                           
1 Risk Assessment of Residential Heat Pump Systems Using 2L Flammable Refrigerants, AHRI Project 8004 Final Report, Air-conditioning, Heating 
and Refrigeration Institute. 

2 Risk Assessment of Refrigeration Systems Using A2L Refrigerants, AHRI Project 8009 Final Report, Air-conditioning, Heating and Refrigeration 
Institute. 

3 Goetzler, W; Bendixen, L; Bartholomew, P. 1998. "Risk Assessment of HFC-32 and HFC-32/134a (30/70 wt. %) in Split System Residential Heat 
Pumps, Final Report." Arthur D. Little, Report to Air Conditioning and Refrigeration Technology Institute, NTIS DE-98005596; DOE/CE/23810-92. 
88p. 
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Table 2 ï Refrigerant Leakage Scenarios Potentially Leading to Ignition 

Row Leak Scenario Description 

1 A leak occurring in a heat pump system while the 
unit is idle. 

The leak could occur in either the inlet piping or the air 
handler and could be due to an improperly brazed joint 
or equipment fatigue. The system could be located in 
one of four possible locations ς an attic, basement, 
garage, or utility closet ς and in the event of a leak; the 
refrigerant could accumulate in these surrounding 
rooms. It was assumed that if the unit is operating (i.e., 
blower on), the leaked refrigerant would be drawn into 
the ducts and blown into a downstream room (see row 
3 below). 

2 A leak occurring in the outside portion of the split 
heat pump system. 

This could be due to a part failure (e.g., a feed-through 
plug or other part). 

3 A leak occurring in a heat pump system while the 
unit is operating (i.e., blower on). 

With the blower on, the refrigerant could be blown 
through the duct into a downstream room where an 
ignition source could be located. 

4 A leak occurring in the air handler while the unit 
is idle and prior to it being turned on. 

In such a case, the refrigerant could accumulate to a 
flammable concentration in the air handler itself. If a 
heating coil or some other potential ignition source 
(e.g., an electrostatic air cleaner) becomes active 
before the refrigerant dissipates, the refrigerant could 
be ignited. 

5 A leak occurring while the HVAC system is idle 
with the refrigerant diffusing back through the 
return air ductwork. 

In this case, the refrigerant would leak into the room 
supplying the return air. 

6 A leak occurring inside a wall due to rupture of 
refrigerant piping within the wall.  

Such a leak could be due to human error (e.g., home 
construction activity). 

7 A leak occurring during HVAC system repair. This could occur either as a result of improper recovery 
or recharging of refrigerant during work or due to 
faulty procedures used to test for a pre-existing leak 
(e.g., a propane torch). 

 

The residential scenarios identified by AHRTI included refrigerant leakage in residential utility closet 

spaces; whereas the commercial applications included leakage in a kitchen of a small restaurant, walk-in 

cooler, and a convenience store. These applications represent residential split, roof mounted 

commercial kitchen air conditioning units and walk-in and reach in type refrigeration units. 

Computational fluid dynamics (CFD) modeling conducted by previous research provided refrigerant 

concentration results similar to those obtained from dispersion experiments. In the residential 

application (AHRI Project 8004), the CFD modeling predicted a potential for attaining concentrations 

greater than the lower flammability limit (LFL) for relatively large refrigerant leakage rates (78 g/s) with 

the utility closet door closed. With smaller leakage rates (1.5 g/s) and greater charge released, the 
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refrigerant mixed quickly in the environment and did not demonstrate concentrations above the lower 

flammability limit (LFL).   

In the commercial application (AHRI Project 8009), concentrations greater than LFL were observed in the 

area immediately in front of the leak. 

Goetzler and Burgos4 reported results of refrigerant concentration mapping from a slow leak with start 

leak rate of 4 g/s and a catastrophic leak with a start leak rate of 360 g/s for HFC-32 refrigerant in a 2.41 

x 3.63 x 2.25m (7ft 11in x 11ft 11in x 7ft 4.5in) room. The results indicate that the concentration is 

transient and dependent upon release rate and location. In the Goetzler study, for the catastrophic leak 

rates, concentration was above the R-32 LFL (14.4 % by volume) at a location close to the leak source, 

though the gas sampling method used limited sampling from the room at discrete times. 

Goetzler, et al.5 reported a risk analysis for Class A2L refrigerants in commercial rooftop units. The 

investigation included a range of scenarios for which CFD simulations were developed. In these 

scenarios, leakage was assumed to have occurred either in the evaporator or the condenser with the 

blower fan off or on. The leakage entered the conditioned space horizontally (for kitchen scenario) or 

vertically (for office room scenario) through the supply 460 x 460mm (18 x 18 in) grill openings. The CFD 

simulations showed that refrigerant can accumulate in concentrations above the LFL under the scenario 

conditions. With the blower ON, the refrigerants dispersed quickly and resulted in refrigerant 

concentrations lower than the LFL for the refrigerant and air mixture. 

UL staff reviewed the previous AHRI reports (AHRI 8004, AHRI 8009, and AHRI 8016 6) to obtain insights 

from the CFD analysis, and also performed additional CFD simulations for the test room configuration 

used in calibration and parametric tests. 

  

                                                           
4 William Goetzler, Javier Burgos, Study of Input Parameters for Risk Assessment of 2L Flammable Refrigerants in Residential Air Conditioning 
and Commercial Refrigeration Applications, AHRAE Report RP-1580, (2012).  

5 .ƛƭƭ DƻŜǘȊƭŜǊΣ aŀǘǘ DǳŜǊƴǎŜȅΣ {ŀƴ CŀƭǘŜǊƳŜƛŜǊΣ aƛŎƘŀŜƭ 5ǊƻŜǎŎƘΣ άwƛǎƪ !ǎǎŜǎǎƳŜƴǘ ƻŦ /ƭŀǎǎ н[ wŜŦǊƛƎŜǊŀƴǘǎ ƛƴ /ƻƳƳŜǊŎƛŀƭ wƻƻŦǘƻǇ ¦ƴƛǘǎΣέ !IwL 
Project 8016, Air-Conditioning, Heating & Refrigeration Institute, (2016). 

6 !IwL tǊƻƧŜŎǘ улмс Cƛƴŀƭ wŜǇƻǊǘΣ άwƛǎƪ !ǎǎŜǎǎƳŜƴǘ ƻŦ /ƭŀǎǎ н[ wŜŦǊƛƎŜǊŀƴǘǎ ƛƴ /ƻƳƳŜǊŎƛŀƭ wƻƻŦǘƻǇ ¦ƴƛǘǎέΣ !ƛǊ /ƻƴŘƛǘƛƻƴƛƴƎΣ IŜŀting, and 
Refrigeration Institute, 2111 Wilson Blvd., Suite 500, Arlington, VA 22201. 
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2.1. AHRI Reports 

The key findings from the AHRI reports, as applicable to this project, are summarized in Table 3. 

Table 3 ς Summary from AHRI Reports 

AHRI Report CFD Scenarios Comments 

Risk Assessment of Residential 
Heat Pump Systems Using A2L 
Flammable Refrigerants 

(AHRI 8004) 

Geometries: Attic, basement, 
garage, and utility closet 

 

Refrigerants: R-32; 
R-1234ze(E) 

Release  Conditions: 170 g/s 
and 78 g/s. 

The concentrations in the utility closet were above Lower 
Flammability Limit (LFL) for approximately 70 s after 
release with the door closed and 20 s when the door was 
open. The concentrations in other geometries were 
generally lower than the LFL except for a small region in 
front of the leak jet. 

Risk Assessment of Refrigeration 
Systems Using A2L Flammable 
Refrigerants  

(AHRI 8009) 

Geometries: Outdoor 
condenser, Convenience store; 
Lunch counter; and Walk-in 
cooler/kitchen. 

 

Refrigerants: R-32; R-1234yf; 
R-1234ze(E) 

Release  Conditions: Not 
provided in report 

Concentrations greater than LFL were observed 
immediately in front of leak. This is likely due to relative 
high velocity of the leak. R-32 concentrations were 
generally lower than the LFL. 

Risk Assessment of Class A2L 
Refrigerants in Commercial 
Rooftop Units  

(AHRI 8016) 

Geometries: Kitchen and office 
settings with roof mounted 
units; considered supply, 
return and exhaust air. 

Refrigerants: R-32; and 
R-1234yf  

Condenser/Evaporator 
Pressure and Temperature: 

R-32: 473/148 psi and 125 ̄F 

R-1234yf: 197/58 psi and 

125 ̄ F 

Release Conditions: 

Natural pressure decay starting 
at 300 g/s (R-32) and 170 g/s 
(R-1234yf) 

Release vents from supply duct were 18 x 18 in. The 
release was from a grill horizontally in kitchen scenario; 
and was in a vertically downward direction in office 
scenario. 

 

In the AHRI 8009 and 8016 projects, the refrigerant was released from 3/8 in (9 mm) tubing. With this 

size orifice it is expected that the release occurs at a relatively high velocity, causing the release jet to 

mix with the air via turbulence. This may be one of the reasons for a relatively small volume of gas 

mixture in front of the release jet where the mixture concentration is higher than the LFL.  

In all three AHRI projects the CFD code modeled the refrigerant release as vapor only.  There are 

considerable difficulties in modeling a 2-phase refrigerant release. 
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2.2. UL CFD Analysis 

 

This UL investigation performed CFD analysis to investigate the influence of refrigerant release rate, 

location, and opening size on the spatial and temporal differences in refrigerant concentrations in the 

test room geometry using R-32 as the refrigerant. The results were used to identify locations for 

placement of ignition sources due to concentration measurements where the refrigerant mixture was 

expected to be above the LFL.  

The test room geometry was a room 2.4 x 3.6 x 2.4 m (W x L x H) used in Task 1. The test room 

contained a single obstruction 3.0 x 6.0 x 3.0 ft (0.91 x 1.83 x 0.91 m) placed on the floor in the center of 

the room with the long side facing the discharge location.  CFD simulations were performed using the 

Fire Dynamics Simulator7 (FDS) software, version 6.4.0 with a release from 50x50 mm (2.0x2.0 in) and 

300x300mm (12x12 in) square openings for flows representing high and low velocity release into the 

test room respectively. While these opening sizes are not those selected for testing, they provide a 

understanding of the influence of release velocity on refrigerant mixing with ambient air and enable 

comparison of resulting refrigerant concentrations with refrigerant flammability limits. The release 

orifices were square because FDS utilizes a rectilinear computational mesh within its computational 

domain. The grid size for the simulations was 50 x 50 x 50 mm. It was recognized that the grid was 

coarse, but resulted in faster simulations and enabled insights into refrigerant concentrations in the test 

room geometry of interest. The simulations did not include ignition. The following assumptions were 

used in the simulations:  

¶ The temperature of the refrigerant at the release was 8 ̄C (46 ̄F);  

¶ The refrigerant will behave like an ideal gas at the release opening. 

 

  

                                                           
7
 National Institute of Standards and Technology, Fire Dynamics Simulator (FDS) and Smokeview (SMV), 

https://pages.nist.gov/fds-smv/ 
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A matrix of the simulations performed is provided in Table 4.  The total mass release was equivalent to 

the amount of refrigerant necessary to reach 50% of the LFL of R-32 based upon the total room volume 

when evenly distributed throughout the room. 

Table 4 ς Matrix of CFD Simulations 

wŜŦǊƛƎŜǊŀƴǘ {ƛƳǳƭŀǘƛƻƴ  
wŜƭŜŀǎŜ ǊŀǘŜ 
όƎκǎύ 

¢ƻǘŀƭ 
wŜƭŜŀǎŜ 
όƪƎύ 

wŜƭŜŀǎŜ 
hǇŜƴƛƴƎ 
{ƛȊŜ 
όƳƳύ 

!ǾŜǊŀƎŜ 
wŜƭŜŀǎŜ 
±ŜƭƻŎƛǘȅ 
όƳκǎύ 

wŜƭŜŀǎŜ 
[ƻŎŀǘƛƻƴ 
ŀōƻǾŜ CƭƻƻǊ 
όƳύ 

w-он 

 

1 100 3.24 50 21.7 2.2 (top) 

2 13.5 3.24 50 2.9 2.2 (top) 

3 100 3.24 300 0.6 2.2 (top) 

4 13.5 3.24 300 0.1 2.2 (top) 

5 100 3.24 50 21.7 0.2 (bottom) 

6 13.5 3.24 50 2.9 0.2 (bottom) 

7 100 3.24 300 0.6 0.2 (bottom) 

8 13.5 3.24 300 0.1 0.2 (bottom) 

 

Still images from the simulations at different times were captured for discussion. The color code scale in 

the scenes represents refrigerant concentration with blue equivalent to zero concentration of R-32 and 

red as 35% volume fraction (Note: the UFL is 0.293 mole fraction and appears in the red area). A black 

band is shown in the scenes and represents an area where the concentration is at the lower 

flammability limit (LFL = 0.144 mole fraction). Thus, color codes on the scale above the black band 

represent concentrations higher than the LFL.  The still images that follow show a vertical slice down the 

centerline long axis of the test room. 
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2.2.1. Release from 2.2 m height 

Simulation 1(Figure 2) shows that a high velocity (e.g., 100 g/s and 50 mm release opening) release 

results in a jet in the test room that causes turbulent mixing with the ambient air and yields relatively 

low concentrations of the refrigerants in the test room. The region of gas above LFL is confined to a 

small volume in front of the release location. 

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

Figure 2 ς Still images from FDS simulation 1 at times: (a) 5 s (b) 15 s (c) 30 s (d) 90 s 
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Increasing the release opening to 300 mm (Simulation 3, Figure 3) reduces the release velocity and 

results in pooling of the refrigerant at the floor level with relatively rich refrigerant-air mixtures at the 

floor level over time. Refrigerant released from the orifice immediately falls to the floor level. At the 

completion of the discharge the volume near the floor shows concentrations between the LFL and UFL. 

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

Figure 3 ς Still images from FDS simulation 3 at times: (a) 5 s (b) 15 s (c) 30 s (d) 90 s 
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In simulation 2, the release rate is 13.5 g/s with a 50 mm release size, at a release height of 2.2 m 

(Simulation 2, Figure 4) resulting in the refrigerant entering with less turbulence.  Mixing is driven 

primarily by buoyancy and less by velocity. A small volume of flammable mixture is shown below the 

release orifice. 

 

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

Figure 4 ς Still images from FDS simulation 2 at times: (a) 5 s (b) 120 s (c) 240 s (d) 300 s 
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A combination of lower release rate and larger release opening (Simulation 4) facilitates more 

refrigerant pooling.  A large volume of refrigerant/air at or above the lower flammability limit is shown 

in Figure 5. The volume of refrigerant between lower and upper flammability limits is approximately 1 ft. 

deep. This region provides a potential for ignition.  

  

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

Figure 5 ς Still images from FDS simulation 4 at times: (a) 5 s (b) 120 s (c) 240 s (d) 300 s 
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2.2.2. Release from 0.2 m height 

For a release rate of 100 g/s from the 50 mm release opening at 0.2 m height (Simulation 5), mixing is 

facilitated by the presence of the obstruction (e.g., furniture) and creates approximately 1 ft. deep 

mixture of refrigerant and air at the floor level that is above the LFL, as shown in Figure 6. 

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

Figure 6 ς Still images from FDS simulation 5 at times: (a) 5 s (b) 15 s (c) 30 s (d) 90 s 
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Increasing the opening size but with the same release rate (Simulation 7), results in refrigerant mixture 

at the floor level that is above the upper flammability limit as shown in Figure 7. This is expected to 

dissipate through diffusion over time to develop mixture in the flammability zone. 

 

(a) (b) 

 

 

(c) 

 

(d) 

Figure 7 ς Still images from FDS simulation 7 at times: (a) 5 s (b) 15 s (c) 30 s (d) 90 s 
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Reducing the flow rate with 50 mm opening (Simulation 6) also results in a refrigerant rich mixture at 

the floor with a potential for ignition. The scenes for this simulation are presented in Figure 8. 

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

Figure 8 ς Still images from FDS simulation 6 at times: (a) 5 s (b) 120 s (c) 240 s (d) 300 s 
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A similar result was obtained with combination of low release rate and larger release opening 

(Simulation 8) as depicted in Figure 9. 

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

Figure 9 ς Still images from FDS simulation 8 at times: (a) 5 s (b) 120 s (c) 240 s (d) 300 s 

The CFD analysis provided useful insights into the effect of release opening size, location and rates on 

the refrigerant mixtures in the test room of geometry used in the calibration tests. The results facilitated 

in identifying locations of refrigerant concentration measurements and ignition sources. Since the test 

conditions used in the calibration tests differed from the inputs used in the CFD simulations, a 

qualitative comparison and discussion of the CFD results with calibration tests is presented in Appendix 

A Comparison of CFD Simulations with Calibration Test Experiments. 
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2.3. Summary of Findings from CFD Analysis 

1. The simulations assisted in better understanding the potential increase in refrigerant 

concentration under different leak conditions.  

a. Release at a high velocity from 2.2m height will result in a jet that mixes with the 

ambient air resulting in concentrations in the test room below the lower flammability 

limit. However, if released from a lower level, obstructions will break up the jet and 

develop regions with concentrations above the LFL at the floor level. 

b. Release at low velocity allows the refrigerant at 2.2 m height to fall more gently in the 

room but mixes with the air to develop relatively small volume of flammable mixture. 

However, if released from lower level, it generally results in pooling of flammable 

refrigerant-air mixtures.  

2. The refrigerant concentrations results from the simulations show that the area in between the 

obstruction and release opening would provide the most likely location for potential ignition of 

refrigerant-air mixtures. 

 

3. The simulations were in qualitative agreement with findings from previous AHRI investigations 

(AHRI 8004, 8009, and 8016). 
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3. Task 1 ï Refrigerant Leak and Ignition Testing Under a 

Controlled Environment 
 

Based upon input from the AHRTI PMS, the refrigerant release scenario in Task 1 simulates a break in 

the condenser line before the expansion valve as shown in Figure 10. 

 

Figure 10 ς Refrigeration Leak Scenario 

The refrigerant leak quantity (i.e., mass) for each refrigerant was equivalent to the amount of refrigerant 

necessary to yield an average room ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŜǉǳƛǾŀƭŜƴǘ ǘƻ рл҈ ƻŦ ŀ ƎƛǾŜƴ ǊŜŦǊƛƎŜǊŀƴǘΩǎ ƭƻǿŜǊ 

flammability limit (LFL) based on the total room volume. The release quantities at a reference 

temperature of 23 ̄C and a room volume of 768 ft3 (21.75 m3) are shown in Table 5 using the refrigerant 

properties in Table 1. With the added obstruction of a rectangular box to simulate furniture, the room 

volume was reduced to 714 ft³ (20.22 m³).  Discharge quantities for the nonflammable refrigerants were 

based on achievement of 5% concentration by volume. 

Table 5 ς Refrigerant Release Properties and Quantities (Task 1) 

Parameter R-22 R-32 R-410A R-452B 

Target for 
Discharge 

5% v/v in room 
volume 

50% LFL 
5% v/v in room 

volume 
50% LFL 

Discharge 
Quantity (kg) 

3.75 3.25 3.15 3.36 

3.1. Hazard Controls 

The conduct of this test program involved hazards to test personnel, test facilities and the environment.  

Potential hazards to personnel and the test facility included non-flammable and flammable gases, fire, 

suffocation, toxic gases, acid gases (particularly hydrogen fluoride gas and hydrogen fluoride acid), 

electric shock, frostbite, and mechanical hazards.  Potential hazards to the environment included 

releases of refrigerant gases and combustion products.  Hazards were addressed by: 

¶ Elimination. 

¶ Engineering controls. 
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¶ Administrative controls. 

¶ Personal protective equipment. 

3.1.1. Hazard Elimination  

Potential hazards in the workspace were assessed as they were introduced into the laboratory 

workspace. When possible, hazards were eliminated from the workspace entirely. For example, unused 

or no longer to be used compressed gas cylinders were removed from the laboratory and stored in a 

nearby warehouse. Hazards that could not be eliminated immediately were periodically reassessed to 

determine if changes in the test program enabled the hazards to be eliminated. Hazards that could not 

be eliminated were addressed through engineering controls, administrative controls or personal 

protective equipment. 

3.1.2. Engineering Controls 

The UL Large Fire Laboratory is equipped with a regenerative thermal oxidizer (RTO) exhaust system 

which processes all exhaust gases from the lab through a high temperature ceramic bed to insure their 

complete oxidation.  When the RTO system is operating, the fire lab is kept at a negative pressure to 

direct all exhaust from the fire lab into the RTO intake duct. 

To optimally isolate gaseous hazards within the fire lab resulting from the refrigerant experiments, a 30 

ft. x 30 ft. x 8 ft. high test facility was constructed within the fire lab.  The tests were conducted within 

temporary mock-up rooms built within this test facility. The test facility included exhaust duct work 

directly connected to the RTO intake ductwork to exhaust post-experiment gases directly to the RTO. 

This limited the amount of gases released into the laboratory, and maximized the air exchange rate 

within the test facility. However, the test room itself could not be made leak tight due to the possibility 

of room overpressure during a deflagration involving test gases. To prevent over-pressurization, the test 

facility and test rooms included deflagration vents, sized by calculations from NFPA 68: Standard on 

Explosion Protection by Deflagration Venting. 

Some tests included simulating refrigerant leakage from equipment that included combustible 

materials. A sidewall sprinkler was installed into the test room that enabled remote extinguishment of 

aforementioned equipment to prepare against a scenario where it ignited as a result of thermal 

exposure. 

Mechanical hazards were addressed by providing machine guarding for any exposed and moving parts 

associated with test equipment. 

All necessary actions required to initiate and provide input to tests were designed such that each action 

could be conducted from outside the laboratory. In this way, test personnel were not required to be in 

the test room, test facility or laboratory, providing several degrees of separation between project staff 

and any potential hazard generated during testing. 

3.1.3. Administrative Controls  

Standard operating procedures (SOPs) were developed in order to provide laboratory staff with 

guidance for safe experiment setup and conduct.  SOPs consisted of assigning pre-test, test and post-
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test roles to every member of the project team. Pre-test safety actions were monitored via a checklist 

reviewed by the lead technical engineer.  

Prior to initiating an experiment, all staff evacuated the laboratory. Actions needed to initiate and 

administer a test were conducted remotely from a separate data room. 

During and after an experiment, the atmosphere inside the test facility was monitored for respiratory 

hazards. Before any staff was permitted entry into the laboratory, the test facility was ventilated with 

the RTO for a length of time corresponding to at least 15 complete air changes through the test facility 

or until an infrared based refrigerant leak detector indicated that unburned refrigerants were 

completely exhausted. In addition, an open-path Fourier Transform Infrared Spectrometer (FTIR) was 

used to measure the atmosphere inside the laboratory. The IR absorption spectra of expected toxic gas 

hazards were monitored prior to determine whether or not a gaseous hazard existed. Unexpected IR 

spectra were analyzed, and if not presenting a known hazard, the determination was made that the 

laboratory was safe to enter with a full-face respirator and cartridge for protection against organic 

vapors and particulates. A separate gas detector for hydrogen fluoride gas (the chief gas of concern) was 

kept on standby in the event that the FTIR malfunctioned. 

Electrical equipment requiring hands-on work was de-energized within the circuit breaker for the given 

equipment; the equipment was switched off, and unplugged. All electrical cabling was verified de-

energized with a digital multi-meter. 

Hazards typically associated with handling refrigerants by tradesmen were handled only by staff with 

appropriate training and authorization. 

3.1.4. Personal Protective Equipment 

¦[Ωǎ ǎǘŀƴŘƛƴƎ ǎŀŦŜǘȅ ǊŜǉǳƛǊŜƳŜƴǘ ŦƻǊ ǇŜǊǎƻƴƴŜƭ ŜƴǘŜǊƛƴƎ ǘƘŜ ŦƛǊŜ ƭŀō ƛƴŎƭǳŘŜǎ ƘŀǊŘ ƘŀǘΣ ǎafety shoes, and 

safety glasses.   

Additional protective equipment included: 

¶ Long sleeve shirts and long pants. 

¶ Full face masks provided with P100/organic vapor cartridges (3M part 4JG16). 

¶ 9-mil neoprene gloves. 

¶ Refrigerant operations were conducted by personnel trained and authorized to do so. 

3.1.5. Equipment Considerations 

Aside from the damaging effects of fire, the production of hydrogen fluoride (HF) and other corrosive 

compounds tends to damage equipment and cables that are not directly exposed to fire.  In this project, 

video cameras needed frequent replacement due to etching of lenses or corrosion of power and video 

cable connectors.  Additionally, installed humidity probes failed after the first exposure to HF.   Hand-

held humidity probes were used to monitor initial humidity conditions prior to each test.   

The calibration and parametric series of tests showed that the use of aluminum tape should be reduced 

to a bare minimum because it tends to react with the refrigerant combustion products.  In later testing, 

drywall compound was used to seal the test room rather than aluminum tape. 
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3.2. Test Facility, Instrumentation and Equipment 

3.2.1. Test Facility and Test Structure 

3.2.1.1. Conditioned Test Facility 

All experiments for Task 1 were performed in a 30 ft. by 30 ft. by 8 ft. (9.14 x 9.14 x 2.44 m) test facility, 

climate controlled to provide the temperature and humidity conditions required by the experiments, as 

shown in Figure 11. The ceiling was constructed using two layers of 3-in. rigid insulation between layers 

of ½ in. drywall attached to the moveable ceiling of the lab. The ceiling was lowered past the top plate of 

the room walls to fit into the room and the perimeter was sealed with high expansion fire retardant 

foam and aluminum tape. The walls were 2 in. by 4 in. wood stud, 16 in. on center construction with 

R-15 insulation in the stud bays. The walls were sheathed with lightweight ½ in. drywall. To control gas 

permeability (as a measure of laboratory safety), the drywall was coated with one layer of Promar 200 

primer 8 and two coats of Sherwin Williams pre-catalyzed water-based epoxy, K45-150 series. The walls 

were assembled over two layers of foam sill sealer 9. The room featured a backdraft damper to provide 

make-up air during room exhausting and a deflagration vent in case of rapid pressure increase due to 

refrigerant ignition. Two 36 in. by 80 in. wood framed solid-core doors were included to allow access to 

the room. These doors were sealed with foam rubber gaskets during testing. Additionally, one wall of 

the room included two ports to exhaust the room; one 8 in. diameter duct operated with a very low 

draw rate and was connected to a refrigerant capture box. One 16 in. duct exhausted the room into the 

regenerative thermal oxidizer (RTO) after each test. The 16 in. diameter duct was controlled by a 

damper to exhaust the room only after a test is completed.  

                                                           
8 Promar is a trade name of Sherwin Williams. 

9 Owens Corning Foam SealR.  



Final report AHRTI Project 9007-01 Benchmarking Risk by Whole Room Scale Leaks and Ignitions Testing of A2L Refrigerants 

UL LLC 21 
 

 

Figure 11 Conditioned Test facility 
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3.2.1.2. Task 1 Test Room 

 

A 12 ft. by 8 ft. by 8 ft. (3.7 x 2.4 x 2.4m) room was constructed within the test facility to conduct tests 

for Task 1. Figure 12 is a drawing of the room and its features. The room was modeled after the ISO 

9705 test room10. The test room shared a corner with the test facility such that the exhaust ports of the 

larger room could be utilized to exhaust the refrigerant and its combustion byproducts after each test. 

The walls were built with 2 in. x 4 in. wood studs located 16 in. on center. The walls were covered with 

lightweight ½ in. drywall; the inside face of the drywall was coated with one layer of Promar 200 primer 

and two coats of Sherwin Williams pre-catalyzed water-based epoxy, K45-150 series. The walls were 

assembled on two layers of sill sealer11. The test room also shared a ceiling with the test facility and the 

top seams of the walls were sealed with high expansion fire retardant foam and aluminum tape to 

prevent leakage.  

The test room featured a backdraft damper and deflagration vent, in addition to the ones from the test 

facility. For the first 9 calibration tests (Cal01 through Cal09), the deflagration vent opening was 2 ft. ς 8 

in. by 2 ft tall (0.8 m x 0.6 m) and closed with a thin plastic sheet.  This design allowed too much 

pressure to build with in the room.  In one test (Cal09), the pressure was high enough to deform the 

walls of the test room and test facility.  It was determined that the thin plastic sheet did not open soon 

enough to prevent the overpressure. 

The deflagration vent was resized for all later tests (Cal10 and beyond)  as 2 ft-8 inches wide and 3 ft. tall 

(0.8 m x 0.9 m), set 5 ft. (1.5 m) above the floor. Instead of a thin plastic sheet, a sliding window was 

installed that was manually opened after completion of the refrigerant discharge. The pressure rise data 

from tests Cal05 through Cal09 cannot be compared to the pressure rise data in tests beginning with 

Cal10 because of this change to the deflagration vent.   A 3 ft. wide by 1/8 in. ( 0.9 m x 0.003 m) high 

vertical gap was included at the bottom of the wall across from the refrigerant release equipment to 

simulate door gap during the experiment. A refrigerant capture box was located on the other side of the 

gap to capture refrigerant leakage and was exhausted into the RTO. A functioning, hollow-core door was 

included in the test room for access and set up, but was fully sealed during the experiments. The test 

room door was painted in the same manner as the inside face of the drywall. An obstruction (e.g., 

furniture) was simulated with a 6 ft. by 3 ft. by 3 ft. high (1.83 m by 0.91 m by 0.91 m) box in the middle 

of the room. 

                                                           
10 ISO 9705-1: Reaction to fire tests - Room corner test for wall and ceiling lining products - Part 1: Test method for a small room configuration - 
First Edition 

11 Owens Corning Foam SealR.  
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Figure 12 ς Task 1 room design  
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3.2.2. Instrumentation 

 

Specifications of instrumentation and equipment used throughout this project are included in Appendix 

D Test Instrumentation and Equipment. The data acquisition system collected all signals at the rate of 10 

samples per second for all tests with the exception of the long-duration room leakage tests (Cal14 and 

Cal15) which were sampled at the rate of 1 sample per second. A brief summary of instrument types and 

locations is given below: 

Temperature ς The test room temperature was monitored using 0.035 in. (0.89 mm) open bead Type K 

thermocouples. The thermocouple response time was approximately 3.0 seconds.  47 thermocouples 

were located throughout the test room as shown in Figure 13. Six thermocouple arrays were placed with 

thermocouples at 4 in., 8 in., 12 in., and 18 in. (0.1, 0.2, 0.3, 0.46 m), above the floor and 4 in., 8 in., and 

12 in. (0.1, 0.2, 0.3 m) below the ceiling. One thermocouple was placed at each of the release locations. 

Two thermocouples were placed near the floor at the simulated door opening.  

   

Figure 13 ς Thermocouple Locations Relative to Refrigerant Release 

Humidity ς The test room humidity was measured with a handheld temperature and humidity 

combination unit. Temperature and humidity were monitored until the room conditions met the criteria 

to conduct a test. 
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Pressure ς The pressure in the test room was monitored using an electronic differential pressure 

transducer with the range of 0 ς 10 mm Hg. The pressure sensing port was located in the center of the 

room near the doorway. 

Refrigerant Gas Concentration ς The leaked refrigerant gas concentration in the test room was 

measured by total hydrocarbon analyzers calibrated for the specific refrigerant of interest. The sampling 

ports were located 1, 12, 24 and 36 in. (0.25, 0.3, 0.6, 0.9 m) above the floor. 

Video ς Eight high definition video cameras were used to document the test events. 

Digital photography ς Digital (still) cameras were used to supplement visual observation. 
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3.2.3. Electric arc Ignition Source 

A step-up gas tube transformer was used to create an electric arc as an ignition source.  The leads of the 

transformer were connected to a pair of tungsten rods mounted such as to leave a ¼ inch air gap.  

Photographs of this equipment are included in Figure 14.  Note that the transformer secondary ratings 

are based on open-circuit voltage and short-circuit amperage. 

 
 

Figure 14 ς Gas tube transformer and arc gap 

Table 6 shows the measured rms voltage and amperage developed by each electric arc/transformer 

pair.   The rms power of the electric arc was 17.6 watts (joules/sec).  The energy of the electric arc in 

one-half 60 Hz cycle (8,333 ms) was 0.147 joules (147 mJ).  This energy per half cycle cannot be directly 

compared to Minimum Ignition Energy (MIE) tests which use a single capacitive discharge with a much 

shorter duration (0.01 to 0.1 ms). 

Table 6 ς Electric arc Input Power and resulting output 

Input 

PRMS 

Output per Electrode 

VRMS IRMS PRMS 

watt  Volts 
milliAmpere 

(mA) 

watt  

75.0 1590 11.06 17.6 

Figure 15 shows a typical voltage and current trace of two 60 Hz cycles of an electric arc such as used in 

these experiments. 

 

Figure 15 ς Trace of current (smooth sine wave) and voltage in an electric arc 

When used in testing, the electric arc transformer was continuously energized for several minutes. 
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3.2.4. Methodology for Refrigerant Release in Test Room 

 

Figure 16 illustrates the refrigerant release system used in the Task 1 experiments (lubricating oil not 

included). The system consisted of a pressurizer tank and a release tank. The pressurizer tank assisted 

with maintaining the pressure in the release tank to enable liquid release to the test room at a constant 

rate. Prior to release, the line between the pressurizer and release tank, and release tank and mass flow 

meter were evacuated to a vacuum of less than 1 mmHg from service ports SV1, and SV2. To initiate the 

release, manual valve V1 and V2 are first opened to allow fluid communication between pressurizer and 

release tanks.  Manual valve V3 is then opened to fill the line between the release tank and mass flow 

meter with liquid refrigerant. The control valve was pre-programmed to open to the position 

corresponding to the specified release rate to enable release into the room. The mass flow meter 

provides real-time feedback to the control valve to provide continuous control throughout the duration 

of the refrigerant release. 

 

 

Figure 16 ς Refrigerant release methodology without lubricating oil 
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For tests that included lubricating oil, the oil was mixed with the refrigerant between the mass flow 

meter and the control valve using a gear pump, as shown in Figure 17. 

 

Figure 17 - Refrigerant release methodology with lubricating oil 
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CFD analysis.  The CFD analysis assumed vapor only discharge while the experimental observations 

noted that both liquid and vapor exited the 1 in. diameter tube.   

The 25 mm diameter release was achieved using a 25 mm ID copper tube. The 356 mm diameter release 

was achieved using 14 in. diameter PVC duct sections assembled with three diffuser plates to mix the 

refrigerant before releasing it into the test room. Each diffuser plate was 0.125 in (3.2 mm) thick and 

had different holes and total open area. The duct assembly is depicted in Figure 18. 

 

Figure 18 ς 14 in. Release Duct Assembly 

 

A photograph of the 14 in. duct assembly connected to the test room is shown in Figure 19. 

 

Figure 19 ς Photograph of the 14 in. Duct Assembly 
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3.2.4.1. Mass Flow Controller Response and Validation 

The mass flow meter and controller were tested to develop response time characteristics and validation 

data for selected flows. The test set-up for response time and validation of the mass flow meter and 

controller is shown in Figure 20. 

 

 

Figure 20 ς Test Set up for Response Time and Validation of Mass Flow Meter and Controller 

 

Tests were conducted with water for release rates between 5 and 111 g/s. Five tests were conducted for 

each flow rate used. The following procedure was used: 

1. Fill the water tank with water and set the nitrogen pressure to 450 psi. 

2. Weigh the empty collection bucket with a load cell. 

3. Set the release rate by adjusting the mass flow controller. 

4. Open valve V1, and collect water for a duration representative of the rate and time for 

refrigerant release. 

5. Close valve V1. 

6. Reweigh the collection bucket with load cell and calculate the total mass of water released. 

A comparison between the mass of water measured with the collection bucket and calculation by the 

mass flow meter is shown in Table 7. 
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Table 7 ς Validation Data for Mass Flow Meter and Controller 

Mass Flow 
Rate (g/s) Total  Load cell (kg) 

Total Mass Flow 
Controller (kg) Error (kg) % Error 

Std. 
Deviation 

of % 
Error 

5 3.20 3.25 0.05 1.56 

1.89 

5 3.05 3.25 0.20 6.56 

5 3.15 3.26 0.11 3.49 

5 3.20 3.26 0.06 1.87 

5 3.15 3.25 0.10 3.17 

13.5 3.15 3.25 0.10 3.17 

0.82 

13.5 3.15 3.27 0.12 3.81 

13.5 3.15 3.26 0.11 3.49 

13.5 3.20 3.27 0.07 2.19 

13.5 3.20 3.26 0.06 1.87 

50 3.05 3.13 0.08 2.62 

0.61 

50 3.20 3.29 0.09 2.81 

50 3.20 3.30 0.10 3.12 

50 3.15 3.26 0.11 3.49 

50 3.20 3.26 0.06 1.87 

75 3.25 3.38 0.13 4.00 

2.04 

75 3.30 3.44 0.14 4.24 

75 3.30 3.28 -0.02 -0.61 

75 3.25 3.38 0.13 4.00 

75 3.25 3.34 0.09 2.77 

100 3.75 3.84 0.09 2.40 

0.68 

100 3.15 3.28 0.13 4.13 

100 3.55 3.64 0.09 2.54 

100 3.20 3.34 0.14 4.37 

100 3.20 3.31 0.11 3.44 

111 [1] 3.25 3.37 0.12 3.69 

0.55 

111 3.20 3.32 0.12 3.75 

111 3.15 3.27 0.12 3.81 

111 3.55 3.70 0.15 4.23 

111 3.20 3.30 0.10 3.12 

Note: [1] Max value available with the mass flow meter 
    

The total weight of water at the end of each test measured by a calibrated load cell was compared with 

the results with the mass flow controller as presented in Figure 21. 
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Figure 21 - Mass flow Controller Versus Load Cell 

Figure 22 and Figure 23 show the % Error plotted against Total Mass Discharged and the Nominal flow 

rate, respectively.  Included in each figure is a 95% prediction interval. 

 

Figure 22 ς Totalizer Error versus Total Mass Discharged 
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Figure 23 ςTotalizer Error versus Nominal Discharge Rate 

An approximate average bias of +3% was observed with the mass flow controller across the range of 

discharge rates. Since the bias is within the manufacturing specifications, the data collected during 

testing were not adjusted for the bias. 

 

Figure 24 shows the response time of the mass flow controller to achieve the set release rate, for two 

trials at three release rates. 

 

Release rate: 100 g/s 

 

Release rate: 50 g/s 

 

Release rate: 13.3 g/s 

Figure 24 ς Mass Flow Controller Response Time 

It was found that the mass flow controller develops flow to the set release rate within 2 s for 100 g/s 

rate.  This time is shorter for lower release rates. 
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3.2.4.2. Refrigerant Concentration Sensor Response Time and 

Calibration 

3.2.4.2.1. Test Procedure 

 

Each of four refrigerant concentration sensors used in the Task 1 experiments was attached to its 

respective central processing unit using the supplied cable. 

A method to sample 100% by volume concentrations of each refrigerant or blend was constructed as 

follows: One side of the sampling port of each sensor was connected via an adjustable flow meter to a 

manifold of a vacuum pump. The flow meters were adjusted such that there was a constant volumetric 

flow of 1 Liter/minute at the inlet of all meters. 

For refrigerants that are a blend: a sample of liquid refrigerant was placed inside another vessel and 

allowed to come to room temperature. The mass transferred into the sample cylinder was such that at 

room temperature all of the refrigerant would be vapor. For pure fluids the sample was taken from the 

vapor side of the tank. 

Figure 25 shows the arrangement of the refrigerant tank, vented manifold, sample tubes, sensors, 

flowmeters, needle valves, and the sample pump.  All sample tubes were the same length.  When 

calibrating the sensors, the flow from the refrigerant tank was adjusted such that outflow was observed 

from the manifold vent.  This flow insured that only calibration gas was flowing to the refrigerant 

sensors. 

 

Figure 25 ς Setup for calibration of refrigerant sensors 
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The vapor port of the sample cylinder was connected to a long tube that terminated at a manifold. One 

end of the manifold was vented to atmosphere.  The other four manifold ports were connected to the 

inlets of the sensors at the start of the calibration test. This ensured that the sensors were not 

pressurized by the gas, but instead continued to draw the sample through the sensor at the rate that 

was controlled by the flow meter and sample pump. The length of the tube was sufficiently long 

allowing the refrigerant to warm to ambient temperature before reaching the sensor. 

For each sensor, a recording of the output of the sensor [mV] was started in order to establish a baseline 

at ambient conditions. The valve on the refrigerant tank was then opened and the refrigerant was 

allowed to be pulled into the sensors. The output signal from the sensor was recorded until consistent 

readings were obtained. The sensor output voltage had a linear response to the concentration of the 

refrigerant. A linear least squares regression was conducted to determine an equation for percent 

refrigerant by volume as a function (y = mx + b) of sensor voltage. 

The calibration results were also used to analyze the response time of the sensors to the different 

refrigerants. It was found that the response to step change in refrigerant concentration could be fitted 

with an exponential function. This enabled determination of response time constants. 

3.2.4.2.2. Results 

Selected calibration data for the sensors and refrigerants are presented in Table 8. Recalibrations were 

required for changes in sample tube length. The full set of calibrations are shown in Appendix F 

Refrigerant Sensor Calibrations.  In the table, the refrigerant sensors are referred to as THCn23, THCn24, 

THCn25, and THCn26. The transport delay is the time taken from the sampling point to the sensors. The 

constants m and b were derived using linear least squares regression method. 
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Table 8 ς Calibration Results for Refrigerant Sensors 

Sensor Refrigerant m b 
Time 

Constant 
(s) 

Transport 
delay (s)  

[1] 

      

THCn23 R-22 -699.8 9.998 55 11 

THCn24 R-22 -698.1 15.405 53 11 

THCn25 R-22 -666.6 4.059 52 11 

THCn26 R-22 -644.5 11.957 51 11 

THCn23 R-32 -921.3 13.081 55 20 

THCn24 R-32 -919.3 19.995 53 20 

THCn25 R-32 -881.0 5.441 52 20 

THCn26 R-32 -852.5 15.772 52 20 

THCn23 R-410A -1015.3 14.361 52 11 

THCn24 R-410A -1013.0 21.990 50 11 

THCn25 R-410A -970.3 5.939 49 11 

THCn26 R-410A -939.4 17.310 48 11 

THCn23 R-452B -979.4 13.931 56 11 

THCn24 R-452B -977.2 21.281 55 11 

THCn25 R-452B -936.4 5.799 53 11 

THCn26 R-452B -906.6 16.781 53 11 

THCn23 R-455A -1098.9 16.333 52 20 

THCn24 R-455A -1095.7 24.312 51 20 

THCn25 R-455A -1053.4 6.782 48 20 

THCn26 R-455A -1020.0 19.476 51 20 

THCn23 R-457A -1071.0 15.821 53 20 

THCn24 R-457A -1068.0 23.663 51 20 

THCn25 R-457A -1028.1 6.545 48 20 

THCn26 R-457A -994.6 18.907 51 20 

Note: [1] The transport delay times were measured at various times during the test program. Details are 

presented in Appendix F Refrigerant Sensor Calibrations.  The transport delay time increased during the 

test program because of the need to protect electrical connections from HF acid attack.  This required 

removing the sensors from the test room resulting in longer runs of sample tubing to the sensors.   

The time constant, and transport delay were used to calculate the instantaneous refrigerant 

concentration. An example of the deconvolution calculation to develop instantaneous concentration is 

presented in Figure 26. 
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Figure 26 ς Accounting for Refrigerant Sensor Response Time and Transport Delay 
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An additional example of deconvolution is shown in Figure 27.  The data on the blue line shows the 

concentrations obtained from applying the slope and intercept values (m and b) from Table 8 using 

manually mixed concentrations of air and refrigerant of 0%, 15%, and 40%.  Because the concentrations 

were manually mixed, there was a gradual change from one concentration to the next that took about 1 

minute to establish.  The red line shows the deconvolution of the blue line data.   

 

Figure 27 ς Deconvolution test at 0%, 15%, and 40% concentrations 

The terms in the deconvolution equation are as follows: 

Ὀὸ The deconvolution data at time t in (% volume fraction) 

ὅὸ ὸ  The concentration at time t plus the transport delay (% volume fraction) 

† The exponential time constant (seconds) 

Ὠὅὸ ὸ 

Ὠὸ
 

The rate of change of concentration at time t plus the transport delay 
(%/second) 

 

3.2.4.2.3. Assumptions and Limitations of Deconvolution 

Two simplifying assumptions were made in this application of deconvolution as follows: 

¶ The flow of refrigerant through the sample line did not involve any mixing during transport (in 

other words ς slug flow), and  

¶ The response of the refrigerant sensor was an exponential response to a change in 

concentration. This exponential response was validated from the calibration data. 

The assumption of exponential response is well supported by the data shown in Figure 26 and Figure 27.  

On the other hand, the assumption of slug flow is a simplification.  In actuality, there is some mixing in 

the sample line.  This mixing leads to blurring of the peaks and valleys of concentration.  
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3.2.5. Characterization of Test Room Leakage 

 

A test was conducted using R-410A refrigerant to characterize the leak rate in the test room at the 

recommendation of AHRTI PMS. 

3.2.5.1. Test Set-up 

The test was conducted in the test room with a release rate of 100 g/s through a 25 mm opening located 

at a height of 2.2 m. The refrigerant used was R-410A. An electric fan was set up in the room to circulate 

and mix the refrigerant after it was released, and to enable a well-mixed assumption. The refrigerant 

sensors were located at 1, 3, 5, and 7 ft. (0.3, 0.9, 1.5, 2.1 m) from the floor and 3 ft. (0.91 m) from the 

release wall, and 18 in. (0.46 m) from side wall. A schematic of the test set-up is shown in Figure 28. 

  

 

Figure 28 ς Test Room Leakage Characterization  

3.2.5.2. Test Procedure 

In Test Cal15, refrigerant R-410A was released into the room at 100 g/s at a height of 2.2m through the 

1 in. (25 mm) release opening. The total refrigerant release quantity was 5.21 kg which if uniformly 

distributed in the test room would yield a concentration of 8.3% v/v. This provided a refrigerant 

concentration (when well-mixed) sufficient to analyze leakage from the test room. The following test 

procedure was used: 

1. Initiate the data acquisition, and video capture. 

2. Open the pressurizer tank valve, and then the release tank valve, followed by opening the 

release valve to start refrigerant release into the test room. 

3. Close the release valve, and switch on the electric fan to facilitate circulation and mixing. 

4. After 1hr20 min (4,769 seconds), open the deflagration vent, and continue to collect refrigerant 

concentration data. 

5. After 1hr 50 min (6,529 seconds), begin ventilation of the test room. 

6. Stop data acquisition after 2 hours and 30 minutes after start of the refrigerant release. 
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3.2.5.3. Results 

The refrigerant concentration is presented in Figure 29 and shows that the refrigerant was well-mixed in 

the room.  The refrigerant sensor at the 7 ft. level had stopped functioning just prior to conducting this 

test. 

 

Figure 29 ς Refrigerant Concentration: Leakage Test 
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The first 240 seconds of deconvoluted concentrations are shown in Figure 30.  The data shows that peak 

concentrations climbed to levels above the expected 8.3% value due to the injection of refrigerant into 

the room.  This was followed by mixing within the room and gradual convergence to a long term decay 

rate with nearly identical concentrations at every level. 

 

Figure 30 ς Deconvoluted concentrations for the room leakage test 

 The leakage rate of the test room was determined by calculating the time constant of the slowly 

decaying refrigerant concentration.  The deflagration vent in this test was the larger design used for 

/ŀƭмл ŀƴŘ ǘƘǊƻǳƎƘƻǳǘ ǿƛǘƘ ǘƘŜ ǎƭƛŘƛƴƎ ǿƛƴŘƻǿ ƴƻǘŜŘ ƛƴ ǎŜŎǘƛƻƴ ά3.2.1 Test Facility and Test StructureΦέ 

 

Figure 31 ς Refrigerant Concentration Decay with Deflagration Vent Closed 
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Figure 31 shows that the refrigerant concentration decay, starting from peak value, in the test room is 

exponential with a time constant of 2500 s (calculated from t = 1/0.0004 s). When the deflagration vent 

is opened, the concentration decay rate increases with a time constant of 1250 s (calculated from t = 

1/0.0008 s) as shown in Figure 32. 

 

Figure 32 - Refrigerant Concentration Decay with Deflagration Vent Open 
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3.3. Calibration Testing 

3.3.1. Room Tests 

 

Eighteen calibration tests were conducted in the test room to investigate the influence of (i) refrigerant 

release rates; (ii) the vertical location of the release; and (iii) release opening size on the potential for 

ignition for two class A2L refrigerants. The results of these tests were used to identify the release rate, 

location and opening size that provide the highest (among these tests) ignition potential and fire hazard. 

These tests were conducted with the test room conditioned to 91±3 °F and 70±5 % RH. R-32 refrigerant 

(LFL = 14.4 vol%) was selected due to its higher burning velocity. Electric arcs were used as ignition 

sources. A calibration matrix was developed with the following variables: 

¶ Refrigerant release rate: 100 g/s, 50 g/s, and 13.5 g/s. 

¶ Refrigerant release location: 0.2 m, 1.8 m, and 2.2 m height 

¶ Refrigerant release opening: 25 mm, 356 mm diameter (1 in and 14 in.) 

The matrix of tests conducted in the Calibration Test Series is presented in Table 9. 

Table 9: Calibration Test Series Matrix 

Test # Refrigerant Release rate 
(g/s) 

Release 
location 

(m) 

Opening diameter 
(mm) 

Target percent of 
LFL concentration 

(%) 

Cal01 R-32 100 2.2 25 50 

Cal02 R-32 100 2.2 25 50 

Cal03 R-32 100 2.2 25 50 

Cal04 R-32 100 2.2 25 50 

Cal05 R-32 13.5 2.2 25 50 

Cal06 R-32 100 2.2 25 50 

Cal07 R-32 13.5 0.2 25 50 

Cal08 R-32 100 0.2 25 50 

Cal09 R-32 100 0.2 25 50 

Cal10 R-32 13.5 0.2 356 50 

Cal11 R-32 100 0.2 356 50 

Cal12 R-32 13.5 2.2 356 50 

Cal13 R-32 100 2.2 356 50 

Cal14 R-410A 100 2.2 25 50 

Cal15 R-410A 100 2.2 25 50 

Cal16 R-32 50 1.8 25 50 

Cal17 R-32 50 1.8 356 50 

Cal18 R-452B 100 0.2 25 50 

Cal19 R-32 100 2.2 356 25 

Cal20 R-32 100 2.2 356 25 

 

Tests Cal01 through Cal04 verified the refrigerant delivery, refrigerant sensors, and electric arc ignition 

systems. These tests are not reported in the Technical Report.  
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The calibration test series starts from Cal05 after shakedown tests for equipment and procedures were 

completed. Cal14 and Cal15 measured the leakage in the test room. Cal14 was repeated due to 

malfunction of instrumentation and is not reported in the Technical Report. Results from Cal15 were 

ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘŜ ǎŜŎǘƛƻƴ άCharacterization of Test Room LeakageέΦ   

Tests Cal05 through Cal17 developed data on the influence of refrigerant release rate, release height 

and opening diameter.  A schematic of the test matrix with the three test parameters is shown in Figure 

33.  The vertices of the matrix are: 1) 0.2 or 2.2 m Release Height; 2) 25 or 356 mm Release opening 

diameter; and 3) 13.5 or 100 g/s Release Rate.  The red squares represent the midpoint tests at the 1.8 

m height, 50 g/s, and either 25 or 356 mm opening diameter. 

Cal19 and Cal20 were added during the Parametric Testing for evaluation of a discharge equivalent to 

25% of the R-32 LFL.  Cal19 is not reported due to a failure of the data acquisition system 30 seconds 

after the start of the test. 

 

  

Figure 33 ς Test Matrix.  The red squares are on the 25 and 356 mm Release Opening Diameter face of 
the cube. 
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3.3.2. Instrumentation 

The location of thermocouples, electric arc igniters and refrigerant concentration sensors are shown in 

Figure 34 and listed with dimensional detail in Table 10. 

 

 Figure 34 ς Task 1 Instrumentation Plan 

Table 10 ς Calibration Tests - Location of Instrumentation and Electric arcs 

Instrumentation 
Location 

Distance from 
Refrigerant 

Release Wall  
(in.) 

Distance from 
Room Exhaust Wall 

(in.) 

A1 18 18 

A3 18 72 

B2 36 48 

D2 108 48 

E1 126 18 

E3 126 72 

 

The refrigerant sensors were positioned at Location B1 and vertically positioned 1 in., 12 in., 24 in., and 

36 in. (0.03 m, 0.30 m, 0.60 m, 0.91 m) above the floor; the electric arcs were positioned at Location B2 

in a tree assembly  at 1 in., 12 in., 24 in., and 36 in. (0.04 m, 0.30 m, 0.60 m, 0.91 m)above the floor; and 

the thermocouples were at Locations A1, A3, B2, D2, E1, and E3 and at 4 in., 8 in., 12 in., 18 in., 60 in., 84 

in., 88 in. and 92 in. (0.10 m, 0.20 m, 0.30 m, 0.46 m, 1.52 m, 2.13 m, 2.24 m, 2.34 m) above the floor. 
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3.3.3. Test Procedure 

The following procedure was used to conduct each test starting from Cal05.  These procedures were 

developed during the shakedown tests in Cal01 through Cal04: 

1. Confirm pressure and release tank pressure and temperatures. 

2. Confirm the test room temperature and humidity were 91 °F ± 3 °F and 70 % RH ± 5 % RH. 

3. Initiate data acquisition and video capture 1 minute prior to discharging refrigerant. 

4. Develop vacuum (less than 1 mm Hg) in piping connecting the pressure and release tanks as well 

as between the release tank and flow meter. 

5. Initiate data acquisition 60 s prior to release of refrigerant. 

6. Open the valve between the pressure and release tanks, and hold for 5 s. 

7. Open the valve between release tank and the flow meter and hold for 5 s. 

8. Open the control valve to initiate refrigerant release through the mass flow meter. 

9. For tests Cal01 through Cal09: Close the release tank valve when target quantity of refrigerant 

has been released; discontinue sampling of refrigerant through the refrigerant sensors, and 

initiate electric arcs. 

From Cal10 through Cal18: Close the release tank valve when target quantity of refrigerant has 

been released; discontinue sampling of refrigerant through the refrigerant sensors; open sliding 

deflagration door; and initiate electric arcs.  (Note:  The sliding deflagration door was added 

after Cal09) 

10. Continue to collect data until all flaming has ceased for at least 2 minutes. 

11. Vent the test room. 

!ŦǘŜǊ ŜŀŎƘ ǘŜǎǘΣ ǘƘŜ ǘŜǎǘ ŦŀŎƛƭƛǘȅ ǿŀǎ ŜȄƘŀǳǎǘŜŘ ǘƘǊƻǳƎƘ ¦[Ωǎ ǎƳƻƪŜ ŀōŀǘŜƳŜƴǘ ǎȅǎǘŜƳ όw¢hύΣ ŀƴŘ 

the conditions in the facility were monitored with open path gas FT-IR. Staff re-entered the test 

facility to set up the next test only after the gas FT-IR indicated normal ambient conditions. 
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3.3.4. Summary Results for Calibration Tests 

A summary of the release rates in tests are presented in Table 11. The target quantity of refrigerant 

released for each test to achieve a concentration level equal to 50% LFL was 3.25 kg for R-32 and 3.36 kg 

for R-452B. 

Table 11 ς Summary of Refrigeration Release Rates  

Test 
Number 

Refrigerant 
Target 
Release 

Rate (g/s) 

Release 
Height 

(m) 

Release 
Opening 

(mm) 

Total Mass 
Released  

(kg) 

Fully Mixed 
Percentage of 
LFL based on 
Mass Release 

(%) 

Average 
Release Rate 

(g/s) 

Cal05 R-32 13.5 2.2 25 3.26 50.2 13.6 

Cal06 R-32 100 2.2 25 3.35 51.5 83.8 

Cal07 R-32 13.5 0.2 25 3.25 50.0 13.8 

Cal08 R-32 100 0.2 25 3.32 51.1 79.0 

Cal09 R-32 100 0.2 25 3.34 51.4 81.6 

Cal10 R-32 13.5 0.2 356 3.27 50.3 13.8 

Cal11 R-32 100 0.2 356 3.29 50.6 80.3 

Cal12 R-32 13.5 2.2 356 3.21 49.4 13.5 

Cal13 [1] R-32 100 2.2 356 3.26 50.2 55.2 

Cal16 R-32 50 1.8 25 3.28 50.5 48.9 

Cal17 R-32 50 1.8 356 3.30 50.8 49.2 

Cal18 R-452B 100 0.2 25 3.46 53.2 93.4 

Cal19  No Data 

Cal20 R-32 100 2.2 356 1.93 29.7 93.9 

Note: [1] Pressure in the release tank dropped rapidly resulting in poor control of refrigerant release. 

In this series of tests, it was difficult to achieve the target release rate of 100 g/s. Analysis of the test 

parameters (e.g., initial pressure in pressurizer and release tanks) showed that the release rate was 

sensitive to the initial refrigerant charge in the pressurizer and release tanks.  An improved procedure 

increased the amount of refrigerant charge in the pressurizer tank. The improved procedure was 

employed in Parametric Test series.  Cal19 was invalid due to equipment failure.  The influence of 

refrigerant release quantity (Cal 20) was added to the scope after review of the calibration test results 

by the AHRTI Project Management Subcommittee (AHRTI PMS).  Cal20 results are discussed in the 

section on parametric test results. 
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3.3.5. Discussion of Calibration Test Results 

In the calibration tests, release rates (100 g/s , 50 g/s, and 13.3 g/s), release location (2.2 m, 1.8 m, and 

0.2 m), and release openings (25 mm, 356 mm) were explored to determine which of these parameters 

develop conditions conducive to ignition and propagation. All the tests were conducted at a room 

temperature 91±3 °F, and 70±5 % RH with an obstruction. 

3.3.5.1. Influence of Refrigerant Release Rate, Release Height, and Size 

of Opening 

A summary of results with the 25 mm release opening are provided in Table 12.  The deflagration vent 

was the original (smaller) vent in tests Cal05-Cal09.  The larger deflagration vent was in place for all tests 

after Cal09. 

Table 12 ς Influence of Release Rate and Location (25 mm opening) 

Test Number 

Ave Release 
Rate 

(Target Release 
rate) 
(g/s) 

Release 
Height (m) 

Ignition or 
Event 

Max Pressure 
(mm Hg) 

Max Ceiling 
Temp (°F) 

Max Ave Ceiling 
Temp (°F) 

Cal05 13.6 (13.5) 2.2 Ignition 0.664 336 243 

Cal06 83.8 (100) 2.2 No Ignition 0.008 97 95 

Cal07 13.8 (13.5) 0.2 Ignition 3.947 914 672 

Cal08 79.0 (100) 0.2 Ignition 2.656 1458 1197 

Cal09 81.6 (100) 0.2 Ignition 4.476 1241 882 

Cal16 48.9 (50) 1.8 No Ignition 0.009 202 187 

 

The maximum measured pressure occurred immediately after ignition. 
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Refrigerants with a release rate of 100 g/s at a height of 0.2 m resulted in ignition of the refrigerant 

mixture, whereas there was no ignition when released from a height of 2.2 m at this release rate.  At the 

lower release location (0.2 m) and higher relŜŀǎŜ ǊŀǘŜǎ όҗ тфΦл ƎκǎύΣ ǘƘŜ ƻōǎǘǊǳŎǘƛƻƴ ŀǇǇŜŀǊŜŘ ǘƻ 

facilitate mixing of the refrigerant with air to create a flammable mixture. For a slower release rate (13.8 

g/s), the refrigerant pooled at the floor and created refrigerant-rich mixture that resulted in ignition. The 

results are graphically presented in Figure 35. 

 

 

 

Figure 35 ς Maximum Temperature Refrigerant Released from 25 mm diameter opening 
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Figure 36 shows the influence of refrigerant release rate on room temperatures at the B2 thermocouple 

array (the location proximate to the ignition sources) and refrigerant concentration from 0.2 m height 

and through a 25 mm diameter opening. 

Measurement 100 g/s 13.5 g/s 

Temperature 
(B2) 

 

 

 

 

R-32 
Concentration 

 

 

 

 
Figure 36 ς Influence of Refrigerant Release Rate  

(100 g/s from 0.2m height through a 25 mm diameter opening) 

A comparison of the R-32 concentration plots (Figure 36) shows that there is more refrigerant gas 

pooling at the floor level for the lower release rate. This resulted in a smaller volume of flammable gas 

mixture and thus lower temperatures.  
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Release from a 2.2 m height at 100 g/s resulted in mixing of the refrigerant with ambient air in the room. 

This is observed from the concentrations measured by the sensors at 1 in., 12 in., and 24 in. heights. The 

mixing resulted in a refrigerant mixture below the LFL and no ignition event occurred. Release from the 

same height at a 13.5 g/s resulted in refrigerant pooling and ignition. The data are presented in Figure 

37. 

Measurement 100 g/s 13.5 g/s 

Temperature 
(B2) 

 

 

 

 

R-32 Conc. 

 

 

 

 
Figure 37 - Influence of Refrigerant Release Rate  

(100 g/s and 13.5 g/s from 2.2 m height through a 25 mm diameter opening) 

A comparison of refrigerant concentrations at a release rate of 13.5 g/s in Figure 36 and Figure 37 show 

that refrigerant pooling at the floor occurs for release from both the 0.2 and 2.2 m heights. 
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A summary of results with refrigerant release from a 356 mm opening with baffling are presented in 

Table 13. 

Table 13 - Influence of Release Rate and Location (356 mm opening with baffling) 

Test Number 
Release Rate 

(g/s) 
Release Height (m) 

Max Pressure 
(mm Hg) 

Max Ceiling Temp 
(°F) 

Max Ave Ceiling 
Temp (°F) 

Cal10 13.8 0.2 0.024 431 338 

Cal11 80.3 0.2 0.040 498 367 

Cal12 13.5 2.2 0.006 98 95 

Cal13 55.2 2.2 0.338 1365 1094 

Cal17 49.2 1.8 0.180 762 634 

 

With the larger opening size, the refrigerant pooled to the bottom of the test room between the 

opening location and the obstruction irrespective of the release rate. Higher refrigerant release rates 

from the 356 mm opening resulted in higher maximum and average ceiling temperatures. Regardless of 

release rate, some refrigerant accumulated between the diffuser plates inside the 356 mm duct. This 

resulted in a lower total refrigerant release quantity into the test room. This phenomenon is shown in 

Figure 38 from test Cal17. 

 

Figure 38 - Frost on the 356 mm Duct Indicating Presence of Residual Refrigerant in Duct 

  

Frost from evaporating 

liquid refrigerant inside 

the duct 
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Maximum ceiling temperature results with release from the 356 mm diameter opening are presented 

graphically in Figure 39.  

 

Figure 39 - Maximum Temperature Refrigerant Released from 356 mm diameter opening 
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The influence of the size of the refrigerant release opening is presented in Figure 40. 

Measurement 25 mm diameter 356 mm diameter 

Temperature 

 

 

 

 

R-32 Conc. 

 

 

 

 
Figure 40 ς Influence of Refrigerant Release Opening Diameter  

(Release rate: 100 g/s; 0.2m height) 

With the refrigerant release from 25 mm opening at 0.2m, the refrigerant jet impacted the obstruction 

and created localized flammable mixture that ignited. 

The refrigerant concentration from a 356 mm opening at the 0.2 elevation was above the flammability 

limits at the 1 in. height, indicating pooling at the floor level. When the electric arcs were energized 

immediately after completion of the release there was no ignition due to the local concentration being 

higher than the UFL at the 1-inch level.  The ignition of the gases occurred at a second attempt. A second 

ignition attempt was made after the concentration at the 1 in. height fell between upper and lower 

flammability limits, and resulted in ignition of the refrigerant mixture. 
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3.3.5.2. Comparison between R-32 and R-452B Refrigerants 

 

Two tests were conducted with R-452B and R-32 refrigerants with a release rate of 100 g/s at a 0.2 m 

release height and through a 25 mm diameter opening and subsequent ignition. However, it should be 

noted that 100 g/s was the target release rate.  The actual release rate for R-32 was about half of the 

release rate for R-452B.  A comparison of results is presented in Table 14. 

Table 14 ς Comparison of R-452B vs. R-32 Results 

Refrigerant Test Number 

Max Pressure 

(mm Hg) 

Refrigerant 

Release Rate 

(g/s) 

Max Ceiling 

Temp (°F) 

Max Ave Ceiling 

Temp (°F) 

R-452B Cal18 

1.112 

(larger vent, 

sliding 

window) 

93.4 1457 1283 

R-32 Cal09 

4.476 

(smaller 

vent, plastic 

film) 

55.2 1241 882 

 

The comparison of R-452B with R-32 refrigerant in Table 14 shows that room temperatures were higher 

for R-452B than R-32 refrigerant. Ignition of R-32 resulted in higher pressure increase, though the result 

is influenced by the change in vent size (vent for Cal10 thru Cal20 was 50% larger opening area than the 

vent used for Cal05 thru Cal09).  Note that the release rate for R-452B was approximately double that of 

R-32 which could impact the resulting pressure and temperature. 

3.3.6. Summary of Findings from Calibration Testing 

 

1. Refrigerant release rate, release height and opening size influence pooling and mixing of the 

refrigerant in the test room.  

 

2. The mixing of the refrigerant is influenced by obstructions (e.g., furniture) such that a high 

velocity jet does not fully mix with air and develops a local area of flammable mixture. 

 

3. Low release velocity flows (low release rate, 356 mm opening with baffling) at 0.2 m release 

height resulted in pooling of the refrigerant with concentrations near the floor level higher than 

the upper flammability limits. In these cases, ignition occurred only after the concentration 

decreased below the UFL from diffusion mixing process. 
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4. High release velocity flows (high release rate of 100g/s, 25 mm opening) at the 2.2 m release 

height resulted in turbulent mixing of the jet with air. Subsequently, refrigerant concentrations 

were below their lower flammability limit. This test did not result in ignition.  In this case, the 

obstruction did not influence the jet as it was below the mixing zone. 

 

5. All but one test in the calibration series were conducted with R-32 refrigerant. Several of these 

tests resulted in ignitions.  One test was conducted with R-452B (high release rate of 100 g/s; 25 

mm opening, at 0.2 m release height) which resulted in ignition. 

 

6. An intermediate mass release rate (55 g/s in Cal13) through the 356 mm opening with baffling 

at the 2.2 m release height resulted in the observation of liquid refrigerant pooling on the floor 

and a significant fire event.  Cal17 was similar to Cal13 but at the 1.8 m release height.  Liquid 

refrigerant was also observed pooling on the floor. 

 

3.3.7. Test Observations, Temperature, Refrigerant Concentration and 

Video Documentation for Calibration Tests 

Temperature: Temperature data at location B2 and D2, temperatures at A, B, C, D, and E locations at 92 

and 12 inches above the floor are presented for each test. Location B2 is directly in front of the release 

location, and location D2 is behind the simulated obstruction and in front of the deflagration vent. The 

92 in. location represents temperatures near the ceiling, and 12 in. location represents temperatures 

near to the floor. These data illustrate the extent of flame propagation in the test room and provide a 

contrast between temperatures in front of the obstruction (Location B2) to the temperatures behind the 

obstruction (Location D2); and also the temperatures at 92 in. height (near the ceiling) versus at 12 in 

height (near the floor) (Refer to Figure 34). 

Refrigerant Concentration: The refrigerant concentration at the four locations (1 in., 1 ft., 2 ft., and 3 ft.) 

above the floor (Refer to Figure 34). 

Video Documentation: In addition, stills from video cameras provide documentation of the refrigerant 

release and ignition events. 

Spreadsheet-style summaries of all of the following tests are included in Appendix B Task 1 Test Data 

Summary.  
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Test Cal05: The test parameters for this test were as follows: 

Refrigerant Release rate  
(g/s) 

Release 
Height (m) 

Release opening 
Size (mm Diameter) 

Ignition Result 

R-32 13.5 2.2 25 Ignition 

 

There was ignition immediately after electric arcs were initiated. The fire event lasted approximately 

30s. Selected data from the test are shown in Figure 41. 

 

Pressure and Temperature in Pressurizer and Release Tanks  

 

Refrigerant Release Rate 

 

Temperature at Location B2 

 

Temperature at Location D2 
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Temperature at 92 in. height above the floor 

 

Temperatures at 12 in. height above the floor 

  

Refrigerant Concentration 
Refrigerant Concentration when Electric arcs are 

Energized 

 

 

Electric arcs after release: 4:02 

 

 

15s after Electric arcs  

Figure 41 ς Data from Cal05 
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Test Cal06: The test parameters were as follows: 

Refrigerant Release rate  
(g/s) 

Release 
Height (m) 

Release opening 
Size (mm Diameter) 

Ignition Result 

R-32 100 2.2 25 No Ignition 

 

There was no ignition of the released refrigerant. Selected data from the test are shown in Figure 42. 

 

Pressure and Temperature in Release and Pressurizer Tanks 

 

Refrigerant Release Rate 

 

Temperature at Location B2 

 

Temperature at Location D2 
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Temperature at 92 in. height above the floor 

 

Temperature at 12 in. height above the floor 

 

Refrigerant Concentration 
Refrigerant Concentration when Electric arcs are 

Energized 

 

Conditions at the end of refrigerant release 

 

 

60s after end of release (no ignition) 

Figure 42 ς Data from Cal06 
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Test Cal07: The test parameters were as follows: 

Refrigerant Release rate  
(g/s) 

Release 
Height (m) 

Release opening 
Size (mm Diameter) 

Ignition Result 

R-32 13.5 0.2 25 Ignition 

The refrigerant in the presence of the electric arcs created dark smoke particles after release at the 1-

inch level electric arc.  Flame propagation moving away from the electric arc was observed 23 s after the 

electric arcs were energized.  Flaming continued for approximately 1 minute.  Ignition and subsequent 

flames started between the 1 ft. and 2 ft. level indicating a layer of gas above the UFL below this layer.  

The test facility door (30ft x 30 ft. room) opened due to pressure rise and not being latched correctly.  

The door opening coincided with the ISO room deflagration vent melting away.  The original (smaller) 

deflagration vent was still configured in test Cal07 and was not reconstructed until before Cal10. 

Selected data from the test are presented in Figure 43. 

 

Pressure and Temperature in Release and Pressurizer  
Tanks 

 

Refrigerant Release Rate 

 

Temperature at Location B2 

 

Temperature at Location D2 
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Temperature at 92 in. height above the floor 

 

Temperature at 12 in. height above the floor 

 

Refrigerant Concentration 
Refrigerant Concentrarion when Electric arcs are 

Energized 

 

End of release; Electric arc initiated 

 

42s after Electric arc initaition 

Figure 43 ς Data from Cal07 
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Test Cal08: The test parameters were as follows: 

Refrigerant Release rate  
(g/s) 

Release 
Height (m) 

Release opening 
Size (mm Diameter) 

Ignition Result 

R-32 100 0.2 25 Ignition 

The refrigerant mixture ignited with the application of electric arcs and the mixture burned for 

approximately 25 s. There was significant electric arcing with sparks visible from the aluminum foil 

wraps.  The thermocouple at the release opening became loose and did not record the release 

temperature.  This test was repeated and is shown as Cal09 test record. 

Selected data from the test are presented in Figure 44. The spike in the refrigerant concentration data 

was an interference signal from the electric arc. 

 

Pressure and Temperature in Release and Pressurize 
Tanks 

 

Refrigerant Release Rate 

 

Temperature at Location B2 

 

Temperature at Location D2 
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Temperature at 92 in. height above the floor 

 

Temperature at 12 in. height above the floor 

 

Refrigerant Concentration 

 

Refrigerant Concentrarion when Electric arcs are 
Energized 

 

Refrigerant mixture at end of release 

 

 

Electric arcs energized: 
Ignition of Refrigerant  

Figure 44 ς Data from Cal08 
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Test Cal09: The test parameters were as follows: 

Refrigerant Release rate  
(g/s) 

Release 
Height (m) 

Release opening 
Size (mm Diameter) 

Ignition Result 

R-32 100 0.2 25 Ignition 

Deflagration in the test room was observed immediately after initiating the electric arcs.  The event was 

energetic enough to displace the test room walls with the pressure. The event lasted approximately 10s. 

It was observed that the plastic sheet covering the deflagration vent did not vent fast enough and 

enabled pressure build up in the test room. The deflagration vent was redesigned with a sliding metal 

door to prevent excessive pressure build-up in the test fixture.  

Selected data for the test are presented in Figure 45. 

 

Pressure and Temperature in Release and Pressurizer Tanks 

 

Refrigerant Release Rate 

 

Temperature at Location B2 

 

Temperature at Location D2 
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Temperature at 92 in. height above the floor 

 

Temperature at 12 in. height above the floor 

 

 

Refrigerant Concentration 

 

 

Refrigerant Concentration when Electric arc Energized 

 

Refrigerant mixture at end of release 

 

Deflagration when Electric arcs energized 

Figure 45 ς Data from Cal09 
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Test Cal10: The test parameters were as follows: 

Refrigerant Release rate  
(g/s) 

Release 
Height (m) 

Release opening 
Size (mm Diameter) 

Ignition Result 

R-32 13.5 0.2 356 Ignition 

 

There was no ignition during the three minutes following release due to floor level refrigerant 

concentration higher than the UFL.  Since this pooling represented an ignition potential, a second 

attempt was made after refrigerant concentration was observed to be between the LFL and UFL.  The 

Electric arcs were de-energized and the sample pump turned on.  When concentration at the 1-inch 

level was recorded at 34% and dropping the electric arcs were re-energized approximately six minutes 

after end of refrigerant release.  Ignition occurred at about the 6 inch level, eventually extending down 

to the level of the floor, and flames were visible for approximately 30s after ignition. 

Selected data for the test are presented in Figure 46. 

 

Pressure and Temperature of Release and Pressure 
Tanks 

 

Release Rate 
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Temperature at Location B2 

 

Temperature at Location D2 

 

Temperature at 92 in. height above the floor 

 

Temperature at 12 in. height above the floor 

 

Refrigerant Concentration 

 

Refrigerant Concentration when Electric arcs are 
Energized 

Figure 46 ς Data from Cal10 

  


































































































































































































































































































































































































































































































































































