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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
YIAY STFFSOGa RSaAdIy 2F SELISNAYSyda 2N NBFSNNBR
Equipment testing, Task 2, began in October and was compbetd@kcember 9. 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 sourbe. rekson 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. Becausd 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 refrigeharge 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 humber of
draft standards potentially allving 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 leakedhe 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 follovup 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 assessmefustter quantify both the

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

1 the probabilistic distribution of real world ignition sources in terms of ignition energy, quantity,
spatial location throughout theoom, and activation frequency

1 the probabilistic distribution of different refrigerant release scenarios, across a range of leak
rates and total refrigerant charge released

Learnings:

1 InTask 1, liquid refrigerant releases do not fully vaporize at tleasel 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 seam the floor even after a flammable event had seltinguished
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
refrigerart was being released, also indicating the presence of liquid refrigerant being sprayed
onto the thermocouples, potentially as droplets.

1 Depending upon the operating state of the equipment and the location of the leakage point
within the refrigerant circit, 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 widid B liquid refrigerant leaks
similar to what was done in this work confirmed refrigeraquld 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 scen@fk@smodels would
need to be updated to accurately reflecteltorrect release phenomendroduct risk
assessments would also need to be reassessed with this new information. [Also see ASHRAE
RR1448 final report for discussion of relevant leak scenarios including pooling of liquid on the
floor.]

1 In many refrigerat 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 couédriperant fog
and not a water moisture induced fog. In Task 2, manypase liquid/vapor refrigerant
releases occurred into a compartment fitstfore being introduced into the room which
allowed the refrigerant to absorb some heat. In these casbgn 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 theduced air temperature may not be the driver
for the fog formation

1 The low burningelocity 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 furthertigaéien as
it may be related to ignition source energies used.

1 For some classes of refrigeration equipment (reachoolers, walkn coolers, etc.) medium or
large leaks can cause refrigerant accumulation in the cold storage compartment. Since these 2L
refrigerants areneavier than air, flammable concentrations can be reached fairly éasilych
confined spacesWhen a door is opened, there is a spill of refrigerant to floor level leading to
possible ignition.

9 Cursory evaluation of hazard mitigatiopsgems 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.

T {2YS 2F (GKS I LIX AOlI GA2ya SJI frefdgaiadtRhafgesAd drggR 32 2 R
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 phaseout and restriction of the most common and widely used refrigerants was initiated in the late
Mpy nQa YR KFad &LIJWZ2NNBR Ayy20FGA2yS 020K F2NJ GKS |
well as the equipment that uses thenseveral Clss A2L refrigerants have been identified as potential
replacement for refrigerants currently used in HVAC and refrigeration systems. Safety evaluation of
these Class AZkfrigerans requires arunderstanding of refrigerant flammabiliip representative
scale settingso that equipment can be appropriately desigreettl installed fosafe operation.

The objective of this research is to conduct refrigerant leak and ignition testing umdele room scale
conditions to develop data and insight into the sskssociated 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 investigatiorefsfgerant concentrations in rooracale
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
guantity on potential for ignition. Tests were also condudietargerscale 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. Y21 x2.4 m) [L x W x H] chamber that
provided acontrolled temperature and humidity test environment. The test chamber was designed to
O2y il Ay G4KS NBfSFaSR NBFTNRISNIYyGa FyR O2YodaliArzy
smoke abatement system.

Prior Research Review and UL CFD Simulations
Areview of previous research on Class A2L refrigerants provided a reference for this investigation
relative to measurements, refrigerant release methods, and refrigerant foloh different scenarios.
The literature review identified a need for additidi@FD (Computational Fluid Dynamics) simulations to
develop insights into refrigerant buidp from leaks into a test room, safety of the laboratory
operations, and placement of instrumentation and ignition sources. The CFD simulations performed
were basedn 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 CFCasonslwere 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 flammabilitymit (LFL) except in a narrow region surrounding the
jet flow. However, if refrigerant is released from a lower level at the same velobisyructions
impede jet flow mixing in the room volume and create flammable mixtures at the floor. level

b) Refrigerantrelease 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

() uLLLC i
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flammable mixture develops near the release location. However, refrigerant relesmadaf
lower level (0.2 m) at the same velocity, generally results in pooling flammable refrig@rant
mixtures.

c) Based upon the CFD simulations and analysis of refrigerant concentrations, the results show an
area in between the obstruction and release ojpey provides a suitable location for ignition of
refrigerantair 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 fadgiitiuded norflammable and
flammable gases, fire, suffocation, toxic gases, acid gases (parti¢yldrbgenfluoride gas and
hydrogen fluorideacid), electric shock, frostbite, and mechanical hazards. Potential hazards to the
environment included releses 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 cenfB)IAdministrative
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 temperatudehumidity. 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 $izerine 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 jetdoesnot fully mix with air and develga local area of flammable mixture.

3. Lowrelease 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 flammaubility limits. In these cases, igniticcuored 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. Subsequeng§rigerant 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 conductgth R32 refrigerant. Several of these
tests resulted in ignitions. One test was conducted widbRB (high release rate of 100 g/s; 25
mm opening, at 0.2 m release heighthich resulted in ignition.

6. An intermediate mass release rate (55 g/s in Cati®ugh 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. Call7 was similar to Cal13 but at the 1.8 m release height. Liquid
refrigerant wasalso observed pooling on the floor.

() uLLLC ii
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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 R2 and R410A with lubricating 0i(1.5 and 3.0%id not ignite under the test
conditions used in this investigation.

2. Ignition of R32 in higher ambient temperature and humidity conditions (91 °F7Z0f#hRH
resulted in higher maximum pressure in the test room, &nyer duration fire for 32
refrigerant.

3. Ignition of R452B inlower temperature and humidity conditions (73 °F artPbRH resulted in
higher maximum temperature in the test room, but the duration of flaming was longer. Ignition
of R452B at 91°F ah70% RH resulted in a higher pressure rise.

4. The presence of the obstruction in the room increases mixing of the refrigerant release with
room airanddevelogs local conditions that have a flammable refrigerant mixture that is above
the LFL and conducive tgnition.The volume of the obstruction was not used to reduce the
volume of the room in calculating the planned refrigerant discharge amiithout the
obstruction, ignition did not occur for either32 or R452B refrigerant.

5. In generalyeducingthe refrigerant quantity to achievanaverage room concentration equal to
25% LFL, and with obstruction, reduced the fire size and temperatures observed in the room.
Further, the fire was localized the area of the ignition source.

6. R452B tests with lubrating oil (1.5 and 3.0%) and no obstruction did noutem ignition.

R452B 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 néroti$on, 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 anoote] (i) Rooftop unit in
commercial kitchen; (iii) Waldik cooler; and (iv) Reagh refrigerator in a convenience store. Residential
scenarios included (v) Split HVAC unit with evaporator section in a utility closet; (vi) Split HVAC unit
servicing errg; and (iii) Split HVAC unit Hermetic Electrical Héssugh Terminal failure. Each scenario
was developed based upon input from the AHRTI Project Management Subcommittee (PMS).

Throughout this report, refrigerant charge amounts were calculated basguaposed changes tthe
appropriate standards or based on expert judgment of the PMS. For some scenarios, the refrigerant
charge amounts were based on per proposed draft IEC 6033540. Refrigerant charges related to

m; are not based on room volume foor area as mis considered safe without restrictionsin this
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report, room volumes angbercentageof LFlare provided so that comparisomaaybe made to other
standards which usBefrigerant Concentration LimiRC) 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 correspondptoposedm; size chargeof @& 0 "0b-),

where LFL is thlower flammable limit in kg/mfrom for the refrigerant usedas proposed for future
edition of IEC 60332-40 in subclause GG.1.1 and future adoption in North Ameriga the typical

motel room size selected for this project (1660 ft3, 47.1 nifs tjuantity of refrigerant is equivalent to

an averageoncentration that is approximateli3% of the LFif the refrigerant is completely mixed in

the test roomvolume Nine tests were conducted for this scenario usirB2Rind R452B refrigerants.

The ignition sources were tea candles (open flame) platdidor levelor 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 udb@BEResulted 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 tegtn 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 0§ a roof top unit with duct work connected to the
kitchen space belowThe kitchen size was 14 x 16 x 8 ft. high (4.3m x 4.9m x Zlim)elease
guantities for R32 and R452B werebased on dEC SC 61\Working Grou® draft version ofEC60335
2-40 (Annex GG section: GG.10.1). Fests were conducted for this scenario usin@Rand R452B
refrigerants. Tests represented a refrigerant leak in the evaporator imitheandler. This location was
approximately 9 ft. (2.7m) above the work surfadesthese 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 evaporat@ondensate draipan and therefore not all the refrigerant et
the test room. This resulted in lower concentrations of refrigerants and no ignition was observed. In
these tests, the candle ignition source was extinguished byaihénducedflow of the airrefrigerant
mixture in the test room.

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

refrigerant leak in the evaporator. The refrigerant release quantities were baspdain 0 "Ob—

(from draft version of IEC 6033589) forR455A and RI57A. Seven tests were conducted for this
scenario usingR55A and RI57A 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 widérdorced
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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 co#de 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 disgdawas from the coil
face due to turbulent mixing before the mixture dropped to the floor. The position ofeleroom

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

Reachin Cooler
The reachkin cooler scenario involved@oduct display refrigerator having an internal volume of 21 ft3
(0.59m3), located in a convenience stondth dimensions of 30 x 30 xf8 high (9.1m x 9.1m x 2.4m).
Tests with release quantities of 300¢)0g, andb00g were performedThe 500y valueis 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 usirdbBA and RI57A refrigerants. The reagh cooler
tests showed that ignition of theefrigerant occurs with a refrigerant release quantity greater than
300g. The fire spread indicated that walls and corners in proximity of the {ieazdoler facilitate higher
concentrations of refrigerants.

In those cases where ignition occurred, thghest 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 eventssadrea

with increasing charge size. Both 400 and 500 gram charge sizes resulted in ignit&sA fad
approximately 150F lower maximum temperatures thand®7A for the same release mass of 500

grams.

Split HVAC unit in a utility closet T Internal Leak
The residential A/C application test scenario involved a HVAC unit located in 2i@4£t30ft x 8ft.
(7.4x9.1x2.4m) residential arrangement with the air conditioning unit located in an 8 x-#.x(&.4 x
1.2 x 2.4m) closet. The refrigerant redeaguantity was based upon a proposed revision to IEC 62335

40. The value af & 0 "OB—was used for the test cases without mitigation,(@harge). In this

scenario, five tests were performed with internal leak in theoll area using 82 and R452B

refrigerants. Tests were also conducted withraposed IEC 6033540 WG9mitigation 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 ad without mitigation, the both B2 and R452B 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 leakedigerants 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 waoked 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 releasedas less.

Comparing the leakage rates between thedl leak and servicing error tests, the leakage rate was
higher in the Acoil test (using a constant flow rate) compared to the natural pressure decay used in the
servicing error test.

Split HVAC unit in a utility closeti Servicing Error
The residential A/C application test scenario involved a HVAC unit located in a 24ft 2in x 30ft x 8ft
(7.4x9.1x 2.4m) residential arrangement with the air conditioning unit located ina 8 x 4 x 8 ft. (2.4 x
1.2 x 24m) closet. In this scenario, three tests were conducted usigdR, R32 and R452B
refrigerants. The refrigerant charge used was the same as that used indbié &@periments. However,
the refrigerant was released under natural pressure decay toesgnt 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-RLOA refrigerant. However, ignition occurred for bott3Rand R452B
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. Gacdkscharge 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 immediateicinity of the electric arc.

Hermetic Electrical PassThrough Terminal Failure
The Hermetic Electrical Terminal failure scenario involved the uge afutdoor section of a residential
compressor/condensaunit. Four tests were conducted for this scanausing R32, R452B, and
R410A refrigerants. Each test was conducted using a new fabtaltycompressor charged with
refrigerant and lubricating oil. A 1/8 inch hole was drilled in the Hermetic Electrical Terminal plug to
represent a terminal failureThe results from the Hermetic Electrical Terminal failure tests showed that
R452B ignited under these test conditions. In thd32B experiment, it was observed that the molded
plug remained attached to the terminal which was different from all othgrezgiments where the
molded plug was completely ejected. The experiment wilBA was repeated because of concern
about the seating of the terminal plug on the electrical terminals. In beti® tests, there was no
ignition. It was anticipated tha®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 of32 discharge. This slower rate of th@Rdischarge 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

1.1Background
The phaseout and restriction of the most common and widely used refrigerants was initiated in the late
Mpy nQa FyYR KF& &LIJWZ2NNBR Ayy20FGA2ys 020K F2NJ G§KS
well as in the equipment that uses therResearcls being conducted by the refrigeration and air
conditioning industry to develojower GobalWarmingPotential (GWP) zero GoneDepletion
Potential (ODP) alternative€lass A2L refrigerants, made upeffigerant blendsor single component
refrigerarts which can contaiolefinic and norolefinic typerefrigerant compoundsrepresent the most
recent in the development of deployable reduced GWP/zero ODP refriger&afety evaluation of
these Class AZkfrigerans requires arunderstanding of refrigeant flammabilityin representative
scale settingso that equipment can be appropriately designed to maintain safe operation.

1.2 Objectives
The obijective of this research is to conduct refrigerant leak and ignition testimgdle 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 lubricant$he ignition sources chosen had sufficiently high energy (open
flames or electrical arcs) to ignite A2L refrigerants and refrigeliaaricants mixtures.

1.3.Scope
This research includes baseline evaluation of Class Al refrigerants #&19A&d R22), andfour Class
A2L refrigerants (B2 and R452B, or RI55A and RI57A) selected for each scenario equipment
application type, each with appropriate lubricants. In additior2ZRefrigerant with mineral oil lubricant
is compared to R10A 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 mixturEhe electric arc system was operated
continuously and simultaneously in multiple locationshe test space.The experiments were
conducted at neafull-scale and this type of ignition system was vital to provide a true signal of
combustion potentiataking into accountactors 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

9 Obstructions

= =4 =4 =

According to previous AHRI studies, the probability of a continuous high energy electrical arc occurring
in a residetial or light commercial conditioned space is low. Thus, the results are expected to provide
the potentialworst caseseverity of ignition eventfor the A2L refrigerants testedther than the

probability of occurrence.

The technical plan developed toemt the objective of this researdhcludedthe following tasks.
Task (g Detailed Review of AHRI 8004, AHRI 8009 and AHRI 8016 Project Reports

Task I¢ Refrigerant Leak and Ignition Testing Under a Controlled Environment

Task Z; Refrigerant Leak and Igiuin Testing Under a Whole Room Scale

Task 3; Data Analysis and Discussion

Task 4; Technical Report

@y uLLLc 2
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The project investigation plan is presented-igurel.

Influence of
ambient
temperature
& humidity
Commercial
— Air b
Conditioning
Tas_k 0 Investigate Influenc? of | |
Aﬁsréeou;4 Task 1 influence of Obstructions Task 3
8009 and Calibration Ifak:ge rates, Task 2 residential Ai Data Task 4
: —» and p CEEOPENINE L —»  Scenario p nERlGEnTAL A » Analysis | Technical
AHRI 8016 Parametric size, and Tests Conditioning and Report
And location on _ _
Additional Tests ignition Discussion
Simulations potential | influence of
lubricating oil
—» Refrigeration ——
Influenceaf | |
leak quantity

Figurel ¢ Technical Plan
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1.5 Refrigerants
Tablel presentsthe properties of refrigerants used in this project (frésNSIASHRAE Standard
34-2016 and 1SO 817:2014).

Tablel ¢ Refrigerant Release Properties and Quareg

Parameter R22 R32 R410A R452B RA455A RA457A
Lower no no
Flammability
Limit flame 14.4 flame 11.9 11.8 6.0
(LFL, % volume] propagation propagation

3
(SLeFaLi_E?//e rln ) 0.307 0.310 0.423 0.215

3
(ZIE)IE)Lr,nk(gérSnO)feet’ 0.301 0.304 0.415 0.211
Upper ‘
Flammability no no
Limit flame . 29.3 flame - 22.0 12.9 18
(UFL %olume) propagatlon propagatlon
Refrigerant
(L:i?n”ife””a“on 59,000 | 36,000 | 130,000 30,000 22.000 15,000
(RCLppmv/v)
Laminar no no
Burning
Velocity flame 6.7 flame <4.0 <15 6.3
(cm/s) propagation propagation

y 67%R32 75.5%R-1234yf| 70%R-1234yf
0, )
(2/0222;'“0” 100%R22 | 100%R32| oo0osog | 26%R1234yf| 2L5%R32 | 18%R32
0 0 7% R125 3.0%R744 | 12%R152a

When converted to mass baglgy/m3), the LFLvalueswere adjusted for thetest siteelevation of 200

meters (650 feet).

@y uLLLc
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2. Task 07 Detailed Review of AHRI 8004, AHRI 8009 and
AHRI 8016 Project Reports

Previous research included refrigerant dispersion simulations and experimeetsidential* and
commercial application scenarié$or several A2L refrigerantnd subsequent risk analysisingfault
treesanalysis.

Building upon research by Goetzler ef @AHRTI has identified key scenarios for refrigerant leakage that
may resul in refrigerant ignition (AHRI 8004) as showiT able2.

! Risk Assessment of Residential Heat Pump Systems Usilagn2hable Refrigerants, AHRI Project 8004 Final Reportokiditioning, Heating
and Refrigeration Institute.

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

% Goetzler, W; Bendixen, L; Bartholomew, P. 1998. "Risk Assessment82 A€ HF32/134a(30/70 wt.%) in Split System Residential Heat
Pumps, Final Report." Arthur D. LittReport to AirConditioning and Refrigeration Technology Institute, NTIS8DB5596; DOE/CE/23882.
88p.

@y uLLLc 2
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Table 27 Refrigerant Leakage Scenarios Potentially Leading to Ignition

Row

Leak Scenario

Description

A leak occurring in a heat pump system while tf
unit isidle.

The leak could occur in either the inlet piping or the
handler and could be due to an improperly brazed jo
or equipmentfatigue. The system coulik located in
one of four possible locationsan attic, basement,
garage, or utility closet and in the event of a leak; thg
refrigerant could accumulate in thesairrounding
rooms. It was assumed that if the unit is operating.(
blower on), the leled refrigerant would be drawn intq
the ducts and blown into a downstream room (sesv
3 below).

2 A leak occurring in the outside portion of the sp| This coulde due to a part failured.g, a feedthrough
heat pump system. plug or other part).
3 Aleak occurring in a heat pump system while tf] With the blower on, the refrigerant could be blown
unit is operatingi(e., blower on). through the duct into a downstream room where an
ignition source could be located.
4 A leak occurring in the air handhetile the unit | In such a case, the refrigerant could accumulate to &
is idle and prior to it being turned on. flammable concentration in the air handler itself. If a
heating coil or some other potential ignition source
(e.g. an electrostatic air cleanebecomes active
before the refrigerant dissipates, the refrigerant coul
be ignited.
5 A leak occurring while the HVAC system is idle| In this case, the refrigerant would leak into theoro
with the refrigerant diffusing back through the | supplying the return air.
return airductwork.
6 A leak occurring inside a wall due to rupture of | Such a leak could be due to human ermg( home
refrigerant piping within the wall. construction activity).
7 A leak occurring during HVAC system repair. | This couldccur either as a result of improper recove]

or recharging of refrigerant during work or due to
faulty procedures used to test for a pexisting leak
(e.g, a propane torch).

The residential scenarios identified by AHRTI included refrigerant leakeggdantial utility closet

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

cooler, and a convenience store. These applications represent residential split, roof mounted
commercial kitchen air conddning units and walkn 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 smallerakage rates (1.5 g/s) and greater charge released, the

@y uLLLc 3



Final report AHRTI Project 900T Benchmarking Risk byhole Room Scalecaks and Ignitions Testing of A2L
Refrigerants

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 grérate LFL were observed in the
area immediately in front of the leak.

Goetzler and Burgdseported 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/¢-fe8Hrefrigerant 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 locationthihGoetzlerstudy, for the catastrophic leak
rates, concentration was above the3 LFL (14.% 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.reported a riskanalysis 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 conditndbe w

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 caccumulate 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 prewiis AHRI reports (AHRI 8004, AHRI 8009, and AHRI)80btain insights
from the CFD analysis, and also performed additional CFD simulations for the test room configuration
used in calibration and parametric tests.

“William Goetzler, Javier Burgos, Study of Input Parameters for Riskshsent of 2L Flammable Refrigerants in Residential Air Conditioning
and Commercial Refrigeration Applications, AHRAE Repdb&F, (2012).

S Attt D2SGTESNE alb Gl DdzSNYy&ases {ty CIfdSNV¥SASNEY YaS NI & f wWoaNRFRIERA B 2 YOAWIAL
Project 8016, AiConditioning, Heating & Refrigeration Institute, (2016).

Il wL tNR2SOG ynmc CAYylLf wSLENIS awhial ! daSaavySyid 2Ftngfatdaa wH[ wSFNRI
Refrigerationinstitute, 2111 Wilson Blvd., Suite 500, Arlington, VA 22201.
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2.1 AHRI Reports

The key findings frorthe AHRI reports, as applicable to this project, are summariz&dhie3.

Table3 ¢ Summary from AHRI Reports

AHRI Report

CFD Scenarios

Comments

Risk Assessment of Residential
Heat Pump Systems UsiAgL
Flammable Refrigerants

(AHRI 8004)

Geometries:Attic, basement,
garage, and utility closet

RefrigerantsR-32;
R1234ze(E)

Release Conditiond70 g/s
and 78 g/s.

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

Risk Assessment of Refrigeratig
Systems Using2L Flammable
Refrigerants

(AHRI 8009)

Geometries:Outdoor
condenser, Convenience storg
Lunch counter; and Wailik
cooler/kitchen.

Refrigerants’R32; R1234yf
R1234ze(E)

ReleaseConditions Not
provided in report

Concentrations greater than LFL were observed
immediately in front of leak. This is likely due to relativ
high velocity of the leak.-B2 concentrations were
generally lower than the LFL.

Risk Assessmeof Class A2L
Rédrigerants in Commercial
Rooftop Units

(AHRI 8016)

GeometriesKitchenand office
settings with roof mounted
units; considered supply,
return and exhaust air.

RefrigerantsR-32; and
R-1234yf

Condenser/Evaporator
Pressure andemperature:

R-32: 473/148 psi and 125~

R1234yf: 197/58 psi and
125°F

Release Conditions:

Natural pressure decay startin

at 300 g/s (RB2) and 170 g/s
(R1234yf)

Release vents from supply duct were 18 x 18 in. The
release was from a grill horizontally in kitcheresario;
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 tee 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
considenble difficulties in modeling a@ghase refrigerant release.

@y uLLLc



Final report AHRTI Project 900T Benchmarking Risk byhole Room Scalecaks and Ignitions Testing of A2L
Refrigerants

2.2UL 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 iigeefnt concentrations in the

test room geometry using-B2 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 dischargedtion. CFD simulations were performed using the
Fire Dynamics SimulafoFDS) 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 siaes notthose 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 reérant 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 resited 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:

1 The temperature of the refrigerant &he release was 8C (46 F);
1 The refrigerant will behave like an ideal gas at the release opening.

" National Institute of Standards and Technologiye Dynamics Simulator (FDS) and Smokeview (SMV)
https://pages.nist.gov/fdssmv/

@y uLLLc 6
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A matrix of the simulations performed is providedliable4. The total mass release was equivalent to
the amount of refrigerant necessary to reach 50% of the LFE3@fthased upon the total room volume
when evenly distributed throughout the room.

Table4 ¢ Matrix of CFD Simulations

[ cag|wSt 9 ' 85N wSt St
T e P P e AR
oYY 0 YK a o0YoD
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)
WO H 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 colasaaidén

the scenes represents refrigerant concentration with blue equivalent to zero concentraticB82aRd

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 represeaih 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 1Figure2) 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 corcentrations 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.

melimol

0.35

0.25

(@) (b)

0.21

0.11

0.07

(©) (d)

0.00

Figure2 ¢ Still images from FDS simulation 1 at times: (a) 5s (b) 15s(¢c) 30s(d) 90 s
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Increasing the release opening to 300 mm (Simulatidfigyre3) reduces the riease velocity and

results in pooling of the refrigerant at the floor level with relatively rich refrigenmixtures at the

floor level over time. Refrigerant released from the orifice immediately falls to the floor level. At the
completion of the disharge the volume near the floor shows concentrations between the LFL and UFL.

molfmol

0.35

0.31

0.25

@ (b) 0.21

(©) (d)

0.00

Figure3 ¢ Still images from FDS simulation 3 at times: (a) 5s (b) 15s(c) 30s(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 2Figured) resulting in the refrigerant enteringith less turbulence. Mixing is driven
primarily by buoyancy and less by velocity. A small volume of flammable mixture is shown below the
release orifice.

molfmol

0.35

0.25

(a) (b)

(c) (d)

0.00

Figure4 ¢ 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 twedr flammability limit is shown

in Figureb. The volume of refrigerant between lower and upper flammability limits is approximately 1 ft.
deep. This region providespotential for ignition.

molfmol

0.35

0.31

0.28

0.25

(@) (b) 021

0.1

(©) (d)

Figure5 ¢ 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.Releasdrom 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.qg., furniture) and creates approximately 1 ft. deep
mixture of refrigerant and air at the floor levéidt is above the LFL, as showrrigure6.

‘ | molfmol

0.35
0.31

0.28

0.25

(b)

0.1

(©) (d)

Figure6 ¢ Still images from FDS simulation 5 at times: (a) 5s (b) 15s(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 limitsd®wn inFigure?. This is expected to
dissipate through diffusion over time to develop mixture in the flammability zone.

molfmol

0.35
0.31
0.28
0.25

(a) (b) 0.21
(©) (d)

0.00

Figure7 ¢ Still images from FDS simulation 7 at times: (a) 5s (b) 15s(c) 30s (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 ignitionThe scenes for this simulation are presenteéFigures.

molfmol

|
0.35
0.31
0.28
0.25

(@) (b) 0.21
E s |
(©) (d)

0.00

Figure8 ¢ 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 Figure9.

molfmol

0.35
0.31
0.28
0.25

(@) (b)

| 017 I

g g |
© ) |

0.00

Figure9 ¢ 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 ogentration measurements and ignition sources. Since the test
conditions used in the calibration tests differed from the inputs used in the CFD simulations, a
gualitative comparison and discussion of the CFD results with calibration tests is presefipgirdix

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 concentratns 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 refrigerana2 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
refrigerantair mixtures.

2. The refrigerant cocentrations 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
refrigerantair mixtures.

3. The simulations were in qualitative agreement with firgrfrom previous AHRI investigations
(AHRI 8004, 8009, and 8016).

@y uLLLc 16
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3. Task 17 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 concenser line before the expansion valve as showhigurel0.

Low Pressure Side High Pressure Side
Cooler Gas ~ Hotter Gas
Condenser
Evagg:la o Compressor Coil
Cooler Liquid | Hotter Liquid
e Exvenion Voivo h
Low Pressure Side l High Pressure Side

Figurel0¢ Refrigeration Leak Scenario

The refrigerant leak quantity (i.e., res) for each refrigerant was equivalent to the amount of refrigerant
necessary to yield an averagppmO2 Yy OSy i N} G A2y SljdzA @1 €t Sy G2 p s
flammadbility limit (LFL) based on the total room volume. The release quantities atramete

temperature of 23 C and a room volume of 768 {21.75 ni) are shown ifTable5 using the refrigerant
properties inTablel. With the added obstruction of a rectangular box to siat@lfurniture, the room
volume was reduced to 714 ft3 (20.28). Discharge quantities for the nonflammable refrigerants were
based on achievement of 5% concentration by volume.

Table5 ¢ Refrigerant Release Properties and Quarggi(Task 1)

Parameter R-22 R-32 R-410A R-452B
0, i 0 i
Tgrget for 5% v/v in room 50% LEL 5% v/v in room 50% LEL
Discharge volume volume
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-fimmmable and flammable gases, fire,
suffocation, toxic gases, acid gagparticulrly 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:

M Elimination.
1 Enginering controls.
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1 Administrative controls.
9 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 workspaaelgnEor 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 teprogram 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 wittganerative 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 teste conducted within
temporary mockup rooms built within this test facility. The test facility included exhaust duct work
directly connected to the RTO intake ductwork to exhaust {gageriment gases directly to the RTO.

This limited the amount of gasesleased into thdaboratory, 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 prevenpoessurization, the test
facility and test rooms included deflagration vents, sized by calculations from NFB&a68ard on
Explosion Protection by Deflagration Venting

Some tests included simulating refrigerant leakage from equipment that inclodedbustible

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 addresseddogviding 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 thigywtest 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 procedurédSOPs) were developed in order to provide laboratory staff with
guidance for safe experiment setup and conduct. SOPs consisted of assigriesf pest and post
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test roles to every member of the project team. Rest safety actions were monitored véachecklist
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 experimenthe 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 chémgesgh the test facility

or until an infrared based refrigerant leak detector indicated that unburned refrigerants were
completely exhausted. In addition, an oppath Fourier Transform Infrared Spectrometer (FTIR) was
used to measure the atmosphere insithe 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 madeethat
laboratory was safe to enter with a fdfice 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 FTIRIfanctioned.

Electrical equipmentequiringhandson work was desnergized 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 mulineter.

Hazads typically associated with handling refrigerants by tradesmen were handled only by staff with
appropriate training and authorization.

3.1.4.Personal Protective Equipment
[ Q& adFyRAY3a al FSGe NBIdZANBYSyYy( T2 Ndetydshds, andy St Sy
safety glasses.
Additional protective equipment included:

9 Long sleeve shirts and long pants.

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

1  9-mil neoprene gloves.

1 Refrigerant operations were conducted by pennel 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 fihés pnoject,
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 mibor 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. Irtéaterg,
drywall compound was used to seal the test room rather than aluminum tape.
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3.2Test 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. fiby(8.14 x 9.14 x 2.44 m) test facility,
climate controlled to provide the temperature and humidity conditions required by the experiments, as
shown inFigurell. The ceiling was constructed using two layers @ 3rigid insulation between layers
of % 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 sealdth high expansion fire retardant
foam and aluminum tape. The walls were 2 in. by 4 in. wood stud, 16 in. on center construction with
R15 insulation in the stud bays. The walls were sheathed with lightweight %2 in. drywall. To control gas
permeability (& a measure of laboratory safety), the drywall was coated with one layer of Promar 200
primer® and two coats of Sherwin Williams pratalyzed watebased epoxy, K4E50 series. The walls
were assembled over two layers of foam sill selldihe room feaired a backdraft damper to provide
makeup 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 salide doors were included to allow access to
the room. Theseloors 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 inesthausted 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 pPromar is a trade name of Sherwin Williams.

° Owens Cormig Foam SealR
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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 1Figurel2is a drawing of the room and itsdaures. The room was modeled after the ISO

9705 test room’. 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.
Thewalls were built with 2 in. X 4 in. wood studs located 16 in. on center. The walls were covered with
lightweight %2 in. drywall; the inside face of the drywall was coated with one layer of Promar 200 primer
and two coats of Sherwin Williams pecatalyzed weer-based epoxy, K4550 series. The walls were
assembled on two layers of sill seafefThe 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.
in. by 2 ft tall (0.8 m x 8.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 plasteet did not open soon
enough to prevent the overpressure.

The deflagration vent wa®sized for all later tests (Cal10 and beyond)2 ft8 inches wide and 3 ft. tall
(0.8 mx 0.9 m), set5 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 gafraint discharge. The pressure rise data
from tests Cal05 through Cal09 cannot be compared to the pressure rise data in tests beginning with
Call10 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 gp 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 intdR@®. A functioning, hollceore 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.qg.,
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.

101SO 9704L: Reaction to fire testsRoom corner test for wall and ceiling lining produdart 1: Test method for a small room configuration
First Edition

* Owens Corning Foam SealR
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3.2.2.Instrumentation

Specifications of instrumentation and equipment used throughout this project are includippiendix

D Test Instrumentation and Equipmeiiihe data acquisition system collected all signals at the rate of 10
samples per second for all tests with the exception of the {dagtion room leakage test(Call4 and

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

Temperatureg The test room émperaturewasmonitored using).035in. (0.89mm)open bead Type K
thermocouplesThe thermocouple response time was approximatlyseconds. 4thermocouples

were locatedthroughoutthe test room as shown iRigurel3. Six thermocouple arrays we 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 werplaced near the floor at the simulated door opening.

[————= 1
L= | | =]
I | Gap under
| | simulated door
I I
& Thermocouple Locations | | 5
& Refrigerant Release I |
Location L E= = | Obstruction | = 5
I I
I I
I I
Deflagration Vent I I
© | | e
L —— 1

Plan View

Refrigerant
Feleass
Locations

Gap under
simulated door

—_—————

Elevation

Figurel3 ¢ Thermocouple Locations Relative to Refrigerant Release

Humidity¢ The test room humidity was measured with a handheld temperature and humidity
combinationunit. Temperature and humidity were monitored until the room conditions met the criteria
to conduct a test.
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Pressure; The pessure in thaest roomwasmonitored usingan electronicdifferential pressure
transducer with the range of 10 mm Hg. The presire sensing pomvaslocated in the center of the
room near the doorway.

RefrigerantGasGoncentrationg The eaked refrigerangasconcentrationin the test room was
measured byotal hydrocarbon analyzers calibrated for the specific refrigeramttefrest. The sasmpling
ports werelocatedl, 12, 24 and 36 in. (0.25, 0.3, 0.6, 0.9 m) above the floor.

Videocg Eighthigh definitionvideo camerawere used to document the test events.

Digital photography, Digital(still) cameraswvere used to supplementisual observation.
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3.2.3.Electric arc Ignition Source
A stepup gas tube transformer was used to create an electric arc as an ignition source. The leads of the
transformer wereconnectedto a pair of tungsten rods mounted such as to leave a % inch air gap.
Photographs of this equipment are includedrigurel4. Note that the transformer secondary ratings
are based on opeircuit voltage and shoitircuit amperage.
\

Tungsten Rods

Insulator

B 1/4 inch air gap

Leads to transformer

Figurel4 ¢ Gas tube transformer and arc gap

Table6 shows themeasured rms voltagand amperage developed by eagelectric arc/transformer

pair. The rms power of the electric arc was 1Wétts (joulegsec). The energy of the electric anc i
one-half 60 Hz cycle (8,33%) was 0.14Joules(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.frs).

Table6 ¢ Electric ardnput Power and resulting output

Input Output per Electrode
Prms VrMs Irms Prvs
milliAmpere watt
waltt Volts P
(mA)
75.0 1590 11.06 17.6

Figurel5shows a typical voltage and current trace of two 60 Hz cycles of an electric arc such as used in
these experiments.

Figurel5¢ Trace of current (smooth sine wave) and voltage in an electric arc

When usedn 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

Figurel6illustrates 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 pressurizerstaok ass

with maintaining the pressure in the release tank to enable liquid release to the testabamonstant

rate. Prior to release, the line between the pressurizer and release tank, and release tank and mass flow
meter were evacuated to a vacuum oggthan 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 releasenunkass flow

meter with liquid refrigerant. The control valve was fmegrammed to open to the position

corresponding to the specified release rate to enable release into the room. The mass flow meter
provides reatime feedback to the control valve to @vide continuous control throughout the duration

of the refrigerant release.

Pressure
0-500 psig‘

‘W T‘ Temperature (Vapor)

Tests conducted directly with 25

Temperature (Liquid) mm tubing into the test room or -
QioFF with 356 mm diameter duct
alue
Mass Flow Meter Control 25 mm Diffuser
Valve diameter plate
SV2 .
Release tank tubing >
V3
Heated Tank
AT
jun;tion
SV with Temperature
Manual
n [ |
Y in.copper _ f
wbing @ J Pressure 0-500 psig

(2) Pressure transmitter 0-500 psig

(1) Pressure transmitter 0-200 psig

(3) Type K thermocouples (shielded, ungrounded) 12" long for placement in either vapor or liquid
(bore-through fittings as well)

Heated Tan

(1) Pressurizer solenoid voltage
H ‘ (1) Discharge solenoid voltage

Pressurlzer (1) Oil solenoid voltage

(1) Mass Flow rate (g/s)

(1) Totalizer flow (g or kg)

BATCH data

Before and After weights
Pressurizer
Release Tank
Oil reservoir

i

Figurel6 ¢ 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 showigarel?.

Pressure
0-500 psig‘

‘ AV Tl

Temperature (Vapor)

» I 7
Temperature (Liquid)
Mass Flow Meter Control 25 mm
Valve diameter Jest
) Room
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A T
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Manual
) . ]
Yz in.copper J Pressure 0-500 psig

tubing

(2) Pressure transmitter 0-500 psig

(1) Pressure transmitter 0-200 psig

(3) Type K thermocouples (shielded, ungrounded) 12" long for placement in either vapor or liquid
bore-through fittings as well)

Pressurizer solenoid voltage
Discharge solenoid voltage

(
. (i)
PI’eSSurlzer [~ 8 Qil solenoid voltage
(6]
1

Mass Flow rate (g/s)
(1) Totalizer flow (g or kg)
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Before and After weights
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Release Tank
Qil reservoir

|

Figurel? - Refrigerant release methodology with lubricating oil

Release of refrigerant into the room was achieved through two opening size diamejetsn.((25

mm); and (ii) 14 in. (356 mm). For tests with 1 in. opening, the tube was directly connected to the test
room; and for tests with 356 mm diameter opening, the release was passed through diffuser plates to
reduce the refrigerant velocity anddiitate mixing before it entered the test room. These sizes were
selected after discussions with AHRTI PMS. The length of the 1 inch copper tubing depending on the
discharge location: approximately 1.8m for the 2.2 m height; 1.5 m for the 1.8 andl@eiyhts. This
same tubing was used to connect to the entrance to the 14 in. (356 mm) baffled duct section.
sufficiently fast to drive turbulent mixing of the refrigerant with air, and the release from a large
opening was slow enough that mixing with a@mswa buoyancy driven phenomenon.

It was anticipated that refrigerant release through a 1 in. diameter (smaller than CFD) tube would
provide even a stronger jet (due to higher release velocity) and more mixing than observed from the
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CFD analysis. The CHialgsis 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 usint4 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 depicteigurels.

0.125 in. thick, 0.1875 0.125 in. thick, 0.125 in.

0.125 in. thick, 0.5 in. in. diameter holes, 32% " "
Flange connected diameter holes, 48% open area diameter holes, 40%
to Test Room open area open area

N i

Figurel8¢ 14 in. Release Duct Assembly

A photograph of the 14 in. duct assembly connected to the test room is shokigunel9.

Figurel9 ¢ Photograph of the 14 in. Duct Assembly

These release opening sizes are slightly different from those used in Ehsi@Elations. The CFD
results qualitativelydemonstrated the critical differences between smaller and larger release openings
with respect to refrigerant concentration buildup. The release velocity from a small opening was
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3.2.4.1. Mass Flow Controller ResponsedNalidation

The mass flow meter and controller were tested to develop response time characteristics and validation
data for selected flows. The test sap for response time and validation of the mass flow meter and
controller is shown irrigure20.

Release tank
(Water)

M U Mass Flow Meter

S
Vi

Collection
bucket

Figure20¢ Test Set up for Response Time and Validation of Mass Flow Meter and Controller

Tests were conducted with water for release ratesimen 5 and 111 g/s. Five tests were conducted for
each flow rate used. The following procedure was used:

1.

2.
3.
4

o

6.

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

Weigh the empty collection bucket with a load cell.

Set the release rate ydjusting the mass flow controller.

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

Close valve V1.

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 Fable7.
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Table7 ¢ Validation Data for Mass Flow Meter and Controller

Std.
Devation

Mass Flow Total Mass Flow, of %

Rate (g/s) | Total Load cell (kg] Controller (kg) | Error (kg) | % Error Error
5 3.20 3.25 0.05 1.56
5 3.05 3.25 0.20 6.56

5 3.15 3.26 0.11 3.49 1.89
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
13.5 3.15 3.27 0.12 3.81

13.5 3.15 3.26 0.11 3.49 0.82
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
50 3.20 3.29 0.09 2.81

50 3.20 3.30 0.10 3.12 0.61
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
75 3.30 3.44 0.14 4.24

75 3.30 3.28 -0.02 -0.61 2.04
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
100 3.15 3.28 0.13 4.13

100 3.55 3.64 0.09 2.54 0.68
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
111 3.20 3.32 0.12 3.75

111 3.15 3.27 0.12 3.81 0.55
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 met

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 psesented inFigure21.
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Figure21 - Mass flow Controller Versus Load Cell

Figure22 and Figure23 show the % Error plotted against Total Mass Discharged and the Nominal flow
rate, respectively. Included in each figure is a 95% prediction interval.
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e calibration data
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Figure22 ¢ Totalizer Error versus Total Mass Discharged
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Figure23 ¢Totalizer 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 bis within the manufacturing specifications, the data collected during
testing were not adjusted for the bias.

Figure24 shows the response time of the mass flowntoller to achieve the set release rate, for two
trials at three release rates.

?

L

w “ o P o 0 2 - E & 0 x - 0 15 = 0 w0
Time b5 Time b5 Time b5

Release rate: 100 g/s Release rate: 50 g/s Release rate: 13.3 g/s

Figure24 ¢ Mass Flow Controller Response Time

It was found that the masitow 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. RefrigerantConcentration Sensor Response Time and
Calibration

3.24.2.1. Test Procedure

Each of four refrigerant concentration sensoged 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 easnsor 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 ofiichrefrigerant 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 vap&ior pure fluids the sample was taken from the
vapor side of the tank.

Figure25 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 adjusteth shat outflow was observed
from the manifold vent. This flow insured that only calibration gas was flowing to the refrigerant
Sensors.

, Exhaust

Tubes of identical length

«——— [ Vented Manifold__] _..|:|_®_|>v<

Vent

Refrigerant Tank

Figure25 ¢ Setup for calibration of refrigerant sensors
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The vapor port of the sample aytler was connected to a long tube that terminated at a manifold. One
end of the manifoldvasvented to atmosphere The other four manifold ports wennected to the
inlets of the sensors at the start of the calibration test. This ensured that the sensoe 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 tempegture before reaching the sensor.

For each senspa 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 pukd 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 dé@teram 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
refrigerans. It was found that the response to step changeefrigerant 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 presenfeabiie8. Recalibrations were
required for changes in sample tube lengthe full set of calibrations are shownAppendix F
Refrigerant Sensdtalibrations 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 usingelim least squares regressiamethod.

(@) uLLLc 35



Final report AHRTI Project 900T Benchmarking Risk byhole Room Scalecaks and Ignitions Testing of A2L
Refrigerants

Table8 ¢ Calibration Results for Refrigerant Sensors

Time Transport
Sensor | Refrigerant m b Constant | delay (s)

(s) [1]
THCn23 R22 -699.8 9.998 55 11
THCn24 R22 -698.1| 15.405 53 11
THCN25 R22 -666.6 4.059 52 11
THCN26 R22 -644.5| 11.957 51 11
THCn23 R32 -921.3| 13.081 55 20
THCn24 R32 -919.3| 19.995 53 20
THCn25 R32 -881.0 5.441 52 20
THCN26 R32 -852.5| 15.772 52 20
THCNn23| R410A -1015.3| 14.361 52 11
THCn24| R410A -1013.0] 21.990 50 11
THCn25| R410A -970.3 5.939 49 11
THCNn26| R410A -939.4| 17.310 48 11
THCn23| R452B -979.4| 13.931 56 11
THCn24| R452B -977.2| 21.281 55 11
THCn25| R452B -936.4 5.799 53 11
THCn26| R452B -906.6| 16.781 53 11
THCNn23| RA455A -1098.9| 16.333 52 20
THCn24( RA455A -1095.7 24.312 51 20
THCn25( RA455A -1053.4 6.782 48 20
THCn26| R455A -1020.0| 19.476 51 20
THCn23| R457A -1071.0] 15.821 53 20
THCn24( RA57A -1068.0 23.663 51 20
THCn25( RA457A -1028.1 6.545 48 20
THCn26| R457A -994.6 18.907 51 20

Note:[1] The transport delay times were measured at various times during the test program. Details are
presented inAppendix F Refrigerant Sengoalibrations The tranport 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 constar) and transport delay were used to calculate the instantaneous refrigerant
concentration. An example of the deconvolution calculation to develop instantaneous concentration is
presented inFigure26.
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Figure26 ¢ Accounting for Refrigerant Sensor Response Time and Transport Delay
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An additional example of deconvolution is showrrigure27. The data on the blue line shows the
concentrations obtained from applying the slope and intercept values (m and b)Tfathe8 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 thecdnvolution of the blue line data.
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Figure27 ¢ Deconvolution test at 0%, 15%, and 40% concentrations

The terms in the deconvolution equation are as follows:

0o The deconvolution data at time t in (% volume fraction)
60 0 The concentration at time t plus the transport delay (% volume fraction)
T The exponential time constant (seconds)
Q60 o The rate of change of concentration at time t plus the transport delay
Qo (%/second)

3.24.2.3. Assumptions and Limitations ddeconvolution
Two simplifying assumptions were made in this application of deconvolution as follows:

1 The flow of refrigerant through the sample line did not involve any mixing during transport (in
other wordsg slug flow), and

9 The response of the refrigant 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 shdvigure26 and Figure27.
On the other hand, the assumption of slug flow is a simplification. In actuakie th 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 usingR 0A refrigerant to characterize the leak rate in the test room at the
recommendation of AHRTI PMS.

3.2.5.1. TestSetup
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 wa4IRA. An electric fan was set up in the room to circulate
and mixthe refrigerant after it was released, and to enable a weiked 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 wallciematic of the test setip is shown irFigure28.

®° © D D D @ Refrigerant Sensor
@ >
e : © S © © © © © Thermocouple Locations
. ® Refrigerant discharge
G
. o © | Obstruction © B I Deflagration Vent
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5 66 & | O & o
= L A
¥ .
Plan View Elevation

Figure28 ¢ Test Room Leakage Characterization

3.2.5.2. Test Procedure
In Test Call5, refriggant R410A was released into the room at 100 g/s at a height of 2.2m through the
1lin. (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/is Phnovided a refrigerant
concentration (when welinixed) 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 tahke, 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, antirammto 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 prasted inFigure29 and shows that the refrigerant was watlixed in

the room. The refrigerant sensor at the 7 ft. level had stopped functioning just prior to congltigign
test.
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Figure29 ¢ Refrigerant Concentration: Leakage Test
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The first 240 seconds of deconvoluted concentrations are showigure30. 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 aratigal convergence to a long term decay

rate with nearly identical concentrations at every level.
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The leakage rate of the test room was determined by calculdtiagime constant of the slowly
decaying refrigerant concentratioriThe deflagration vent in this test was the larger design used for
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Figure30 ¢ Deconvoluted concentrations for the room leakage test
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Figure31shows that the refrigerant concentration decay, starting from peak value, in the test room is
exponential with a time constant of 2500 s (calcuthteomt = 1/0.0004 s). When the deflagration vent
is opened, the concentration decay rate increases with a time constant of 1250 s (calculateéd=from
1/0.0008 s) as shown igure32.
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Figure32 - Refrigerant Concentration Decay with Deflagration Vent Open
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3.3 Calibration Testing

3.3.1.RoomTests

Eighteen calibration tests were conducted in the test room to investigate the influenceefrigerant
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 sizbat 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 7&45%. %82 refrigerant

(LFL = 14 401%) was selected due to its higher burning velocity. Eteatas were used as ignition
sources. A calibration matrix was developed with the following variables:

1 Refrigerant release rate: 100 g/s, 50 g/s, and 13.5 g/s.
1 Refrigerant release location: 0.2 m, 1.8 m, and 2.2 m height
1 Refrigerant release opening: 25 m&g6 mm diameter (1 in and 14 in.)

The matrix of tests conducted in the Calibration Test Series is preseriiedblien.

Table9: Calibration Bst Series Matrix

Test# | Refrigerant | Release rate Release Opening diameter| Target percent of
(a/s) location (mm) LFL concentration

(m) (%)
Calo1 R-32 100 2.2 25 50
Cal02 R-32 100 2.2 25 50
Calo3 R-32 100 2.2 25 50
Calo4 R-32 100 2.2 25 50
Cal05 R-32 13.5 2.2 25 50
Cal06 R-32 100 2.2 25 50
Calo7 R-32 13.5 0.2 25 50
Cal0o8 R-32 100 0.2 25 50
Cal09 R-32 100 0.2 25 50
Call0 R-32 13.5 0.2 356 50
Calll R-32 100 0.2 356 50
Call2 R-32 13.5 2.2 356 50
Call3 R-32 100 2.2 356 50
Call4 R410A 100 2.2 25 50
Call5 R410A 100 2.2 25 50
Call6 R-32 50 1.8 25 50
Call7 R32 50 1.8 356 50
Call8 R452B 100 0.2 25 50
Call9 R32 100 2.2 356 25
Cal20 R32 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 equipmemracedures were
completed. Call4 and Call5 measured the leakage in the test room. Call4 was repeated due to
malfunction of instrumentation and is not reported in the Technical Report. Results from Call5 were
RA&OdziaSR ICharadtdifation & Tedt Raoyi Leakage

Tests Cal05 through Call7 developed data on the influence of refrigerant release rate, release height
and opening diameter. A schematic of tlest matrix with the three test parameters is showrHigure

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

Call9 and Cal20 were added during the Parametric Testing for evaluation of a discharge edoivalent
25% of the B2 LFL. Call9 is not reported due to a failure of the data acquisition system 30 seconds
after the start of the test.

1000 | @ @

Release Rate 50.0

135, l

Release Height 855

356

25

Release Opening Diam.

Figure33 ¢ Test Matrix. The red squares are on the 25 and 356 mm Release Opening Didiaetenf
the cube.
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3.3.2.Instrumentation
The location of thermocouples, electric arc igniters and refrigerant concentration sensors are shown in
Figure34 and listed with dimensional detail ifiablel0.

Room Exhaust Wall Room exhaust

e

18 in.

48 in.

72in.

N\ L, @

Plan

iew

Figure34 ¢ Task 1 Instrumentation Plan
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Discharge
Location

&
Refrigerant

Release Wall

Table10 ¢ Calibration Tests Location of Instrumentation and Electric arcs

Instrumentation Distance from Distance from
Locaton Refrigerant Room Exhaust Wall
Release Wall (in.)
(in.)

Al 18 18
A3 18 72
B2 36 48
D2 108 48
El 126 18
E3 126 72

The efrigerantsensorswere positioned at Location B1 and vertically positioded., 12in., 24in., and

36in (0.03 m, 0.30 m, 0.60 m, 0.91 af)ove the floor the electric arcs were positioned at Location B2

in a tree assembly dtin., 12in., 24in.,and 36 in (0.04 m, 0.30 m, 0.60 m, 0.91 abpve the floor and

the thermocouples were dtocations Al, A3, B2, D2, E1, and E3 and at4 in., 8 in., 12 in., 18 in., 60 in., 84
in.,, 88in.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 eaddt &arting from Cal05. These procedures were
developed during the shakedown tests in Cal01 through Cal04:

1. Confirm pressure and release tank pressure and temperatures.

Confirm the test room temperature and humidity were 91 °F + 3 °F and 70 % RH + 5 % RH.
Initiate data acquisition and video capture 1 minute prior to discharging refrigerant.

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.

Initiate data acquisition 60p@rior to release of refrigerant.

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

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

Open the control valve to initiate refrigerant release through the mass ffiater.

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 tbkease 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.

P

© 0o N O

' FGSNI SIFOK GSaidxr GKS G(Sad TIrOAtAGe o1& SEKIFdzadSF
the conditions in the facility were monitored with ep path gas FIR. Staff reentered the test
facility to set up the next test only after the gaslIRTindicated normal ambient conditions.
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3.3.4.Summary Results for Calibration Tests
A summary of the release rates in tests are presentebhinlel1. The target quantity of refrigerant
released for each test to achieve a concentration level equal to 50% LFL was 3.25-89 ford=3.36kg
for R452B.

Table11l ¢ Summary of Refrigeration Release Rates

Fully Mixed
Test _ Target Rel_ease Relea_lse Total Mass | Percentage of Average
Number Refrigeran| Release | Height [ Opening| Released | LFL based or] ReleaseRate
Rate (g/s)| (m) (mm) (kg) Mass Releassg (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
Calo8 R32 100 0.2 25 3.32 51.1 79.0
Cal09 R32 100 0.2 25 3.34 514 81.6
Call0 R-32 13.5 0.2 356 3.27 50.3 13.8
Calll R-32 100 0.2 356 3.29 50.6 80.3
Call2 R32 13.5 2.2 356 3.21 49.4 13.5
Call3[1] R32 100 2.2 356 3.26 50.2 55.2
Call6 R-32 50 1.8 25 3.28 50.5 48.9
Call7 R32 50 1.8 356 3.30 50.8 49.2
Call8 | R452B 100 0.2 25 3.46 53.2 93.4
Call9 No Data
Cal20 R32 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.qg., initighressure 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. Tpeoirad procedure was

employed in Parametric Test series. Call9 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 Manageni&ubcommittee (AHRTI PMS). Cal20 results are discussed in the
section on parametric test results.

@y uLLLc 47



Final report AHRTI Project 900T Benchmarking Risk byhole Room Scalecaks and Ignitions Testing of A2L
Refrigerants

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
0.2m), 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. Influenceof Refrigerant Release Rate, Release Height, and Size
of Opening
A summary of results with the 25 mm release opening are providédlitel2. The deflagration vent

was the original (smaller) vent in tests CalD&l09. The larger deflagration vent was in place for all tests
after Cal09.

Tablel2 ¢ Influence of Release Rate and Location (25 mm opening)

Ave Release
et Numer{Targe RfaselReeeee | 9ntn o | M ressre | Mo Geing | sue i
(9/s)
Calos 13.6 (13.5) 2.2 Ignition 0.664 336 243
Cal06 83.8 (100) 2.2 No Ignition 0.008 97 95
Calo7 13.8 (13.5) 0.2 Ignition 3.947 914 672
Calos 79.0 (100) 0.2 Ignition 2.656 1458 1197
Calo9 81.6 (100) 0.2 Ignition 4.476 1241 882
Call6 48.9 (50) 1.8 No Ignition 0.009 202 187

The maximum measured pressurecurredimmediately afterignition.
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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 higherSdl 8 S NJ i S &

0 X

Thdn

Jkaov =z

idKS

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 refrigergich mixture that resultedn ignition. The

results are graphically presentedHigure35.
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Figure36 shows the influence of refrigerant release rate on room temperatures at the B2 thermocouple
array (the location proximate to thendion sources) and refrigerant concentration from 0.2 m height
and through a 25 mm diameter opening.
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Figure36 ¢ Influence of Refrigerant Release Rate
(100 g/s from 0.2m height through a 25 mm diameter opening)

A comparison of the B2 concentration plotsKigure36) shows tlat 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 refrigesitmambient 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. Rieteasie
same height aa 13.5 g/s resulted in refrigerant pooling and ignition. The data are presentédune
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Figure37 - 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 d@figjire36 and Figure37 show
that refrigerant pooling at the floor occufer release fronboth the 0.2 and.2 m heights.
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A summary of results with refrigerant release from a 356 mm opening with baffling are presented in
Tablel3.

Table13- Influence of Release Rate and Location (356 mm opening with baffling)

Test Number Rele&s/z)Rate Release Height (m) Ma(mer’;esz;Jre Max Ceziilg)g Temp Ma)'(l'eAr\rgT) %T:i)ling
Call0 13.8 0.2 0.024 431 338
Calll 80.3 0.2 0.040 498 367
Call2 135 22 0.006 98 95
Call3 55.2 22 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 axdrage 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
Figure38from test Call7.

Frost fromevaporating
liquid refrigerant inside
the duct

Figure38 - Frost on the 356 mm Duct Indicating Presence of Residual Refrigerant in Duct
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Maximumeceilingtemperature results withielease fromthe 356 mm diameter opening are presented
graphically irFigure39.

356 mm Release Opening

1600 |
™ 1400 -— @ Height:0.2m u
g 1200 | | MHeight 2.2m
2
[l H .
5 1000 1 A Height: 1.8m
£
2 800 y §
[=11]
£ 600
@ o
(o]
7 400 ®
(1}
2 200
|
0
0 20 40 60 80 100

Ave. Refrigerant Release Rate (g/s)

Figure39- Maximum Temperature Refrigerant Released from 356 mm diameter opening
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The influence of the size of the refrigerant release opening is presenteidumne40.

Measurement 25 mmdiameter 356 mmdiameter
1500 1500
1400 —B2 92 inches 1400 ‘ —B2 92 inches
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Figure40 ¢ 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 refrgerant 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 ndtign due to the local concentration being
higher than the UFL at theifich 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
flammalility limits, and resulted in ignition of the refrigerant mixture.
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3.3.5.2. Comparison between-8 and R452B Refrigerants

Two tests were conducted with-#62B and F82 refrigerants with a release rate of 100 g/s ata 0.2 m
release height and through a 25 mnadieter openingand subsequent ignition. However, it should be
noted that 100 g/s was the target release rate. The actual release rate3ams about half of the
release rate for RI52B. A comparison of results is presentedTiablel4.

Table14 ¢ Comparison of RI52B vs. 82 Results

Refrigerant
Max Pressurg FEleaEE Rl Max Ceiling | Max AveCeiling
Refrigerant | Test Numbelf (mm Hg) (g/s) Temp (°F) Temp (°F)
1.112
R-452B calng | (largervent, 93.4 1457 1283
sliding
window)
4.476
R-32 Cal09 (smaller 55.2 1241 882
vent, plastic
film)

The comparison of B52B with R32 refrigerant inTable14 shows that room temperatures were higher
for R452B than FB2 refrigerant. Ignition of B2 resulted in higher pressure increase, though the result
is influenced by the change in vent sizer{vfor Cal10 thru Cal20 was 50% larger opening area than the
vent used for Cal05 thru Cal0Q)ote that the release rate for-B52B 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 develop®eal area of flammable mixture

3. Low release velocity flows (low release rate, 356 mm opening withirgftht 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 diffusiorxmg 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. Thisgt 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 wiB2Refrigerant Sveralof these
tests resultedn ignitions One &st was conducted with-B52B (high release rate of 100 g/s; 25
mm opening, at 0.2 m release heighthich resuledin ignition.

6. An intermediate mass release rate (55 g/s in Call13) through the 356 mm opening with baffling
at the 2.2 m release height resedl in the observation of liquid refrigerant pooling on the floor
and a significant fire event. Call7 was similar to Call13 but at the 1.8 m release height. Liquid
refrigerant was also observed pooling on the floor.

3.3.7.Test Observations, Temperature, Refrigrant 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 direobligtinffthe 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 dailustrate 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 (neasditing) versus at 12 in
height (near the floor) (Refer tBigure34).

Refrigerant ConcentrationThe refrigerant concentration at the four locations (1 in., 12ftt,, and 3 ft.)
above the floor (Refer t&igure34).

Video Documentation In addition, stills from video cameras provide documentation of the refrigerant
releaseand ignition events.

Spreadsheestyle simmariesof all of the following tests are included AppendixB Task 1 Test Data
Summary
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Test Cal05The test parametersf this test were as follows:

Refrigerant Releasaate Release Releaseopening Ignition Result
(a/s) Height (m) | Size (mm Diameter
R32 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 showrrigure4 1.
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Figure41 ¢ Data from Cal05
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TestCal06:The test parameters were as follows:

Refrigerant Releasaate Release Releaseopening Ignition Result
(g/s) Height (m) | Size (mm Diameter
R32 100 2.2 25 No Ignition

There was no ignition of the released refrigerant. Selected data from the test are shéiguie42.

600 200 400 4.0
550 —Pressurizer Pressure 380 " Mass Flow Rate (kg/hr) 38
190 360 R 3.6
500 —Release Tank Pressure 340 ——Total Discharge (kg) 34
——Pressurizer Bath Temp 180 320 3.2
—_
450 —Release Bath Temp E 300 3.0
—Pressurizer Tem 170 ™ ‘;ﬁ 280 2.8 ;D
w00 S Tp & L0 26 =
—Release Vapor Tem —
2 350 : F’. P 160 @ o 240 24 8o
— Release Liquid Temp 35 *i 220 22 @
¥ 300 150 & © 200 20 5§
2 ] 2 180 18 4
n 250 140 g- 9 160 15 0
& 200 e - 140 14®
-
130 & 120 12 0
150 - E 100 1.0
120 80 0.8
100 60 06
0 110 a0 04
20 0.2
0 100 0 — 0.0
-60 -30 0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 -60 -50 -40 -30 -20 -10 10 200 30 40 50 60
Time from Start of Discharge (s) Time from Start of Discharge (s)
Pressure and Temperature in Release and Pressurizer Tal Refrigerant Release Rate
1300 1300
1200 —B2 92 inches 1200 —D2 92 inches
1100 —B2 88 inches 1100 —D2 88 inches
1000 ——B2 84 inches 1000 ——D2 84 inches
——B2 60 inches —D2 60 inches
__ 900 __ 900
(™ —B2 18 inches (™ —D2 18 inches
o o
';‘ 800 —B2 12 inches : 800 —D2 12 inches
; 700 B2 08 inches 5 700 D2 08 inches
E 600 B2 04 inches E 600 D2 04 inches
[ Q
a 500 a 500
E 400 E 400
= =
300 300
200 200
100 e " 100 -_—
’ W ’
100 -100

60 -30 0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480
Time from Start of Discharge (s)

60 30 0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480
Time from Start of Discharge (s)

Temperature at Location B2

Temperature at.ocation D2

@y uLLLc

59




Final report AHRTI Project 900T Benchmarking Risk byhole Room Scalecaks and Ignitions Testing of A2L

Refrigerants
1500 1500
1400 400 . T R B e e
1300 1300 1 —A3
1200 1200 1 1 1 1 —B2
1100 1100 t - —D2
@ 1000 @ 1000 ! — — ———FE1
= 900 = 900
g 2
35 800 5 800
" 700 ® 700
3 600 8 500
o o
£ 500 £ 500
& o400 2 400
300 300
200 200
100 . ——— 3 100
0 i — 0
-100 | b | 1 : -100 ! b |
-60 -30 0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 -60 -30 0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480
Time from Start of Discharge (s) Time from Start of Discharge (s)
Temperature aB2 in. height above théioor Temperature atl2 in. height above the floor
40 40
35 || =—1in. 35
= g
s —12in. 30
;5 30 g
= 240N,
5 25 - E 25
k-] £ 20
E 20 E
3 g 15
g 15 8
o o 10
5 10 2
> Te— -+ +
5
_ 0
0 ] 0 5 10 15 20 25 30
0 15 30 45 60 Height Above Floor (in.)
Time (s)

Refrigerant Concentration

Refrigerant Concentration when Electric arcs are
Energized

Conditions at the end of refrigerant release

60s after end of release (no ignition)

@ uLLLc

Figure42 ¢ Data from Cal06

60




Final report AHRTI Project 900T Benchmarking Risk byhole Room Scalecaks and Ignitions Testing of A2L

Refrigerants

TestCal07 The test parameters were as follows:

Refrigerant Releasaate Release Releaseopening Ignition Result
(a/s) Height (m) | Size (mm Diameter
R32 13.5 0.2 25 Ignition

The refrigerant in thgpresence 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 approximatelintte. 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 dooropening 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 Call10.

Selected data from the test are presentedrigure43.
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Figure43 ¢ Data from Cal07
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TestCal08 The test parameters were as follows:

Refrigerant Releasaate Release Releaseopening Ignition Result
(a/s) Height (m) | Size (mm Diameter
R32 100 0.2 25 Ignition

The refrigerant mixture ignited with thapplication 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
temperaure. This test was repeated and is shown as Cal09 test record.

Selected data from the test are presentedrigure44. The spike in the refrigerant concentration data
was an interference signal from the electric arc.
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TestCal09 The test parameters were as follows:

Refrigerant Release rate Release Release opening Ignition Result
(g/s) Height (m) | Size(mm Diameter)
R32 100 0.2 25 Ignition

Deflagration in the test room was observed immediately after initiatingelleetric arcs. The event was
energetic enough to displace the test room walls with the pressure. The event Egpedximately 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 pressurailo-up in the test fixture.

Selected data for the test are presentedHigure45.
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Figure45 ¢ Data from Cal09
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TestCall0 The test parameters were as follows:

Refrigerant Release rate Release Release opening Ignition Result
(g/s) Height (m) | Size (mm Diameter
R32 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 poteistabrad

attempt was made after refrigerant concentration was observed to be between the LFL and UFL. The
Electric arcs were denergized and the sample pump turned on. When concentration at tinei

level was recorded at 34% and dropping the electris avere reenergized 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 datdor the test are presented iRigure46.
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Temperature at Location B2 Temperature at.ocation D2
Temperature aB2 in. height above the floor Temperature atl2 in. height above the floor
Refrigerant Concentration Refrigerant Concentration when Electric arcs are
Energized

Figure46 ¢ Data from Call10
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