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Executive Summary
The phasadlown and restriction of the most common and widely used refrigerants was initiated in the
frasS mpynQa FyR KIFa &LIJINNBR Ayy20FGA2yS 020K FT2NJ
as well as in the equipment that uses the®afetyGroupA2L refrgerants (lowetoxicity andlower
flammability) represent the most recent in the focus of deployable reduced GWP/zero ODP refrigerants.
Studies conducted by the industry have shown tinadrder toreach the goals of the Kig&imendment
for globalwarming impact reduction it is likely that A2L refrigerants will be requifég fire service
requested that data be developed to identify hazards to the fire service personnel when responding to
fire events in occupancies with the new refrigerants. Spedyiciey have identified the following
areas where performance data of A2L refrigerants would assist them in their tactical considerations.

a) Comparison and contributioof A1 and A2L refrigerants in a fire relative to heat and gases
generated

b) Potential for flasHire, deflagration or explosion hazards in residential and commercial
applications and

¢) Influence on fire dynamics from refrigerant leakaigingfire servicesuppression and overhaul
activities.

The data from the testing will be udéy UL Fire Safety Research Instit(f8RIto developtraining
materials for the fire service towards their tactical considerationkis activity is to be performed in
a separately funded and contracted project following completion of this statemewbok.

The followng objectives for this investigation were identified in collaboration WittR| and the fire
serviceorganizations

1. Demonstrate through fire scenario tests the hazards that may be encountered by the fire service
when fire involvesSafetyGroupAZ2L refrigerants as compared to existbafetyGroupAl
refrigerants; and

2. Prepare information for the later development of educational materials for the fire service for
their tactical considerations.

The original plan called for testing two safety group Al refrigerantsl(FA and RI66A) and two

safety group A2L refrigerants-@ andRi pn. 0 ® LG 61 & F2dzyR Ay {OSYylIl NJ
abatement system was not able to scrub iodine from éixbaust gases. Use o#iIB6A was

suspended because of this issue.

Based upon these objectives fire scenarios were desigaddllows:

Scenario 1Comparison and contribution of A1 and A2L refrigerants relative to heat and gases
generated in an opeflame.

Scenario 2:Hazards during suppression activity from change in fire dynamics in the hallway where
firefighters may be advancing towards the fire roarnth a forcedrefrigerantreleasein ventilation
controlled conditions.

Scenario 3:This scenariavas planned as optional pending a review of Scenarith2 difference

between Scenario 2 arficenario 3 is that the leak would not be forced as in Scenario 2.

\Y)
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Scenario 4:Hazards in fire room during overhaul activity if firefighters action resulisrefrigerant
line break.

Scenario 5:Fire conditions in a below grade closed room without any air movement, having an
excessive amount of refrigerant pooling, well above the allowable limits of refrigerant to
demonstrate how refrigerant burns when iged with a flame.

(This scenario was added to the original plan based upon input from UL FSRI and fire service.

The results for each scenario relevant for firefighter tactical considerationsusmenarized here.

Summary of Findings for Considerations by Firefighters
The following provides a summary of findings for consideration by firefighters relative to the objectives
of this investigation.

Figure Edmay be used t@rovide comparison of numerical data in the report to common examples.

)

Candle (80 W) Plastic waste basket with small ~ 30-gallon trash container with

wax cups construction debris
(50 kw) (150300 kW)

Upholstered furniture Overstuffed Sofa Living room with adequate

(2000 kW) (4000 kW) ventilation
(7000 kw)

Figure E<l ¢ Examples for comparison of Heat Release Rate Data

@ UL LLC
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Table Edmay be used to develop inferences on the hazards relative to heat flux exposure from fires.

Table Esl ¢ Hazard from Heat Flux Exposure in Fires

Heat Flux Comparison
(kW/m?)
<1 Thermal radiant heat from the sun (cloudless sky)
3to5 Heat flux that will cause pain to human skin within seconds
20 Heat flux at the floor (8 ft ceiling height) during flame rollover/beginnin

of flashover

84 Heat fluxexposure during Thermal Protective Performance (TPP) test 1
Firefighter Turnout Gear

60 to 200 Range of heat flux during flame impingement on a surface

Comparison of Al and A2L refrigerants exposed to an open flame.

This investigation (Scenario 1)sved that aleakwith diameter a 1.2nm (0.047 in.) holeeleased the
refrigerant as a jet. This resulted in the jet pushing the flames towards the wall increasing the
temperature and heat flux exposure on the wall. The temperature increase for both AA2and
refrigerants was approximately 200. The heat flux exposure on the wall for both A1 and A2L
refrigerants increased by approximately 20 kW¥/m

There was no flash fire or deflagration observed when the refrigerant jet interacted with the existing
flame. The heat release rate of the flame with the jet increased by approximately 140 kW from the
combustion of refrigerant in the flame. However, there was no visible increase in flame height with
either Al or A2L refrigerants.

Both Al and A2L refrigerants gaated hydrogen fluoride (HF) gas in quantities considered hazardous
without personal protective equipment (PPE). Theswss not a significant relative difference in HF gas
generation between R410A (Al) and other lower GWP refrigerants (A1, A2L) usadnnehtigation.

Gaseous hydrogen iodide (HI) was not detedtethe open path FTIR instrument. Some concentrations
of HI were measured using the bubbler method durirdBRA releases.

Tactical Considerations for Firefighters Advancing to Room of Fire Origin

This investigation (Scenario 2) examined conditions at a hallway entrance where firefighters were
preparing to advance their attack on the room of origin. The fire was ventilation limited, resulting in hot
gas layer temperatures in excess of 600°C (1)00PRe temperatures in the hallway, below 32 in.

Vi
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height, were less than 100°C. The refrigerant release (either Al or A2L) did not increase temperatures
at the hallway entrance.

Temperatures at the HVAC unit were high enough to cause brazed jointswifzil would have led to
a catastrophic release of refrigerant in the room of fire origin.

For both A1 and A2L refrigerants, heat flux exposure at the hallway entrance was less than%akW/m
the 3-foot level. This heat flux level is sufficient to capaé to exposed skin within seconds.

The ventilation limited fire developed heat release rates of about 2300 kW. When the refrigerant was
released into this fire there was no observation of a deflagration or a flashing of additional flames and
smoke intothe hallway.

Hydrogen fluoride (HF) was detected in the hallway for both A1) and A2L (B2) refrigerants.
The levels of HF generated were comparablel6®A was not tested in this scenario so hydrogen iodide
(HI) was not measured.

Since there s not an increased hazard from Scenario 2 with forced release of refrigerant, Scenario 3
was not conducted.

Tactical Considerations for Firefighters’ Overhaul Activities in Room of Fire Origin

Fast refrigerant Leak (Scenario 4)
This scenario investigadeconditions developed if a charged refrigerant line were to break during
overhaul activities. The fast leak resulted in a jet of refrigerant that quickly mixed with air. This led to
small increases in the fire size as it flowed through agpisting fie in the room. The increased fire size
was about the same as a small plastic trash can fire (50 to 100 kW). Visual observations showed the jet
pushed the flames to the side. The heat flux from the pushed flame was less than £.kWiis value
is aboutthe same as the thermal radiant hefabm the sun on a clear day. These results were
comparable for both A1 and A2L refrigerants. HF was generatadhintitieshazardous without PPE.
The relative difference between Al and A2L refrigerants were wadin

Pooled Refrigerant Ignition (Scenario 5)
This investigation examined the effect of igniting a large quantity of refrigerant pooled at the floor level
from a slow leak of refrigerant (heavier than air) with very little mixing with the air in the roms
scenario simulated a leak occurred in a basement utility room of a large residence that requited a 5
ducted AC unit and the associated charge needed to opétatehe pool of Al refrigerant {RLOA)
some flaming was observed at the igniters bidt dot lead to spread of flame in the room.

The pool of A2L refrigerant{82) was ignited by the fire source and spread away from the ignition
source to other ignitable concentrations in the room. The resulting fire grew slowly over a period of 40
secands. There was no observation of a fast fireball or deflagration in the room. At one minute after
ignition, camera views in the room were obstructed by the smoke. The heat flux at 3 feet distance from
the ignition peaked at 15 kW/Awhich can cause"2degree burns to exposed skin in about 7 seconds.

vii
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Temperatures above the ignition point climbed to between 300°C and 400°C (570°F to 750°F). Flames
GSNE 20aSNWSR (2 Ft2¢ 2dz2i 2F GKS NR2YQa R22N¥l &
Levels of HF gasiazardous without PPfuere generated foboth A1 and A2L refrigerants. The lewafls

HF from the Al refrigerant were observed to be generated near the ignition source and developed at a

much slower pace than the A2L refrigerant. The levels of HF from the A2L refrigerant were significantly
higher and faster developing due to spreadtw# fire to the pooled layer in the room.

viii
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1. Background

The phasadlown and restriction of the most common and widely used refrigerants was initiated in the

frasS mpynQa FyR KIFa &LIJINNBR Ayy20FGA2ysS 020K FT2NJ
as well as in the equipment that uses the®afety Group A2L refierants (lower toxicity and lower

flammability) represent the most recent in the focus of deployable reduced GWP/zero ODP refrigerants.
Studies conducted by the industry have shown tinadrder toreach the goals of the Kigali agreement

for Global Warmmg impact reduction it is likely that A2L refrigerants will be requifiéek fire service

requested that data be developed to identify hazards to the fire service personnel when responding to

fire events in occupancies with the new refrigerants. Spedyiciey have identified the following

areas where performance data of A2L refrigerants would assist them in their tactical considerations.

a) Comparison and contributioof A1 and A2L refrigerants in a fire relative to heat and gases
generated

b) Potential for flasHire, deflagrationor explosion hazards in residential and commercial
applications and

¢) Influence on fire dynamics from refrigerant leakalyging fire service suppression and overhaul
activities.

The data from the testing will be udéy UL Fire Safety Research Institute (R8RIgveloptraining
materials for the fire service towards their tactical considerationkis activity is to be performed in
a separately funded and contracted project following completion of this statemewbok.

2. Objectives

The objectives of this workere as follovs:

1. Demonstrate through fire scenario tests the hazards that may be encountered by the fire service
when fire involvessafetyGroupA2LIow flammabilityrefrigerants as compared to existing
SafetyGroupAland new Group Aflefrigerants; and

2. Prepare informatio for the later development of educational materials for the fire service for
their tactical considerations.

3. Scope

The original scope of this project included scenarios 1 through 4 (outlined below). Review of the data
resultedin revision to the origingplanto meet the concerns of the fire servicdhese modifications

were madein collaboration with the AHRTI projetionitoringsubcommittee (PMSUL FSRind fire

service representatives.

Senaros wereperformed withone or twoAlrefrigerantsandone ortwo A2L refrigerants selected by
the AHRT8028 PMS Each fire scenariincludeda baseline without the presence of a refrigerant
measurethe relativecontribution of a refrigerant involved in the same scenario.

®
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The five scenaoi performed in this project are as follows:

1. Scenario 1:.Comparison and contribution of A1 and A2L refrigerants relative to heat and gases
generated in an open flame.

2. Scenario 2:Hazards during suppression activity from change in fire dynamics in theagal
where firefighters may be advancing towards the fire rowith a forcedrefrigerantreleasein
ventilation-controlled conditionsThe scenario was modified by including both a forced leak
external to the airconditioning unit and a forced leak withihe airconditioning unit.

3. Scenario 3 (Optional): Similar to Scenario 2 with refrigerant release due to system failure in the
fire. (Not conducted since Scenario 2 met the objectives for the fire serg&eesection9.3
Scenario 3or a full explanation.

4. Scenario 4Hazards in fire room during overhaul activity if firefighters action results in a
refrigerant line break.

5. Scenario §Added) Fire conditions in a below grade closed room without any air movement,
having an excessive amount of refrigerant pooling, wative the allowable limits of refrigerant
to demonstrate how refrigerant burns when ignited with a flame.

4. Technical Plan
The technical plan for this projecbnsisted of the following tasks

U Task I¢ Plan, construct, and acquire equipmergfrigerants, and refrigerant release method
U Task & Conduct tests
U Task X Develop a Technical Repathié report)

Theresults from thetechnical plarare presented in the followingectiors.
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5. Refrigerants
OneSafetyGroupAl and two A2L refrigerantgere selected by AHRI. All refrigerants used the project
were provided byan AHRImember. A summary of relevant refrigerant characteristgeshown inTable

1.

Tablel ¢ Refrigerant Properties

Refrigerant R410A R-32 R-454B R-466A

Characteristic
Safety Groupl] Al A2L A2L Al
Chemicals b R32, R125 R32 R32, R1234yf R-32, R125,
hoilivy y (50, 50) (100) (68.9, 31.1) R1311

ght > (49, 11.5, 3%)
ChR
CHR CHR ChHR

C d

ompounds GHR GH:Fs %';js
RCL (ppm/v) [1] 140,000 36,000 19,000 30,000[2]
LFL (kg/m) at
23°C, 101.XPa, NA 0.306 0.297 (WCF) NA
50%rh [3]
ODP* 0 0 0 ~0
GWRod** 2088 675 466 733
Burning Velocity
(cm/s)at 23°C 0 6.7 5.2 0
101.3kPa,<1%rh
'I\Eﬂr:';'g;m Ignition NA 30-100 100-300 NA
md) (Es=200) (ES™ =200)
Heat of
Combustion
(MI/kg)at 25°C, 5.91 9.5 9.9 5.45
101.3 kPa, 0%h

*ODP¢ Ozone Depletion Potential
*GWP ¢ Global Warming Potential 00year integration time horizof4].

™ -- Statistical MIE (Es) is an estimation technique to estimate the actual ignition energy to a more
precise amount of detail, the tolerance is on the order 6f50%
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6. A/C Equipment

The air handlegused in Scenario®&ere provided by an AHRIQuipment manufactter. The installation
is shown irFigurel. The airconditioning equipment is a typical indoor unit fofaage (5ton) residential
AT SR AL AG ae@zBYO SFIOUIRMMRAYANI Y R! Tl yod

Figurel ¢ Air handler used in Scenario 2

7. Test Facility and Hazard Controls

¢SadAy3a st a OBrhiRadGaigdRaleregt fakilftydttia testroom 428 47 43 1t. high

Thetestroom is outfitted with a 14 by Hbot & lj dzZr N SEKI dzad K22R | GG OKSR
abatement systemkigure2 shows the exhaust hood during a calibration fire. ti#dl tests in this

investigation vere located under this exhaust hood.

Figure2 ¢ ADD room Calorimeter hood with a calibration fire in progress

4
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7.1. Test Setups

The test program required twtest setups The test setup foScenario 1 is shown Figure3. The
three-sided room was constructed entirely within tf@otprint of the hood This enabled thesleased
combustion products to be collected and processed by the smoke abatdiaiity,

1 X r &

Figure3 ¢ Scenario 1 Tesbetup

Scenarios 2, 4, andviere performed ina building constructed under the ho@s shown inFigured. In

these scenarioghe hallway exit was located under the center of the hood allovilgproducts of

combustionto beOl LJG dzZNBR ' yR LINRPOS&aSR o.8Theldposanitiers®id S | o G S
of the hallway exit were closed during testing.

No special room temperature and humidity control was used and the conditions were typical for
conditions inside the laboratory in November and December.
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Figure4 ¢ Test ®tup for Scenarios 2, 4, and 5

7.2. 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, electric shock, frostbite, and mechanical hazards. Hazards were addressed by:

9 Elimination.

1 Engineering controls.

1 Administrative controls.

1 Personal protective equipment.

7.2.1.Hazard Elimination
Potential hazards in the/orkspace were assessed as they were introduced into the laboratory
workspace. When possible, hazards were eliminated from the workspace entirely. For example, unused
or no longer to be used compressed gas cylinders were removed from the facility and istereearby
tank storage facility. Hazards that could not be eliminated immediately were periodically reassessed to
determine if changes in the test program enabled the hazards to be eliminated. Hazards that could not
be eliminated were addressed throughgineering controls, administrative controls or personal
protective equipment.
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7.2.2.Engineering Controls
Whenany Al or A2Huorinatedrefrigerant(GHyF,) iscombusted,t produces heat, wateHO), carbon
dioxide(CQ), carbon monoxid¢CO) hydrogen fluoridg HF) and other products resulting from
incomplete combustionThe test facility was constructed such thaat, and gases were exhausted
fromthetestroomb @ G KS O2ff SOGA2Y K22R | YR LINRiD&EBSR o0& !
risk of personnel exposure.
Wallkmounted open sprinkler headsere ineach room to initiate suppression activities. The hallway
was outfitted with an open ceiling sprinkler head. Sprinklers were connected to a remote activation
switch in the control rom.

All necessary actions required to initidtee testsand provide input to tests werengineered to be
remotelycontrolled by personndbcated outside of the test room.

7.2.3. Administrative Controls
Standard operating procedures (SOPs) were developed in trgeovide laboratory staff with
guidance for safe test setup and conduct. SOPs consisted of assigntegtptest and postest roles
to every member of the project team. Ptest safety actions were monitored via a checklist reviewed by
the lead tetinical engineer.

Prior to initiating a test, all staff evacuated the test room. Actions needed to initiate and administer a
test were conducted remotely from the control room.

Before any staff was permitted entry into the test roothe test facility wagxhausted through the
collection hood.Additionally hydrogen fluoride (HFponcentration sensorwithin the test facilitywere
monitoredfor HFand combustion productxygen, carbon dioxide, and carbon monoxide levels were
also monitoed.

Electrical egipment requiring hand®n 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.

Hazards typically associatedtvhandling refrigerants by tradesmen were handled only by staff with
appropriate training and authorization.

7.2.4.Personal Protective Equipment
[ Qa adlyRAY3 al FSGeé NBIdZANBYSyld FT2NJ LISNE2YyYySt Sy
and safey glasses.

Additional protective equipment included:

9 Long sleeve shirts and long pants.
1 Refrigerant operations were conducted by trained personnel
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7.3. Refrigerant Discharge Control System
The mass discharge ratim this investigation haadhitial flow rates of 50 g/s(Scenarios 1, 2, 4) aid® g/s
(Scenario 5).These are considered catastrophic leak rates that seldom occur and only occur when there
is a major break in a refrigerant linehe system consisted of a 50 tbcovery tank that was ecaated
and filled with the amount of refrigerant to be discharged. Two modes of discharge were created. The
first was called a constant pressure method, where liquid refrigerant was discharged through a nozzle
throughout the entire discharge. The recoyé¢ank was filled such that the entire discharge remained in
the liquid state up to thalischargeorifice.

The second method was called a pressure decay metitoch is more representative of a catastrophic
leak in an HVAC unitn this caserefrigeranttank was filled witra mass of refrigerant between 15 and

20 Ibs. based on charge that would be irbaon split units with 100 ft of interconnecting line®ote the
charge was adjusted to account for the different charge levels for the selected refrigex refrigerant
discharge was conducted using the liquid valve on the tank. Sirtbe adifrigerantmass was intended

to be discharged, there was a point during the discharge that tank pressure dropped below saturation
pressure This resulted in ewo-phase flow in the discharge lines. While the initial discharge rate met
the target of either 50 or 30 g/s, the final discharge rate was typically less than Ngte that the
refrigerants boil at57.0 t0-60.9°F so any liquid quickly flashes tapor. In additionthe speed of

sound is low so there can be a supersonic shock wave in the refrigerant release device.

Figureb compares the two methods of release. The constant pressure release method was not entirely
at constant pressure due to draining liquid from the tank. The pressure decay method on the right
shows and initial flow rate near 50 g/s followed by a period of phase flow. The final flow rate was

less than 5 g/s.
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R410A constant pressure release RA410A pressure decay release

Figure5 ¢ Constant pressure compared to pressure decay discharge

Figure6 compares the recorded tank and system pressure seen in both release methods. The pressure
spikes seein the pressure decay method are due to flashing at the locations of the pressure
transducers. The pressure transducers had a maximum range of 500 psig which ¢kpletimpped

®
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shape of the system pressure curve in the righhd chart. These pressurecurves were typical of all
four refrigerant discharges.

500 T T T 25 500 T 25

T A
—SystemPressure —SystemPressure
450 — | 450 — { |
—Tank Pressure —Tank Pressure
n
400 [ ~—Disch Valve (V) 400 " \ —Disch Valve (V)|

— 350 \

350 — S B
= A g 2| 5 N \ 2
89 o | o
“ 300 > w 300 >
o ] o \\ o
i > i >
£ 250 o | Zaso o
3 3
& ] 8 200 \ s

200 T T
L g & 5
o 2 | & N K]

150 a 150 ~ a

.
o
I=3
=
o
o

w
=1
v
o

° 1] 60 120 180 240 300 3!‘50 4%(} 480 540 600 660 720 780 8400 ° 0 60 120 180 240 300 3!‘50 4%(} 480 540 600 660 720 780 8400
Time (s) Time (s)
R410A constant pressure release RA410A pressure decay release

Figure6 ¢ Comparison of pressure changes
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7.3.1.Discharge Equipment
Figure7 shows the recovery tank suspended from a load cell and wrapped in a heating blanket. The
heating blanket was needed to achieve the desiredtpst pressure The right side of this figure shows
one of two electrically piloted, aibperated valves. The valves are of a normally closed design. The
valve shown is the discharge valve. Not shown is a similar valve located near the recovery tank used as a
safetyshutoff if needed. Signals from these devices were routed to the-fipgied data acquisition
system for recording.

Tank Weighing and Heater Blanket Air-operated release valve

Figure7 ¢ Refrigerant Release System

7.4. Data Acquisition Systems
Multiple data acquisition systems were used in this projedtacilitate data acquisition from a range of
insruments used in this investigationStarting times for each of these coordinated such that the data
could be aligned acrosd ¢hree systems

An Open Path FTIR analyzer (MIEAMoration)with its own data acquisition systemas used to
record and analyze for the presencehyfdrogen fluoride IF and hydrogen iodid¢HI) The open path
FTIR results are quantified if the paéimgthandthe gas mixture is known. In this sap the path length
was not available. Assuming, that the path length is similar for the different refrigerdetdatawas
used to elicittoncentrations relativéo that of R410A tests.

Theseconddata acquisition system was a National Instruments system supporting up to 128
thermocouple channels and 64 voltage inputs. The data acquisition rate was selectable up to 1000 Hz.
The rates chosen for this projeicicluded 1 Hzcenario band 10 Hz(All other scenarios)

10
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The third data acquisitiosystemfrom Flukewas used for monitoring the velocity, temperature, and

gasesto calculate heat release rates. This system recoxygien carbonmonoxide carbon dbxide

gases along with velocity and temperature. Heat Bsdaate is calculated according to the information
O2yGFAYSR Ay ! {¢a 9HAcScale xyfgénCygnBUMpPLBN Caldtiné@rii Rir®S F2 NJ C
¢Saiaoe

7.5. Measurements
The instrumentation requiremas varied for each of the scenarioable2 lists the types of
measurements deployedExact details are provided in the description of each scenario.

Table2 ¢ Instrumentation common to all scenarios

Measurement Method/Instrumentation
Heat release rate Oxygen consumption method
- O, CO, Ceconcentration
- Exhaust flow rate
Oxygen Sensor: Siemens Oxymat 6
CO/CO2 Sensor: Siemens Ultramat 23

Heat Flux SchmidtBoelter heat flux gauge®50 kW/m2

Medtherm Corp. model 66SB20
Gases HF and HI@pen Path FT)RMIDAC Corporatiom4411-F
Acid Gases (hydrogen fluoride Sample gases pulled thrgh bubblers and processed pest
hydrogen iodide) testwith ion selective electrode concentration

measurements (Thermo Scientific Orion 9609BNWP,
9653BNWP, and A214)
VideoCameras Crazyfire HA00P/SDI

RefrigeranDischarge Rate Load Cell Systems LSIGD (6100 lbm)

Video Up to 16 channels
UVST model Magic U¥M

7.5.1.Uncertainty of Gas Measurement (Open Path FTIR)
The open path FTIR instrument was able to detect the presence of Hydrogen Fluoride (HF) gas, but the
absolute accuracand uncertainty could not be assessed due to several factors including the following:

9 Concentrations of HF in the beam path were not homogeneous, higher in some locations and
non-existentin other areas.

1 The infrared (IR) beam may not have passed through the region containing the highest overall
concentration

9 Theinstrument could not be diébrated due to the hazard represented by introducing a uniform
concentration of HF in a large laboratory

1 The velocity of air passing through the IR beam could not be determined making calculations of
total HF production speculative at best.

11
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Despitetheseissues, the instrument was useful in providing relative comparisons betwedrRhe
concentrations resulting from combustion of the refrigerants.

7.5.2.1on Selective Electrode Measurements
Similar to the open path FTIR instrument, the use of the ion seteetectrode (ISE) method was subject
to severaluncertainties SeeAppendix EAppendix Fand sectiorl0, Testing for Surface Contamination
for further discussion on this method. The measurement method concentrates on measurement of the
collected water sample. There are other issues associated with the collection of the liquid sample
including the followig:

1 The aspirating sample probe consisted of 7 sample ports evenly spaced at 5 inch intervals. The
resulting gas sample represented an average of the concentration sampled air.

9 Due to turbulence from fires, the sample probe may not have been drawing samaptbe
point of highest or average HF concentration.

1 Total flow rate of air past the sample probe could not be determined meaning that total
production of HF or HI could not be estimated.

1 Highestconcentrations of HF were obtained from the passt flush of the sample lines. This
showed significant precipitation of acid gas on the walls of the sample lines.

1 It was found after all testhad been completed that additional flushing of the gas sampling lines
was needed to completely purge that sampling §indhe need for additional flushing also
indicates that some amount of acid gas was not collected in the sample bubblers.

1 This lack of adequate flushing lead to a biased sample in subsequent tests. This is most
observable in Scenario 4 (sEmgure54 ¢ Scenario 4 HF Concentrations (Bar CRagt)re54).

The estimated uncertainty ohe collected liquid sample is +2q#%1) but the other factors (above)
affecting total uncertainty could not be estimated.

12
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8. Task 1 - Plan, construct, and acquire equipment,

refrigerants, and refrigerant release method

Task 1 involved detailgglanning and preparation for the testing. Activities in this task included the
following:

9 Fire test room design and construction

1 Test equipment and refrigerants acquisition

1 Development of detailed test procedures for Scenarios 1 through 4
1 Development of aafety plan

The testsetupsand its construction used in this investigation are described for each of the test scenarios
following. The tesand safetyprocedures are attached in Appendiced\, B, C andD. AHRI members
contributed the refrigeranteand HVAC equipment used in this investigation

8.1. Refrigerant Release Method
TheRefrigerant release methodas developed to providand measure the refrigerant release during

the tests with a target of amitial flow rate of 50 g/s.A schematic of theéest arrangements provided
in Figures.

Vacuum
Connection
System Pressure Vacuum
Tank Presgure 0-500 psig Connection
0-500 psig %
e =
Y] EEJ 100 ft. 3/8 in ACR Tubing Y] EEJ |

Safety Release Discharge
Shutoff Valve Orifice
Remote Remote

Control Control

Release Tank
with
Strip Heater

Figure8 ¢ Schematic of Refrigerant Release Test Arrangement

13
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As shown inFigure? the refrigeranttank wassuspended from a load cell and wrapped in a heating
blanket. Since the tank contents were in a tploase state, thermocouples were used to establish the
initial tank pressureusing a D cantroller.

Orifices of various sizes wewnged to determine awrifice size andefrigeranttank pressure thayielded
aninitial flow rate of 50 g/46.6 Ilbm/min) Table3 shows the results of testing. In order to prevent
routine changing of orifices,’/a2 mm 0.047in.) orifice was selected for use in all discharges except in
Scenario 5 which haah initial equirement of 30 g/$4.0 Ibm/min) The details are discussed in
Scenario 5

Table3 ¢ Orifice Size and Tank Pressure resulting in initial 50 g/s discharge rate

. Constant Pressure g Orifice Size | Pressure
Refrigerant . .
Pressure Decay mm (in.) (psig)
Constant 1.2 0.049 460
R410A
Decay 1.2 0.049 411
Constant 1.3 0.052 337
R454B Constant 1.2 0.047 450
Decay 1.2 (0.047) 449
Constant 1.2 0.049 343
R466A Constant 1.3 0.052 246
Decay 1.2 0.049 336
Constant 1.3 0.052 306
R32 Constant 1.2 0.049 459
Decay 1.2 0.049 459

14
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9. Scenario Tests
This sectiordiscusses the testing environment and provides a comparison of the test results for each
scenario. Greater detail for each of the testprisvided in the appendices.

1. Scenario 1Comparison and contribution of A1 and A2L refrigerants relative to heat and gases
generated in an open flame.

2. Scenario 2Hazards during suppression activity from change in fire dynamics in the hallway
where firefidhters may be advancing towards the fire roavith a forcedrefrigerantreleasein
ventilation-controlled conditions

3. Scenario 3 (Optional)Similar to Scenario 2 with refrigerant release due to system failure in the
fire. (Not conducted since Scenario 2 met the overall objectives for the fire service.)

4. Scenario 4:Hazards in fire room during overhaul activity if firefighters action results in a
refrigerant line break.

5. Scenario 5:Fire conditions in a below grade closed room without any air movement, having an
excessive amount of refrigerant pooling, well above @llewable limits of refrigerant to
demonstrate how refrigerant burns when ignited with a flame.

9.1. Scenario 1
Scenario 1 was designed torapare the contributionsof A1 and A2L refrigerants relative to heat and
gases generated in an open flame.

9.1.1.Test Setup
A threesided room was constructed under the exhaust hood as showigimre9. The three sides were
constructedusinggypsum wall boaréhstalledon wood supportThebackwall width was 12 feet and
the side walls were 8 fedéngth. The height of each wall was 8 feet.

Open Path FTIR

Footprint of 14 x 14 ft.
sl Exhaust hood

Thermocouple tree

Heat Flux \
4,5, and 6 feet \
Discharge Tube Support
Adjustable between 2 and 6 ft. from

I
i
1
I
]
I
|
|
[
'
i
|
I
1
i
!
d [1 center of sand burner. Horizontal
Sand Burner discharge 3 ft. above floor
Top 2 ft. above floor

Figure9 ¢ Schematic layout of Scenario 1 instrumentation and equipment

Figurel0shows the vertical arrangement of the instrumentation for Scenario 1.

15
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HF&HI measurement|
(Solvent method)

=
Heat Flux ‘
4.5 and 6 ft QP‘(@,,4_ — —Open Path FTIR (25 ft. path length, not to seale}- — o@
o
b Video and Thermal
5 - R Imaging Cameras
55 b 5
© o a ©
Re i
<_
s
)

Back wall and sides
painted black )
~
‘ L - o - - — . Discharge Tube on

T o teo support frame

Sand Burner

Elevation View

Figurel0¢ Schematic layout of Scenario 1 (Elevation View)

Figurell shows the sand burner operating with a propaiueled 120 kW fire.The sand burner was 12

in. square and 4n. deep. It was locatetivo feet above the floor and 2 feet from the back wateat

flux gauges were located on the centerline of the back wall at 4, 5, and 6 feet in elevation. A
thermocouple tree of 8 bare beads (fauge) was placedid. away from the back wall andid. off the
centerline so as not to interfere with the Open Path FTIR beam. The FTIR beam receiver was placed
behind the wall to protect it from heat and gases. For additional protection, an IR transparent window
was plaed in the path length at th&-foot level on the centerline.

Heat Flux Gauges
4,5, and 6 feet

Open Path
FTIR window

Thermocouple tree
1,2,3,4,5,6,7,8 feet

Discharge Valve
and Orifice

Figurell ¢ Scenario 1 Sand Burner and instrumentation

Figurel2is a view from the floor looking up to the top of the exhaust hebdwing the location oftte
acid gas sample probe on the centerline of the hood. The pnaisa 3/8in. stainless steel tub closed
on one end and connected to sample tubing outside of the square plenum boxe Wik seven

equally spaced holesong the length of the tubwith each hole sized such that flow through each hole

®
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are equal. The probe&asparallel to the dischaye flow shown irFigure9. Because the acid gases react
with stainless steeh heat exchanger (not shownjasinstalled just outside the plenum box to cool the

colleded gases and allow a transition to PTFE tulbnginimize the loss of acid gases due to acietal
reactions.

Figurel2 ¢ Top of exhaust hood showinthe acid gas probe

17
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Figurel3shows the acid gas collection system. Tubing is routed down to the floor level from the probe

in the collection hood. A sample pump pulls 0.5 L/min through the two bubblers that are connected in

series. With good capture, it is expected that littlenoracid gas will be collected in Bubbler 2. In

addition, a backflush system was installed such that any gases that condensed on the tube walls can be
collected after the test is completgHowever, the volume of backflush may have been insufficient to

recover all acids from the sample tubing. Future work should confirm sufficient flushing volume by
GF1Ay3a FRRAGAZ2YIE YSIadaNBYSyilia 0SGeSSy GSaid Nuza:z
acids.) The sample pump is operated from the contrebm allowing for the duration of collection to be

matched with the duration of the refrigerant discharge.

A detailed description of this method is includeddppendix E

Backflush

From Acid
gas probe

Sample Pump

Bubbler 1 Bubbler 2

Figurel3 ¢ Acid Gas Collection

9.1.2.Test Procedure
The test procedure in this scenario consisted of the followiegeralizedsteps:

Check that all instruments and data acquisition system are operating

Refrigerant release tdnfilled and heated to the correct pressyr

Video cameras positioned as needed including view of marquee showing test parameters
Heat Release Rate Calorimeter operating

Valve alignment igerifiedand flows adjusted

Ignite the sand burner and set to QXW Heat Release Rate

Release refrigerant after the sand burner has stabil{z€d seconds for constant pressure
discharges and 240 seconds for pressure decay discharges)

=A =4 =4 4 -8 4 A
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9 Stop data recording 2 minutes after the end of the release and turn of§aimel burney
1 Monitor acid gas conditions for safe concentrations prior to entering thedah
9 Collect bubbler liquid samples and label for ptesdt analysis

A full description of the Scenario 1 test procedure is containégppendix A

Testing was conducted with four refrigerants4B0A, R32, R454B, and R66A. RAI10A and RI6G6A
are Al refrigerants while-B2 and R454B areA2L refrigerants Tests were perfaned usingconstant
pressure andhatural pressure decay discharge methodée test data were obtained wittefrigerant
releasedistances of 2 and 6 feet from the front edge of the sand burner.

The testing of RI66A was stopped when it was discovered ttiet smoke abatement systems was not

able to remove iodine from the exhaust staEluring the testing of R466A, pink smoke was visually

observed and videotaped emanating from the smokestack of the smoke abatement systsniuture

testing involvingpoted A I £  adGF Ol NBfSFAS 2F StSYSyidlt A2RAYS 4
stack effluent permits.
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9.1.3.Results

Visual Observations
Figurel4 shows still frames during the discharge using the constant pressure method. The orifice was
located 6 ft. from the front of the sand burner operating at 120 kW. Tleane no visible signsfo

additional flaming from the passage of refrigerant through the flanfa®ssure decay releases at the 6
ft. distance showed similar behavior during the initial discharge period.

R-410A(SL-10) R-32(S104)

R-454B (S102) R-466A (S112)

Figurel4 ¢ Constant Pressure Discharges at 6ffom the 120 kW Burner

20



AHRI Report N&@028 A2L REFRIGERANTS AND FIREFIGHTER TACTICAL CONSIDERAT

Figurel5shows the appearance of the discharge about two minutes after the start of the discharge.
Notice that the mist hasearly disappeared, but the burner flame is still blown dwethe discharge.

Shortly after these frames, the mist disappears from the camera view because the discharge is entirely
vapor.

R-410A(SL-11) R-32 (S107)

R454B (S103) R466A(S108)
Figurel5 ¢ Pressure Decay DischargetsGaft. from the 120 kW Burner
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Figurel6 shows still frames during the discharge using the pressure decay method. The orifice was
located 2 ft. from the front of thesand burner operating at 120 kW. Thevere no visible signs of
additional flaming from the passage of refrigerant through the flames.

R-410A(SL-14) R-32(S109)

Not Done

R-466A

R454B (S113)

Figurel6 ¢ Pressure Decay Discharges at 2 ft. from the 120 kW burner

Temperatures at the wall

The refrigerant discharges all pushed through the flames pushing the plume closer to the back wall.

Figurel7 andFigurel8shows the temperatures recorded during the constant pressure and pressure

decay tests at 6t. distance from the sand burner. Throughout the constant pressure tests and during
the first part of the pressu decay discharge (at 50 g/s), the temperatures at the 84 and 96 in. level
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showed an increase due to the shift of the plume.
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Figurel? - Scenario 1 Wall Temperatures, Constant Pressure-#it om sand burner

Once the twephas flow started, the peak temperatures at the wall shifted down to the 48 and 60 in.
level. Temperatures below the top of the sand burner at 12 and 24 in. showed a drop in temperature
during the initial discharge which then recovered to-ischarge level during the twephase flow

period. This data shows that the fire plume was moved clos#rgavall during the discharge. This

data is insufficient to say that the fire size had increased. This behavior is similar acefsigeathnts
tested (Al andA2L)
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Figurel8 ¢ Scenario 1 Wall Temperatures, Pressure Decay-#t iom sand burner
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Figurel9shows similar data for the pressure decay discharge at thed?stance. The temperatures
were generally lower than the tests at thefté distance. The temperature at 84 in. shows a similar
increase during the initial (50 g/s) release. During the-phase flow period the peak temperatures
shift to the 48 and 60 in. level. In contrast to thét.&ests, the temperatures at the 12 and 24 in. level
showed an increase during the initial discharge, then increased further during thphase flow

period. This data shows that the fire plume was moved closer to the wall during the discharge. The

temperatures duringthe®2andRipn. 0! H[ Qa0 RAaOKI NHS40A NB af A3IK{G
discharges.
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Figurel9- Scenario 1 WalTemperatures, Pressure Decay aft2from sand burner

25



AHRI Report N&@028 A2L REFRIGERANTS AND FIREFIGHTER TACTICAL CONSIDERAT

Heat release rate

The sand burner was set to deliver a 120kW fire throughout each test. The burner flame was ignited
and allowed to stabilize before the refrigerant was releasédble4 groups the tests by leak type and
distance from the sand burner. Some of the tests were repeated due to problems with either data
collection (highspeed data), video recordingr bubbler sampling. Those problems did imbiuence

the measurement of the heat release rate (HRR).

The table also shows the average HRR while the discharge was in progress. The final column shows the
changein HRR during the release over the {@n rate. In general, all refrigerants did cause an

increase in the HRR, although the phosb®wthe size of the flame is knocked down from its{m@n

size.

Table4 ¢ Scenario 1 Heat Release Rates

Distance

Average HRR (kWA

Test# | Refrigerant Leak (ft) Pre- During Change
Release| Release
S110 R410A Constant 6 77+6% | 165t6% | +88
S101 R410A Constant 6 115+6% | 116+6% +1
S104 R32 Constant 6 109t6% | 134+6% | +25
S102 R454B Constant 6 141+6% | 1686% | +27
S112 R466A Constant 6 126+6% | 192+6% | +66
Sti1 R410A Decay 6 132+6% | 170t6% | +38
S106 R410A Decay 6 143t6% | 168t6% | +25
S105 R32 Decay 6 1214+6% | 143t6% | +22
S107 R32 Decay 6 111+6% | 192¢6% | +81
S103 R454B Decay 6 129t6% | 164+6% | +35
S108 R466A Decay 6 115t6% | 148+6% | +33
Sti4 R410A Decay 2 102t6% | 183+6% | +81
S109 R32 Decay 2 116+6% | 172+6% | +56
SH13 R-454B Decay 2 114+6% | 174+6% +60

** The uncertainty shown is based on the standard error of the m@an B/p T F16% rounded up

k=1).
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Figure20 shows the HRR for the five tests conducted at 6 feet distance and with constant discharge
pressure. Theoise in thedatais causd by thecalorimeterat the low end ofits design rangef 0 to-
5,000 kW. The measurement error at this low end of the rang82%6 of reading This is evident in the
two R410A tests shown in the figure. The first test-08) showeda minimalincrease 0.6 kW on
averagewhile the second (S10) test showedn increase of 88 kW on average.

For comparison purpose, a complete combustion og&0discharge of B2 refrigerant would have
resulted in aife sizeof 475 kW The heat release calorimetesed in this investigatiowas well
equipped to measurany fire greatethan 150kWw.
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Figure20¢ Scenario 1 HRR at 6 feet distance and Constant pressure
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Figure21 shows the HRR plots for the six tests at 6 feet distance with a pressure decay.redsaséh
the previous figure, the repeat tests highlight some of the variability in measuring lowTH&R.is a
trend that does show a slight increase in the average heat release rate during the refrigerant,release

but only a small fraction (5% to 17%)the expected HRR faomplete combustion odll the R-32 (475
kW).
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Figure21 ¢ Scenario 1 HRR at 6 feet with a pressure decay discharge
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Figure22 shows the HRR plots for the releases done at 2 feet distance withsayre decay release.

The data shows that all three of the refrigerahtsd greater increases in HRR than in the tests done at 6
feet distance.This increase is moBkely due to differences in the refrigerant concentration within the
jet flow at different distances from the discharge orifice.
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Figure23 shows the differene between a constant pressure discharge and a pressure decay discharge.
The left side of the figure shows results fed FOA with an initial discharge rate above 50 g/s which then
gradually falls to slightly less than 50 g/s. The decrease is due to decreasing pressure in the refrigerant
tank, but the pressure has not decreased to the poiitausngtwo-phase flowanywherebut after the
discharge orifice. The right side shows a pressure decay that begins similarly slightly above 50 g/s
followed by a rapid drop after about one minute due to twbase flow in the lineapstreambefore of

the discharge orifice. During the twahaseflow region, the mass flow rate drops to less than 1Q g/s

The transition from liquid flow to twgphase flow upstream of the orifice does not initially change the
orifice velocity very much due to choked flow conditions (velocity is limited to the speeszliad in the
refrigerant) or nearly choked flow. Vapor has significantly lower density than liquid, andhase

flashing flow will accelerate as liquid changes to vapor, so during choked flow conditions the orifice exit
velocity will remain approximatg constant despite the large drop in mass flow, though as the tank
pressure decays towards the end of the release the jet velocity may decrease to some extent.
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Figure23 ¢ Comparison of typical constant pressure and pressurealedischarges
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Heat Flux

Heat fluxwas measuredat 4, 5, and 6 feet above the floor in the center of the back wall. The sand
burner back edge was two feet away from that back wall. The sand burner was started and allowed to
stabilize for five minutes bere the start of therefrigerantdischarge.Figure24 shows the results from

a constant pressure discharge. The data shows an immediate drop in heat flux when the discharge
begins. Once the discharge is stopped, heat flux levels return tdipcharge levels.
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Figure24 ¢ Scenam 1, Heat Flux Constant Pressure Discharge at 6 ft. from the flame
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Figure25 shows the results using the pressure decay method with the discharge at 6 feet distant fro
the front edge of the sand burner. All four refrigerants show an immediate drop in measured heat flux
as soon as the release begins. Once thevase flow beginsafter 60-90 seconds ), the heat flux

returns to prerelease levelsalbeit slightlyhigher.

It was observed that the initial release rate knocked down the visible size of the fire and bent the plume
toward the back wall. The immediate drop in heat flux was due to the reduction in radiant heat from
the ignition flame. The lower, twphaserelease rate allowed the flame size to recover, but the lower
release rate pushed the plume closer to the heat flux gauges. This effect along with the slightly higher
heat release rates accounts for the slight increase in heat flux at-tbetdevel (eémated at 2 to 3

kW/m?). There were no significant differences based on the refrigerant selection.
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Figure25 ¢ Scenario 1 Heat Flux withressure decaylischarge at 6tf from flame
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A similar effect was observgBigure26) with pressure decay releases at 2 feet from the front edge of
the sand burner. There was a smaller initial drop in heat flux followed by a recovery-telgase
levels. A similar recovery to slightly high heat flux was observed that was independ#re céfrigerant
selection.
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Figure26 - Scenario 1 Heat Flux with discharge at 2 feet from flame

HF concentration by Open Path FTIR
Table5 summarizes the Hydrogen Fluoride measurements using the Open Path FTIR data. The
equipment deteced hydrogen fluoride during the tests.

Since the path length for the opgrath FTIRannot bedefined in this scenario, the dats useful for
relativecompaison between the reference refrigerant (i.e-4R0A) and the other test refrigerants (i.e.,
R32, R454B, and R66A). In the calculations, it assumed that the path length for the FTIR beam
through the gases is constant for each of the refrigerants. almilated relative peak and average HF
concentrations are presented ifableb.
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Table5 ¢ Scenario 1 Hydrogen FluoridélF)Results

Peak Average
Distance Relative to| Relative to
Test# Refrigerant LeakType (ft) Duration R410A R410A
Estimated Uncertainty;] +14% +2%
SH10 R410A Constant 6 140 1.00 1.00
S104 R32 Constant 6 140 1.11 1.01
S102 R454B Constant 6 140 0.70 0.91
S112 R466A Constant 6 140 0.86 1.07
e e — I
S111 R410A Decay 6 300 1.00 1.00
S107 R32 Decay 6 300 0.56 0.55
S103 R454B Decay 6 361 0.80 0.61
S108 R466A Decay 6 300 1.02 0.79
A e e
S114 R410A Decay 2 300 1.00 1.00
S109 R32 Decay 2 360 1.06 0.71
S113 R454B Decay 2 299 1.11 0.88

HF concentration values were not calibrated due to unknown path length and can only be interpreted
on a relative basis between test$ests S110, S111, and S14 were used as the relative references.
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The uncertainty shown ifiable5 is based on the comparison of the Standard Error of Concentration
(SEC) and the measured concentrations reported by the open path FTIR sofigane27 shows a

typical plot of these two measures during the time that the refrigerant is released into the open flame.
The black dots in the plot are the ratio of the SEC to the measured concentration. Over the period of
release this ratio is 0.14 or 14% (k=1). Thigeved used as the measure of uncertainty for the peak
concentration relative to R10A. The average concentration is based on the number of samples in the
(about one sample every three seconds). The standard error of the mean reduces this 14% uncertainty

by the square root of the number of samples—mea&ID ¢ Pk This erroris slightly smaller for the longer

duration releases, but still rounds up to 2%

50 100

—Hydrogn Fluoride (ppm)
45 90
—HF SEC (ppm)

* SEC/Conc. 30

&
o

N [ w w
o w o wn

Hydrogn Fluoride (ppm)

Standard Error/Concentration

300 360 420
Time (s)

Figure27 ¢ Typical HF concentration plot during release
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Hydrogen lodide (Blwas not detectedby the Open Path FTIReither of the RA66A tests.Figure28
shows a high standard error of concentration (SEC) due to interference by other gétse figure
compares an 10A test, where HI was not expected and@®A where HI might have been expected.
Similar high values for SEC were produced in the othkGaA test, SD8.
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~——Hydrogen_lodide (ppm) ~—Hydrogen_lodide (ppm)
45000 90 45000 20
—HI SEC (ppm) —HI SEC (ppm)
. 40000 MassFlow (g/s) 80 . 40000 MassFlow (g/s) 80
E E
&35000 70 = &35000 70 =
—_ ) ] Y
] o] ] Y]
° 30000 60 2@ -] 30000 60 20
] 2 T 2
O 2s000 50 © © 25000 50 ©
| w | w
c w c n
@ 20000 40 w @ 20000 40 »
g s | @ s
5 15000 30 5 15000 30
z T
10000 20 10000 20
5000 10 5000 WWMMp)‘r 10
AT WrIYYY PRSP S LT TRPah Ui\ Lboa Wi Ll
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Time (s) Time (s)

Figure28 ¢ Standard Error of Concentration (SEC) for Hydrogen lodide
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9.1.3.1. Hydrogen Fluoride Using Aqueous Solution
The bubbler methodised to trap acid gases is descrilivd\ppendix EScenario X, lon flective
Electrode Measurementsin addition to the two bubbler containers, an additional sample was taken
post-test by backflushing the sample line from the probe in the hood. This practicesiiiaedbecaise
the acid gases react with water vapor and condense on the sample Bwgsficant concentrations of
acid gases werundin the backflush samples.

Table6 displays theexhaust hoodconcentration derived from theample probe at the top of the hood
(seeFigurel?). The tablealculates a ratio of concentratiomslative to R410AThe conversion of
agueous concentrations to concentrations at the sample probe is document&plpiendix E

Table6 ¢ Scenaio 1 Acid Gas Estimate

Average
Exhaust Hood Concentration
Distance| Duration Conentration* Relative to
Test#| Refrigerant| Leak (ft) (s) (ppm, v/iv) R-410A
Fluoride (B lon Measurements
S110 | R410A 6 140 156" 100%
S101 | R410A g 6 140 58 37%
S104 | R32 g 6 140 33 21%
S102 | R454B ) 6 140 32 21%
S112 | R466A 6 140 177 113%
S111 | R410A 6 300 A7 100%
S106 | R410A 6 240 37 79%
S105 | R32 6 301 4 9%
S107 | R32 > 6 300 42 89%
S103 | R454B ?Dd 6 361 24 51%
S108 | R466A 6 300 36 77%
S114 | R410A 2 300 121 100%
S109 | R32 2 360 43 36%
S113 | R454B 2 299 97 80%
lodide () lon Measurements
S112 | R466A Constant 6 140 7 Not Applicable
S108 | R466A Decay 6 300 1 Not Applicable

* -- The measuremeniincertainty of these concentrations was +2(Rs1)excluding the amount HF loss
in the collection hood and concentrations remaining in the sample tubing. This additional uncertainty
could not be quantified.See sectior7.5.2for discussion.

[l ¢ Represents the reference for relative concentrations for all other tests at that distance and
discharge duration
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Mass Release

The amount of mass released in using the pues decay method was less than the charge in the tank
due to the drop in tank pressure and the transition to tplase flow. Table7 summarizes the mass
release for dlScenario 1 tests.

Table7 ¢ Scenario 1 Refrigerant Mass release

Percentage
Initial Tank | Released, of charge
Charge Mass released
Test# Refrigerant Leak (Ibm) (lbm) (%)
S110 R410A Constant 80% liquid fill| 16.4 100%
S101 R410A Constant 80% liquid fill| No Data No Data
S104 R32 Constant 80% liquid fill 16.3 100%
S102 R454B Constant 80% liquid fill|  16.0 100%
S112 R466A Constant 80% liquid fill 15.8 100%
S111 R410A Decay 15 9.7 65%
S114 R410A Decay 15 10.5 70%
S106 R410A Decay 15 9.2 61%
S105 R-32 Decay 15 12.4 82%
S107 R32 Decay 15 11.3 76%
S109 R-32 Decay 15 11.9 79%
S103 R454B Decay 15 12.4 83%
S113 R454B Decay 15 11.3 75%
S108 R466A Decay 15 10.3 69%
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9.1.4.Scenario 1 Summary
A summary ofhe results of Scenarioi% as follows

1 The large calorimeter used in Scenario 1 had a measurement uncertaiB®yaif reading at
the lowend (< 150 kW2 ¥ G KA & OI f 2-B000KMfoB G pointImgasugements.
Averages wer@ised to compare baseline fires to increases during refrigerant releases

1 Increases in the rate of heat release (HRR) were relatively small in comparison to the 120 kW
sand burner flame. The largest average increase for any refrigerant over the basediB8 wa
kW was for RI10A, an Al refrigerant.

1 The largestverageincreaserecorded for an A2L refrigerant was 80 kW.

1 The Open Path FTIR instrument yielded relative comparisons of hydrogen fluoridehgas.
relative average measurement of HF concentrationtfi@ A2L refrigerants was at most 1%
above that of RIL0A and many times, significantly less.

1 The open path FTIR instrument did not detect the presence of hydrogen iimdide tests with
R466A R466A FTIR measurements showed similar level$-@ftén compared to the other
three refrigerants.

1 The pressure decay method at 2 feet distance resulted in higher relative concentrations than at
the 6 foot distance.
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9.1.5.Firefighter Tactical Considerations for A2L Refrigerants Scenario 1

kW/m2 during two-phase discharge flow.

Hazard Result Comment
T Temperatures increased on the side of .
emperature the sand burner flame pushed by the Temperatures were recorded in the range
T Wall ; P y of 200°C (390°F) at the 60 in. level
discharge.
Heat flux at 4, 5, and 6 ft. decreased from | Heat flux in the range of 3-5 kW/mz will
Heat Flux i an average of 7 kW/m2 to 3 kW/m2 during | cause pain to exposed flesh within
Wall the initial discharge, then increased to 8 seconds. Refer to Appendix H for more

information.

Heat release

The average heat release rate increased
over the size of the baseline 120 kW fire
in the range of 1 to 80 kW. No significant

150 to 300 kW is about the size of a 30-
gallon plastic trash can fire. Refer to

Fluoride (HF)
and Hydrogen
lodide (HI)
generation

refrigerants.

The aqueous solution method showed HF
production from A2L refrigerants was
slightly less than from Al refrigerants.

HI was seen in small amounts with R-
466A, an Al refrigerant, but this
refrigerant produced similar levels of HF.

rate (HRR) differences were seen comparing Al to Appendix H for more information.
A2L refrigerants.

Deflagration No deflagration was observed. Al and A2L refrigerants performed in

similar manner.
All refrigerants tested generated HF gas H apd HF.and other _halogen compounds
at potentially hazardous levels are inhalation and skin contact hazards.
P y ‘ Contact with contaminated turnout gear
A2L refrigerants released HF during can lead to skin or inhalation exposures if
h L not properly cleaned.
Hydrogen combustion at levels similar to that of Al

Fire service personnel need to don
appropriate PPE for all phases of
operations from suppression, to overhaul,
investigation, and recovery.

Refer to Appendix G for a further
discussion of this hazard.
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9.2. Scenario 2
Scenario 2 was designed to represents thedrds during suppression activity from change in fire
dynamics in the hallway where firefighters may be advancing towards the oddine originwhen a
refrigerant leak occuranderventilation-controlled fire conditions.

9.2.1.HVAC Equipment
The air handler used in Scenario 2 testing was supplied by an AHRI member. The model number was
D22RYlIyQa ! w! Ccwm5 ,Niown3rRigute?d. Tihe uhipwAsiinstalfEat d height of 6
feetin the horizontakeilingorientationwithout any duct workas was shown iigurel. Note the unit
had an aluminum round tube plate fin coil.

Figure29 ¢ Goodman Model ARUF61D 5 Ton Air Handler

9.2.2.Refrigerants
The efrigerants used in this scenario included F0OAand R-32.

9.2.3.Test Setup
A teststructurewas constructeénd locatedunderthe calorimeter exhaust hood which allowed for
heat releaseaate measurements and smoke abatemerite test structure consisted of twid x 14 x 8
ft hightest roomsconnected toa 4-ft. wide hallwaylocatedbetweenthe two rooms Eachtest room
had a 2.5 ft wide by 7 ft. high doorway connected to the hallWéne tweroom structure enabled a
quicker turnaroundn-between the tests.

The walls and ceiling were covered with two layers of gypsum wall board. Sections of the ceiling and
hallway walls and ceiling are covered with additional layers iof Burock® sheets where heat exposure
was expected to be most intense. The flsof the rooms were also covered with Durock® to protect
the test facility floor from spalling. The roomere not painted.

For suppression, the rooms were outfitted with an open sidewall sprinkler. The hallway had an open
ceiling mounted sprinkler head. Wat#ow was initiated as needed from switches in the control room
operating water admission valves.

®
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Each room had accesepeningsfor test setup and toenable fire suppression activity after the test was
terminated. These openings wergtéd to UL Listedire doors and were kept closed during the test.

The room that is not under test kahe hallway exit blocked with an insulat@dnelwith similar
insulation to the hallway. The fire test room hallway was open during the teptarview of the
structureis shown irFigure30.

20" Door blocked while
Igniter IR Source testing opposite room
Thermocouple Tree "

| 14-0" | Q}T { 140" |

| ] | ]

|
|
T
- |
Service H |
|
Door i ﬁ> !
I i Door opening
| blocked
Fire Fire M |
Load | | Load |
gg i
|
5 ml Fire Fire |
Room .: Load Load 1
|
Pressure Fire Fire i
’/* Load Load !
|
|

Leak k Short

5 Ton Test room } 5Ton
|

Unit Unit

/"7 i "7 |
|
|
HF Measurement G\
(Solvent method | Ventilation Flows | | Heat Flux

FTIR Sensor

Figure30 ¢ Two room structure for Scenarios 2, 4, and 5

Figure31shows a photo of the completed structure, showing its location under the exhaust hood
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Figure31¢ Two room structure seen from the" floor observation window

The instrumentation for the tests included tHellowing:

T

Three thermocouple trees made frob8-gauge type K wire with bare bead®ne tree was in
the test room the second one was placed at the doorway connecting to the hallway; and the
third TC tree wasiithe hallwayThese locations are shown fiigure30.TheTCswere locatedat
8, 20, 32, 44, 56, 68, 80, and iB#2above the floor

Ventilation flows are measured atrtical locations in the room door and hallway exitie
velocity at each of the five locations was measured uaibgdirectional probeconnected to a
pressure transducesinda ccelocated thermocouple.The bi-directionalprobeswere placed at 6,
24, 42, 60, and 7B. above the floor in the center of the doand at the entrance of the
hallway.

AnOpen Path FTIR instrumerithe instrument was first positionealong the centerline of the
hallwayat 78 in.above the floorand later at 8 in.height During testing, the IR beam was
blocked by the heavy smoke layer which prevertteg collection of concentration data.

Heat flux gauges with a range 660 kW/m2 were placed at the hallway entranceedvations
of 2, 3, and 4 feet with th&ace of the gauge point horizontally down the hallway.

Two acid gas probes, each with seven holes over a lengthiof @@re placed in the hallway
entrance The top probe covered the range of 54 toiB4above the floor while the bottom
probe sampledthe range from 24 to 54h. above the floor.
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Figure32 shows the location of various instruments at the hallway entrance. The bidirectional probes in
the compartmen doorway can be seen in the background.

Bidirectional A NG
Probe and g PCIb as
Thermocouple rones

N
{
. (
Bidirectional (
Probe :
Transducers "
) s

Heat Flux

Gauges

= e

Figure32 ¢ Instrument locations at the hallway entrance
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The HVAC unit was instrumented to monitor temperatwithin the unit at several locations near the
refrigerant coil A-coil).. These locations are shownRigure33. The sieet metal enclosure cover was
re-installed forthe tests.

iquid Line Braze Joint
\/apor Line Braze Joint

pper A-Coil Return Bend Braze
Vapor Manifold Near Braze

id Height A-Coil Return Bend Braze (peak
of A)

Lower A-Coil Return Bend Braze

Figure33 ¢ Additional thermocouples added to the air handler

9.2.4.Fuel Load
The design of the fuel package used in Scenario 2 was intended to result in a ventilation limited
condition in the room. The fuel package cateil of a stack of @ide x 3longx 3tall (18 total) Group A
plastic commaodity classification boxes (UL 1®@ndard For Safety For Automatic Sprinklers for Fire
Protection Service A cutaway view of one box is showrrigure34.

Figure34 - Group A Plastic Commaodity (partially cut box to show the cup arrangement)

Toverify that ventilation conditions were established, a fire test was conducted under the calorimeter
without any confining walls to limit the flow of air to the fir&igure35 shows the arrangement of boxes
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as they were placed under the calorimeter hood. The photos are at the time of ignition and 5 minutes
(300 s) posignition.

Video Frame at Ignition
Figure35¢ Fire Load at Ignition and 5 minutes later

Figure36 shows the measured heat release rate during the free burn of 18 boxes. The term free burn
means that there was no restriction of fresh air flow to the fire. The emiume from the fire was
captured an exhausted from the calorimeter up until the 5,000 kW mark when the plume was large
enough to exceed the exhaust capacity of the calorimeter. The peak HRR was 6,590tk\WWhat

during thecompartmentfires, ventilation-controlled conditions (oxygen limited) resulted in a much
lower HRR 02,300 RV.

7,000
6,000
5,000
4,000

3,000

Heat Release Rate (kW)

2,000

1,000
0 300 600 900 1200 1500 1800 2100 2400 2700 3000
Time (s)

Figure36 ¢ Heat Release Rate: Free Burn of 18 boxes
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Peak heat release rates in Scenario 2 tests were below that of the free burn as shbaiteb0. This
indicates that the fire size was ventilation limited.

9.2.5.Test Procedure
The test procedure in this scenario consisted of the following generalized steps:

Verify that the Calorimeter exhaust hodgloperating

Check that all instruments and data acquisition system are operating

Refrigerant release tank filled and heated to the correct pressure

Video cameras positioned as needed including view of marquee sgdest parameters
Fire load in place and igniter prepared.

Take baseline data for 5 minutes

Ignite the fire using the electric match and allow the fwedevelopfor 6 minutes

Start the refrigerant discharge and continue for 3 minutes

Allow the fire to ontinue for an additional 2 minutes and initiate test room sprinkler.
Quialified individuals in turnout gear finally extinguish the fire using a hand line,
Monitor acid gas conditions for safe concentrations prior to entering the lab
Collect bubbler liquidamples and label for pos¢st analysis

=4 =4 =4 4 -4 -8 4 -8 -8 -8 -4

=

A full description of the Scenario 2 test procedure is containéspjmendixB.
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9.2.6.Scenario 2 Results
Since the fires werall similar in growth and siz&able8 captures a series of images from different
cameras beginning at ignition and ending with the start of suppressitiephotographsn Table8 are
from S203 (R32 Outside releasednd aretypical of the entire test series. The refrigerant release (from
time 11 to 14 minutes) did natisbly change smoke conditions in the hallwdye largest single source
of increase in smoke in the hallway occurred when the sprinkler head was activated.

Table8 ¢ Typical Ignition and Fire Growth

Ignition
&

&

i

Ignition + 2 minutes Ignition + 2 minutes (Hallway cmera)
Smoke layer at top of boxes (B0 in.) Smoke and ash carried into hallway

g1

Ignition +6 minutes (hallway camera) Ignition +6 minutes (hallway &rance)
Discharge started Discharge started
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Table9 ¢ Typical Ignition and Fire Growth (2)

Ignition +6 minutes and 30 seconds
Hallway camera

4

Ignition +9 minues } Iniion +9 minutes
Discharge Stopped Discharge Stopped

Igntion + 1L minutes
Sprinkler head Activated
Smoke pushed to floor level
Ignition + 19 minutes
Extinguisled by handline

Igntion + 1L minutes 4
Sprinkler head Activated
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Heat release rate results
The peak heat release rates in each test are showrabiel0. At this HRR level the measurement
uncertainty of the calorimeter is +11% of reading or approximately +220 kW (Kh#)standard error

of the mean for the average column—&s: P ¢ (k=1). It appears that HRR for the outside

releases was significantly lower when compared to the baseline, whileside release of 82 showed

a similartHRR as the baselindReleases were made either outside or inside the air handler. The outside
release simulated a line break going into the unit while the inside release simulated a failure in the A
coil.

Tablel0¢ Scenario 2 Peak Heat Release Rates

HRRKkW)

DuringRelease
Leak | Refrigerant Release Peak Average

Test#| Refrigerant| (Ibm) Location k=1 k=1
S201 | Baseline | None No refrigerant | 2360 220" | 2109+16"
S202 | R410A 20 Outside 2530 220 | 197016
S203 | R32 16 Outside 22904220 | 191516
S204 | R32 16 Inside 2460 £220 | 2088+16

" ¢ Measured peak prior to 900 s, test time, 2730 kW during extended burning time

™ ¢ Average during the 180 seconds of discharge

The charge amount for-B2 is lower than R 10A due to the properties of the refrigerants needed to
support a 5tonR unit witha long lineset. R66A was not tested in this scenario due to the permitting
issues with stack effluents of iodine.
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Figure37 shows the chart of heat release rates for each of the four Scenario 2 tests. The baseline test
continued longer than the other thre¢ests This was don® determine the refrigerant releaseme

and postrelease duration before suppression. The fire was suppresspikvent fire damage to the

test structure. In the three release cases, HRR during the release was lower than the baseline fire. At
this level of heat release rate, the caloeter has aneasurement uncertaintpf +11% (k=1)of

measured value or220 kW. Scenarios SQ1 and S23 used the lefside room shown ifrigure30,

while S202 and 8-04 used the righside room.
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R-32(S203) Outside Release R-32 (S204) InsideRelease

Figure37 ¢ Scenario 2 Heat Release Rates

Heat flux results

Heat flux was measured at the hallway entrance at 2, 3, and 4 feet above the floor to simulate the heat
flux exposure to firefighters in @ouched position getting ready to attack the firgigure38 shows the
measured heat flux in each of the four tests. The baseline test data is anomalous duelemzalith

the instrumentation and cooling systems and cannot be compared to the other three tests where these
problems were resolved.
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