Honeywell

The miracles of science”

HFO-1234yf
A Low GWP Refrigerant For MAC
Honeywell / DuPont Joint Collaboration

Mark Spatz Barbara Minor
Honeywell DuPont

13-14 February, 2008

E 5 VDA Alternative Refrigerant Winter Meeting 2008
Saalfelden, Austria

VDA Alternative Refrigerant Winter Meeting

1



Themiriclesofsciencew Prese ntatlon OUtIlne Honeywell

Background

Toxicity Summary

Flammability Characteristics:

— Results of flammability parameter testing

Evaluation of flammability inside a typical passenger
compartment

— CFD modeling results
— Mock-up tests to validate CFD and run ignition tests.

Next Steps

Summary



Background Honeywell

The miracles of science”

* Global Alternative Refrigerants Presented To Date Have Not Met
Acceptance Criteria

— Fluid H: CF;1 ODP, Stability
— DP-1 and JDH: Toxicity

* Other Industry Options Have Certain Limitations
— CO, : complexity, energy efficiency and requires mitigation
— 152a / secondary loop: performance, size and weight

« DuPont And Honeywell Revisited Potential Technology Options
— ldentified HFO-1234yf (CF;CF=CH,) As The Preferred Option Which Offers
The Best Balance Of Properties And Performance
« Excellent Environmental Properties, GWP = 4, Zero ODP, favorable LCCP
« Comparable To 134a For Refrigeration Properties
» Acceptable Stability And Compatibility Properties
* Is Mildly Flammable (But Significantly Less So Than HFC-152a and R32)

* Preliminary Assessment Indicates That It May Be Possible To Use HFO-1234yf In A
Direct Expansion MAC System (i.e. No Secondary Loop)

DuPont and Honeywell are now focused on HFO-1234yf



HFO-1234yf Summary Honeywell

The miracles of science”

» Excellent environmental properties
— Very low GWP of 4, Zero ODP, Favorable LCCP
— Atmospheric chemistry determined and published

 Low toxicity, comparable with 134a
— Low acute and chronic toxicity
— Significant testing completed

« System performance very similar to 134a

— Excellent COP and Capacity, no glide
* From both internal tests and recent tests at CTS (reported at this conference)

— Thermally stable and compatible with 134a components
— Potential for direct substitution of 134a

* Mild flammability (manageable)
— Flammability properties significantly better than 152a; (MIE, burning velocity, etc)
— Potential for “A2L” ISO 817 classification versus “A2” for 152a based on AIST data
— Significantly different vehicle leak profile than 152a

— Potential to use in a direct expansion A/C system - better performance, lower
weight, smaller size than a secondary loop system



Honeywell
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Significant Toxicity Information Available

Test HFO-1234yf 134a
 Acute Lethality No deaths 400,000 ppm No deaths 359,700 ppm

 Cardiac sensitization NOEL > 120,000 ppm NOEL 50,000 ppm
LOEL 75,000 ppm

13 week inhalation NOEL 50,000 ppm NOEL 50,000 ppm

* Developmental (Rat) NOAEL 50,000 ppm NOAEL 50,000 ppm

» Genetic Toxicity Not Mutagenic Not Mutagenic

* 13 week genomic Not active (50,000 ppm) Baseline (50,000 ppm)

(carcinogenicity)

* Environmental Tox NOEL > 100 mg/L (Pass) NOEL > 100 mg/L (Pass)

HFO-1234yf Has Low Toxicity
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ATEL Calculation

« ATEL (Acute Toxicity Exposure

lelt) Is a value used by Refrigerant ATEL (ppm)
standards organizations (e.g.
ASHRAE 34) to reduce the risks R-12 18,000

of acute toxicity hazards in

. R-134a 50,000
normally occupied spaces.

« Itis calculated from the acute R-152a 50,000
toxicity data for a given CO, 40,000
refrigerant and provides an
estimate of the maximum HFO-1234yt 101,000

exposure limit for a short time
period (e.g. 30 minutes)

HFO-1234yf Has a Favorable ATEL Value



Permeation HFO-1234yf vs R-134a Honeywell
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Standard Veneer Hose ULEV Veneer Hose

Permeation [g/m/d] on STD Veneer Hose ID13

vaol— T

-1,40

1,20 \1 20

1,00/ \ 1,00

0,80 10,80

-
0,60+ I 0,60
0,40 - : 0,40
@90C @90T =
0,201 10,20
@60T @60T ) N T
0,00 10,00
R134a 1234yt R134a 1234y1
Results

R1234yf shows lower permeability values toward Vene  er hoses compared to R134a.

Remarks
With the same gas concentration (0.6g/cm?3) the inne  r pressure with R1234yf

is lower (e.g: at 90T was -20%) A\VM AFLOW
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Refrigerant Flammability Tests

e |s it flammable? If yes, Flame Limits will exist.
— LFL — lower flammability limit
— UFL — upper flammability limit

* What is the probability of an ignition source being
present of sufficient energy to cause an ignition?

— Autoignition temperature
— Minimum ignition energy (MIE)

* What is the impact (damage potential) if an ignition
OCCcurs?
— Heat of combustion

— Burning velocity



HFO-1234yf Flame Limits ~ Honeywell
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LFL Values

* HFO-1234yf flame limits measured using ASTM

Ammonia i 15 vol.% E681-04 T= 21°C : 6.5 vol.% to 12.3 vol.%

HFC-32 13.3 vol.%

e Low LFL value more flammable
e Wider UFL — LFL more flammable

HFO-1234yf @ 6.5 vol.%

ASTM E681 Apparatus

« ASTM E-681 in US

(12 liter flask, spark ignition)

— Flame must reach the wall and
exhibit > 90 degree angle

— 1985 version cited by SAE
(5 liter flask, match ignition)

« Allin EU

— 5 cm x 30 cm Vertical tube
— Spark ignition

Methane 4.6 vol.% Air In

HFC-152a @ 3.9 vol.%

Ethylene

Oxide 3.0 vol.%

Acetylene 2.5 vol.%

Propane 2.1 vol.% Spark Ignition
Stirrer

— Flame travels up the tube
Gasoline @ 1.6 vol.%

More HFO-1234yf Is Less Flammable Than 152a

Flammable



Burning Velocity Honeywell
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ISO 817 Burning Velocity Apparatus HFC-32 HFO-1234yf

150 cm tube

| 38 mm internal
diameter

I

* 18 vol.% in air * 8 vol.% in air - stoichiometric
stoichiometric * Flame propagates < 8 cm
e Propagates entire length at low velocity
of the tube - Wall effects extinguish
the flame

Burning Velocity Data

| | Propane 152a NH, 32
|
BV,
-1 46 23 7.2 6.7
cm's
*3 liter spherical flask t
Video area/ Ignition Source iter spherical flask (see next page)

15 kV, 30 mA
power for 0.3 s.

HFO-1234yf Burning Velocity Less Than That Of HFC-3 2

10



Burning Velocity — Alternative Method Honeywell

Burning Velocity Measurements
* Measurements performed in 3 liter spherical apparatus
« Experimental result for HFO-1234yf: 1.5 cm s?

* ISO 817 Flammability Classification is 2L
(lowest flammable class classification)
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HFO-1234yf Minimum Ignition Energy (MIE)

¢ Chillworth Technology (UK): MIE > 1,000 mJ
— 1,000 mJ max. energy available
— 1 liter standard spherical vessel
* Chillworth Technology (US): MIE > 250,000 mJ
— 250,000 mJ max. energy available
— 1 liter standard spherical vessel
» “Wall-effects” can quench flame propagation
suppressing ignition
— “Wall-effects” are common with difficult to

ignite materials (like some halocarbons),
especially in smaller vessels

— Important to use appropriately sized test
vessels for halocarbon flammability testing

MIE, mJ
Propane 0.25
Gasoline 0.29
HFC-152a 0.38
Methane 0.47
HFC-32 >30, <100
Ammonia >100, <300

*Confirmed several ways

HFO-1234yf Is Very Difficult To Ignite . . . Simila

ASTM E-582 MIE Apparatus
* 1 liter spherical vessel

* Metal electrodes, variable
gap; vary gap to > ignition
guenching distance

* Sight glass to monitor ignition
& propagation

r To Ammonia
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Refrigerant/Air Mixtures Tested

« 12-liter glass sphere used in ASTM E681 flammability limit tests was modified for MIE
testing in order to eliminate potential wall quenching effects

« Materials Tested:
— HFC-32 from 16-22% (v/v) in 1% increments at 30 and 100 mJ nominal
— HFO-1234yf from 7.5-11% (v/v) in 0.5% increments up to 1000 mJ nominal
— Ammonia at 22% (v/v) at 100 and 300 mJ nominal

Refrigerant No Ignition Occurred Ignition Occurred
HFC-32 30 +/-12 mJ 100 +/- 30 mJ
Ammonial 100 +/- 30 mJ 300 +/- 100 mJ

HFO-1234yf 1000 +/- 350 mJ never ignited

at max 1000 mJ

Note: Atmospheric air at 23/40-55% RH used in HFC refrigerant tests; dry @g0° C
dewpoint) used in ammonia tests

10Only 22% ammonia in air mixture tested
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HFO-1234yf MIE Estimate

HFC-32 HFC-1234yf
S,, cm/s 6.7 1.5

DT, °K 2343 2153

k, W/m-°K 0.0228 0.0249
Cp, J/kg-°K 0.964 1

r, mol/m 3 36 35.8
DT/c,%r? | 2.31x107 2.58x10°

Assuming that MIE of HFC-32 is 30 mJ:

MIE 524, ~ (6.7/1.5)%%(2.58/2.31)*30 = 3,000 mJ
Assuming that MIE of HFC-32 is 100 mJ:

MIE 154y ~ (6.7/1.5)%(12/9.84)*100 = 10,000 mJ

Honeywell

MIE calculation is dominated by burning velocity



Autoignition Temperature & Honeywell

Hot Surface Ignition

* The autoignition temperature of
HFO-1234yf was determined at
Chilworth Technology in UK.

— Uniformly heated 500 ml glass flask,
observed in dark for 10 mins.

— Autoignition temperature for HFO-
1234yf determined to be 405 °C.

* Note that the air refrigerant mixture
must be at this temperature for
ignition to occur.

« Experiments were conducted to

evaluate the ignition potential of hot « HFO-1234yf vapor sprayed onto the plate
surfaces (up to 800 °C) to cause « Infrared Thermometer measured temperature.
ignitign. » Three “dots” seen are to aim the thermometer

— 6 mm steel plate heated from behind * Occasional red circles are diffraction rings from the
camera lens reflecting the red plate through the

W”h propane-oxygen torch refractive index gradient (caused by hot air / cold
— No Ignition seen refrigerant).

15



Summary of Hot Plate Tests

Honeywell

Hot Manifold
550°C 800°C >900°C
Faint Red Cherry Red Orange
Spray S S -
No oil No Ignition No Ignition No Ignition
HFO-1234yf Premlﬁido\;\lnth ar Not tested No ignition No ignition
with No ignition No ignition
PAG oil J J
Spray No ignition No ignition No ignition
no oil
R-134a Premlﬁido\;\lnth ar Not tested No ignition No ignition
with No ignition No ignition
PAG oil g g

HFO-1234yf shows same flammability behavior as R-13
Ignition due to presence of oil

4a -
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HFO-1234yf Mild Flammability Properties

R F RF RF2
LFL?2 UFL? D MIE BVv¢
(vol%) (vol%)  (vol%) (mJ) (cm/s) HFO-1234yf 0.97 0.27 3.6 0.6
Propane 2.2 10.0 7.8 0.25 46 32 1.31 0.33 4.6 2.3
R152a 3.9 16.9 13.0 0.38 23 152a 1.78 0.5 16.6 17.9
Ammonia 15 28 13 100-300° 7.2
HFO-1234yf 6.5 123 58  >1,0000 15 R= EFS'L
F=1- ﬂ
UFL
aFlame limits measured at 21 C, ASTM 681-01 RF = UFL -1 g
bTests conducted in 12 litre flask to minimize wall quenching effects LFL M
°Burning Velocity ISO 817 (HFO-1234yf BV measured by AIST, Japan) RF2 :{( UFL” LFL)- LFL) / LFL} “ Qst’ Su

Cst = Stoichiometric composition in air, vol.%
Q = Heat of Combustion per one mole

Qst = Heat of Combustion per one mole of the
Stoichiometric mixture, kJ/mol

Su = Burning speed in Meters/Second
M = Molecular weight
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Passenger Compartment Evaluations

« As shown in the previous charts, the flammability
parameters were conducted under very tightly
controlled conditions.

— Well mixed, uniform concentration of refrigerant and air.
— Stagnant, not flowing environment.

— Fixed conditions (e.g. temperature)

* |[n actual applications these conditions do not exist.

« Evaluations both experimental and with computer
simulations were conducted to try to more closely
approximate real world conditions.

18



Evaporator Leak Rates Tests Honeywell

* The refrigerant flow rate was experimentally determined using the
apparatus shown below for the following two scenarios:

— Large corrosion hole in evaporator tube of 0.5 mm diameter.
— Simulated ruptured tube entering evaporator, flow thru a 6mm tube.

Evaporator wind

tunnel

Mass,crr Leax = Mass

SCALE >V ]
+ Mass

DISPLACED AIR

Orifice I
[ Ball ‘

Valve

‘neu:be ‘

Atm. Pressure
Refrigerant Capture,

I scale | | l

0.5 mm orifice Rupture line ~ 6 mm
Refrigerant R-134a HFO-1234yf R-134a HFO-1234yf
Indoor Room Temp. 35deg C 35deg C 50 deg C 50 deg C
Outdoor Room Temp. 50 deg C 50 deg C 45 deg C 45 deg C
Results: Leak flow rate (g/s) 1.6 1.14 13.4 12.4
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CFD Modeling Honeywell

* Generic Small European size
vehicle.

— Cabin size 2.5m3 with 4 adult
passengers.

— 4 vent outlets directed towards
front passenger’s faces

— Air exhauster along the back
shelf.

— 2 air changes/hour.
— Low air flow (60 CFM)
— 100% recirculation

 Cases modeled:

— Case 1: Extreme Leak scenario-
corresponding to 0.5mm hole
(leak rate 1.14qr/s)

— Case 2: Unlikely Event -Ruptured
tube (leak rate 12.4gr/s).

— Case 3: Mitigation study.

Velocity Profile

Velocity magnitude in m/s on a horizontal vent section plan.

(In all cases, steady state air flow distribution determined,
before the leak started.). At start of leak, the problems
becomes transient.



CFD Modeling Honeywell

Case Study 1: Extreme Leak scenario

Corroded tube, leading to a 0.5mm diameter
perforation, resulting in a refrigerant
discharge within less than 10 minutes.

Animation showing that maximum concentration
never exceeded 5.3%.

High concentration within the vent outlet air
streams.

After discharge high refrigerant concentrations are
at cabin floor level.

Left: Pockets of concentrations
above 5% (no greater than 5.3%),
at end of leak.

Right: 2 seconds after end of
leakage , there is no pocket with
concentrations above 5%.

Lower Leak Rates - NOT a potential risk

21



CFD Modeling Honeywell

Case Study 2: Unlikely very extreme event

Ruptured tube, leading to the full charge being

dumped into the cabin within 50 second with no

loss of passenger compartment integrity. Animation showmg concentrations reachlng

the LFL only in this scenario.




CFD Modeling Honeywell

Case Study 3: Mitigation Flow + Ventilation control

The object is to develop a passive mitigation technique to case 2, through ventilation flow control.

The proposed mitigation, is (on detection of a leak ) to change Case 2 Case 3
flow mode from 100% recirculation to 100% outside a ir, 60 CFM —) | 200 CFM
and set air flow rate to maximum. 100% recirc 100% OSA

In this animation the mitigation was activated half way through leakage time (at 25s.) in order to see  its
effectiveness at flushing out the trapped charge

Flow and Ventilation Control effective at mitigatin g against ruptured tube scenario.
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Mockup Testing Honeywell

Elec. Arc Butane lighter

» Good agreement between
prediction and measurements.

Vent
Y
* No increase in flame length from
butane lighter,
* No flame from Electrical Arc.
eFloor
60 sec 360 sec 600 sec
CFD Test CFD Test CFD Test
Vent 1.0 0.2 3.5 3.5 4.5 2.4
Floor 1.5 1.4 4.1 3.6 4.5 3.3
Butane Lighter NO NO NO NO NO NO
Elec. Arc NO NO NO NO NO NO




Honeywell

Extreme Leak Results: No Ignition with Butane Light er

« Test conducted with leak
rate of 13 g/s releasing the
total charge in less than 50
secs.

» At this leak rate,
concentrations measured
iInside mock-up exceeded
LFL

« Butane lighter would not
ignite.
— Higher energy igniter would
be needed due to impact of

HFO-1234yf in the
butane/1234yf mixture.
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Honeywell

Extreme Leak Results: No Ignition with Arc Welder

« With simulated ruptured tube leak
— No ignition with arc welder on floor (simulating battery ignition source)

— No ignition with arc welder at vent outlet (simulating PTC heater ignition
source)



Honeywell

CFD Modeling & Flammabillity Testing Conclusions

* CFD Modeling

— Good agreement for refrigerant concentration profiles between CFD
and mock-up tests

* Mock-up test results

— Ignition of HFO-1234yf did not occur, even with:
« worst case leak representing evaporator rupture where LFL was exceeded
* high energy ignition sources (butane lighter and arc welder)

* Results of hot surface tests at 800 C simulating engine
compartment hot manifold showed no ignition.

— Consistent with engine compartment test results from the CRP-1234
program

* This is likely due to low burning velocity and high MIE of HFO-
1234yf which makes it difficult to sustain and propagate a flame

HFO-1234yf Flammability Risk is Very Low



Risk Assessments Honeywell

For most fires to happen, fuel and air at the right concentration , and an
ignition source, with a sufficient energy level must co-exist at the same
place and in the same time .

Several risk assessments based on fault tree analys  is are underway in US,
Japan and Europe utilizing inputs of modeling and | eak experiments

Release Experiments
Cabin and underhood
Normal operation and crash condition
Service

CFD modeling to visualize concentration distributio n
for various scenarios.

R152a

HFO-
1234yf
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Next Steps Honeywell

Complete property testing by 1Q, 2008

— OEM Vehicle Cooling performance

— Compatibility and Stability
Complete toxicity testing

— Rabbit Developmental by end of 1Q’08

— Reproductive (preliminary results by July - August '08)
Complete multiple risk assessments by 1Q’2008

— Fault Trees
— CFD Modeling
— Vehicle Flammability Testing

Obtain SNAP approval in 2008, application submitted

* Achieve industry consensus on HFO-1234yf as global industry solution
by 2Q’08 and plans in place to meet 2011 EU MAC Directive.



HFO-1234yf Summary Honeywell

» Excellent environmental properties
— Very low GWP of 4, Zero ODP, Favorable LCCP
— Atmospheric chemistry determined and published

 Low toxicity, comparable with 134a
— Low acute and chronic toxicity
— Significant testing completed

« System performance very similar to 134a

— Excellent COP and Capacity, no glide
* From both internal tests and recent tests at CTS (reported at this conference)

— Thermally stable and compatible with 134a components
— Potential for direct substitution of 134a

* Mild flammability (manageable)
— Flammability properties significantly better than 152a; (MIE, burning velocity, etc)
— Potential for “A2L” ISO 817 classification versus “A2” for 152a based on AIST data
— Significantly different vehicle leak profile than 152a

— Potential to use in a direct expansion A/C system - better performance, lower
weight, smaller size than a secondary loop system
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