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ABSTRACT

In response to global warming and environmental concerns, countries striving to achieve carbon neutrality are
implementing regulations such as fuel economy standards and potentially restrictions on PFAS. Concurrently, the
automotive industry is striving to improve range in electric vehicles. Specifically, electric vehicles are increasingly being
equipped with heat pumps to enhance fuel economy and extend driving range during winter heating. In this study, we
conducted preliminary safety verification of R290 propane refrigerant through both CFD simulations and actual vehicle

testing.
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INTRODUCTION

In response to global warming, environmental issues,
and carbon neutrality initiatives, regulations on fuel
economy and CO; emissions are being implemented in
various countries. Consequently, the automotive industry
faces an urgent need to improve fuel economy and range
of electric vehicles. In particular, electric vehicles are
increasingly equipped with heat pumps to improve range
in winter, and new refrigerants suitable for heat pumps are
being investigated to further improve efficiency [1].
However, in anticipation of potential upcoming EU
regulations on PFAS, it is necessary to develop a diverse
range of refrigerants including natural refrigerant shown
in table 1.

R290 (propane), a natural refrigerant that is not
classified as a PFAS and offers excellent heating/cooling
performance, is currently being approved for home
appliance and commercial applications [2][3]. It is also
undergoing standardization and safety reviews for
automotive use, as shown in table 1 [4]. However, it has
not yet been permitted for use in automobiles, and no
standards have been established to date.

Table 1 Natural refrigerant candidates

. EU PFAS Performance  |StandardFlammab
Refrigerant definition Heating | Cooling | (for Auto) ility
X
Current R1234yf (Subject to PFAS) o (o] o A2L
CO2 v(non PFAS) o+ o- o -
Natural (R744)
Refrigerant
P'ngg%‘;'e v(non PFAS) | O+ o+ N/A A3

In this study, we conducted a safety assessment of the
flammability of R290 refrigerant using actual vehicles and
CFD, assuming future standardization.

Regarding the standardization of R290 refrigerant for
automobiles, discussions are currently underway within
the Society of Automotive Engineers (SAE), following
the submission of a SNAP application to U.S. authorities
last year. Through this research, we aim to contribute to
these standardization efforts and promote safe system

designs with fail-safe features, as outlined in 1SO26262.
This study focuses on flammable mixtures among risk
factors showed in Figure 1 and verifies safety in the event
of a refrigerant leak.

source

Fig. 1 Risk factors

SCENARIOS UNDER CONSIDERATION

In vehicles equipped with underhood refrigeration
systems, potential refrigerant gas leak paths include: (1)
direct leakage to the outside of the vehicle, (2) gas
intrusion into the passenger cabin, and (3) leakage into the
passenger cabin or outside via the cooling loop, as shown
in Figure 2. Based on a risk assessment study, SAE has
identified leakage occurring while the vehicle is parked in
a small garage as the worst-case condition. This study is
conducted under those conditions.

Assumption: Parked in the small garage

@Into the
passenger cabin

®Outside of
. the vehicle

' GIntothe |
cooling loop |

Fig. 2 Possible gas leak route

GARAGE LEAK VERIFICATION

Using CFD analysis and a physical vehicle, we
evaluated gas leakage in a small garage shown in Figure
3. We also simultaneously verified the effect of operating
the vehicle’s radiator e-Fan as a mitigation measure to



reduce gas concentration. The test vehicle was a Toyota
bz4aX BEV. A 3mm wide slit, modeled after a garage
shutter, was installed at the rear of the garage to simulate
ventilation to the outside.

1. Measure
concentration

2. e-Fan ation
,,,,,,,, 2.1%

rea

Leaked gas
Fig. 3 Environmental condition

The lower flammable limit (LFL) of R290 is 2.1 vol%,
and this value was used as the safety threshold for
verification. In addition to CFD analysis, confirmation
tests using an actual vehicle were conducted to evaluate
refrigerant leakage in a small garage. The verification
conditions are summarized in Table 2 below.

Table 2 Garage gas leak test conditions

Leak amount| Leak Rate Leak Radiator
[o] [a/s] Location e-Fan
150 13.5(Fast) Center OFF
150 13.5 Center ON (max)
300 13.5 Center OFF
300 13.5 Center ON (max)
600 13.5 Center OFF
600 135 Center ON (max)
600 0.034(Slow) | Center OFF
600 0.034 Center OFF

The refrigerant leak amount was set between 150 and
600g. Two leak rates were evaluated: 13.5¢/s to simulate
a fast leak caused by a collision, and 0.034g/s to represent
a slow leak, such as a pinhole in the heat exchanger. The
leak location was positioned at the center of the underhood,
area, above the e-Axle. Additionally, the effect of
operating the on-board radiator e-Fan at maximum speed
was assessed under each condition to evaluate its impact
on reducing gas concentration.

The CFD verification setup is shown in Figure 4. Star
CCM + was used to verify leakage inside a small garage.

[CFD condition] Star CCM+

Analysis method: Multicomponent gas CFD
(Transient analysis)

Analysis period : 0~300 s

Initial: Air 100 %

Propane inflow: 13.51 or 0.034 g/s

e-fan speed : 0 or max Speed

Garage size: 5.7x2.9x2.5m
(3mmx2025mm)
5-7m | Verifying surface

/ . (Vehicle center)
f i 0.3 "
&1 Vehicle: bz4X -
o~ i;
Vehicle front' 4
]

0.61m

Fig. 4 CFD condition

Garage door alternative slit
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The results for a 3009 refrigerant leak are shown in
Figure 5. Under conditions without fan operation, the gas
released into the underhood area gradually settled near the
floor. By 300 seconds, gas concentrations exceeding the
LFL were observed near the floor. In contrast, when the e-
Fan was activated immediately after the leak, airflow
promoted the diffusion of stagnant gas, significantly
reducing the high-concentration zone. After 300 seconds,
the entire area was below the LFL.

No Fan, Refrigerant: 300g Colored: Above 1/4 LFL. Black: Above LFL

Leakaée after 10sec 60sec

with e-Fan: Max , Refrigerant: 300g

e —
. ="
e

e e d_uh-—'“ |
Leakage after 10sec 60sec 300sec

Fig. 5 CFD result (300g, with/without e-Fan)

To validate the CFD results, testing was conducted using
an actual vehicle. The test vehicle was bZ4X, consistent
with the CFD analysis. A small tent was set up in the
laboratory showed in Figure 6 to simulate a small garage,
including a 3mm-wide slit at the rear of the vehicle to
represent a garage door opening. For safety reasons,
equimolar, non-flammable CO, was used as a substitute
for propane gas during the evaluation.

CO,Gas supply device
')

CO2 Cylinder ;
Fig. 6 Tent as garage and CO; gas supply device

As shown in Figure 7, the refrigerant leak amount, leak
rate, and e-Fan operation, were evaluated under the same
conditions as those used in the CFD analysis.

Item Conditions
Leak location Above the e-Axle
Test gas CO2
Gas direction Upper direction
150,300,600g
13.5, 0.034g/s
OFF, ON(max speed)
#Gas leaked position

Leak amount

& Camera/Sensor location

2900mm

Leak rate

e-Fan

( Sqnsof O

Xt (Under-hood)
-

5700mm

(*) sensor: 100mm height from floor level

Fig. 7 Actual vehicle test condition



For gas measurement, an NDIR sensor was used, as
shown in Figure 8. Its accuracy was +0.2 pt near the LFL,
where the verification was performed, and +0.5 pt across
the full measurement range, which was confirmed to be
sufficient for the evaluation.

| Y
1, Photo sensor

and pass filter
Mid-infrared LED 4303-217nm

Detection accuracy: +0.5pt

.

1.
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.-"”
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L )f"'xgccuracy: +0.2pt
Lt (@LFL)

Sensor output [vol%]
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Known gas concentration[vol%]

Fig. 8 NDIR concentration sensor

Figure 9 shows the results of an actual vehicle
evaluation involving a fast leak of 600g of refrigerant, the
most severe test condition. Without airflow, the gas
concentration measured by the sensor placed 100mm
above the floor exceeded the LFL 15 seconds after the
leak began and remained above the threshold even after
300 seconds, indicating the accumulation of combustible
gas. In contrast, when the e-Fan was operating, the
concentration briefly exceeded the LFL at 30 seconds but
was significantly reduced due to enhanced diffusion. By
300 seconds, the concentration had fallen below the LFL
throughout the test area.

Gas amount: 600g, No Fan

Leak SFTP
<10
2 Pk ANJ
> 8 "
C
o p)
S 6 ¢ AN e T et S
o 4 W”ﬁ\fxv ] . ]
= i
g | [ LFL ...
c 2 17
8 j‘*f/

0 y : j ; ;
0 50 100 150 200 250 300
Time[s]

Above LFL after leak.
Gas amount: 600g, Fan ON

Fan ON (entire time)

St .
Leak _‘fp V?:h\c\e front Rear
10 —
% Eril Sensor
> 8 Sl 2@ @ GG
c s = e -
Q6
5
[
240
e LFL
5 . : E——
Q, ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300
Time[s]

Rear sensor measure above LFL after 30sec,
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Fig. 9 Gas leakage in the garage (with/without e-Fan)

Figure 10 shows the maximum gas concentration at
300 seconds under varying leak amounts and rates. For

Concentration [Vol%]
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fast leak conditions, concentrations exceeded the LFL at
leak amounts above 150g. However, with the e-Fan
operating, concentrations fell below the LFL for leak
amounts up to 600g. Under slow leak conditions, the LFL
was not exceeded even at 600g. Although the fast leak
scenario represents an extremely conservative condition,
the results clearly demonstrate the effectiveness of the e-
Fan in promoting diffusion of leaked gas.

8 Fast Leak : Leak after 300sec
Slow Leak : Leak stop timing

Height = 100mm (CFD)—o»
6 (*)Highest concentration point Vehicle test-
No Fan(Fast leak) Tt Ngfen
ast lea
Leak | [o-Fa
4 speed effect
effect
Slow
2 fan ON
0
0 150 450 600

300
. Leak amount [g] .
Fig. 10 Leak amount vs. concentration

GAS INTAKE INTO THE CABIN

Assuming the vehicle’s air conditioning is operating,
a vehicle evaluation was conducted to assess the potential
for gas leakage from the underhood area to enter the
passenger cabin through the HVAC outside air intake. As
shown in Figure 11, CO, was used as the test gas. Sensors
were placed near the driver's feet and face inside the cabin,
and the HVAC blower speed was set to maximum during
the evaluation.

Condition

Leak location Above the eAxle

Vehicle: Toyota bZ4X Test gas COo2
Garage size: 5.7x2.9x2.5m Sensor NDIR
_— | Gas Direction | Upper direction
Leaked gas - Fresh P HVAC fresh/Recirc,(Blower DN)7
5 p assenger Sensor Location
Cabin L4

~ (]
1 —
N
Concentration
measurement

Fig. 11 Vehicle test condition (cabin intake test)
As shown in Table 3, the evaluation included the

leakage amount, leakage rate, e-Fan operation, and impact
of HVAC Fresh/Recirculation mode.

Table 3 Vehicle testing conditions

Leak Leak Rate Leak Radiator HVAC

amount [g]]  [g/s] Location e-Fan Mode \ Direction Blower
1 150 13.5(rast) Center Off Fresh Foot High
2 150 13.5 Center On{max) Fresh Foot High
3 300 13.5 Center [ Off Fresh . Foot High
4 300 13.5 Center On{max) Fresh Foot High
5 600 13.5 Center [ Off Fresh . Foot High
6 600 13.5 Center On{max) Fresh Foot High
7 | 600 135 | Center | OF Recirc | Foot High
8 600 13.5 Center On{max) Recirc Foot High
9 600 0.034(silow)| Center Off Fresh Foot High
10 600 0.034 Center [ On{max) Fresh l Foot High
11 600 0.034 Center On{max) Recirc Foot High

Figure 12 shows the concentration distribution near
the driver's feet following a fast leak of 600g of refrigerant.
In fresh air mode, with and without e-Fan operation, the




concentration exceeded the LFL within 15 seconds due to
gas intake through the HVAC system, then the
concentration gradually decreased after 50 seconds. In
contrast, in recirculation mode, a gas concentrations
remained low throughout the evaluation.

600g, 13.5g/s(Fast leak),Foot sensor
Leak Strp
3.5
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Fig.12 Comparison: fresh/recirc, fan ON/OFF (fast leak)

Figure 13 shows the cabin concentration result for a
600g leak with the e-Fan operating in fresh air mode.
Under slow leak conditions, cabin concentration remained
low and below the LFL up to a leak amount of 600g.

Fresh 600g, 0.034g/s(Slow leak)

300g 600g

LFL

| Leak
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Fig. 13 Comparison: fresh (slow leak, fan ON)

Figure 14 shows the maximum gas concentration near
the driver's feet under fast leak conditions, fresh air mode,
and the HVAC blower operating at maximum speed.
Under these conditions, the concentration exceeded the
LFL when the leakage amount was 150g or more,
regardless of the e-Fan operation. These results
demonstrate that recirculation mode is effective.

Foot sensor, e-Fan ON

Fast leak : Leak after 300sec
Slow leak : Leak stop timing
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Fig. 14 Charge vs. concentration in the cabin
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LEAK INTO THE COOLING LOOP

The thermal management system for R290 refrigerant
requires a secondary loop for heating and cooling the
cabin to prevent direct gas leakage into the cabin. In the
secondary loop, a heat exchanger -such as a water-cooled
condenser- is installed between the refrigeration cycle and
the cooling loop. The third leakage scenario examines the
impact of refrigerant leakage into the cooling loop due to
damage to this heat exchanger. As shown in Figure 15, the
study considers two conditions: (1) gaseous refrigerant
intrusion, which is the most likely scenario, and (2) liquid
refrigerant intrusion, representing the most severe case.

Leak amount Assumption:

"""""""""" Hose burst

Plate type heat exchanger

]

| =
, does not usually occur large

1

|

leak into coolant side

_______ ’ Corrosion pinhole
High _'-'—ﬁ
probability UL \._.,- .
case Liquid Phase

Refrigerant ratio

Gases Phase

Liquid Phase
Refrigerant Leak
Eoplant

refrigerant Leak
fant

Refrigerant

Tt N, Gases Phase -
Liquid Phase Llau\d Phase

Study(1) Study(2)
Fig. 15 Gas /Liquid leakage into the cooling loop

Gases Phase

The cooling loop, configured as a heating loop for a
BEV, is shown in Figure 16. It includes a water-cooled
condenser, an electric water pump, a heater core, a reserve
tank with a relief valve, and a visualization sight glass. To
monitor valve operation, a visualization window was
machined into the relief valve, allowing direct observation
of its status during the test.

Visualization of Rellef valve
InltlaI(OkPa) Valve lift(108kPa)
dded- J

__ -\s;a

Cap Valve seal

Dl Reservoir tank

Reservoir Camera
tank Sight glass Hza)ir::r
— O —
Camera (:))
Flow mater
1 m
— 4’

T J) Pressure

sensor

wp % >  HEX

Refrigerant
leak

Fig. 16 Verified cooling loop and visualization point



The test conditions were an initial temperature ranging
from -30 to 40°C, a concentration of 50% automotive
ethylene glycol in the coolant water flowing at 5 L/min,
and refrigerant gas introduced into the coolant loop at
30g/h.

Table 4 Test conditions

Conditions
Environment Initial .30, -20, -10, 0, 20, 40 °C
/ Coolant temperature
Concentration Ethylene Glycol/Water
Coolant ratio 50%
Flow rate 5L/min
Refrigerant Leak rate 30g/h, (Gas Phase)

The evaluation results are shown in Figure 17.
Although the refrigerant intrusion caused a pressure
increase of approximately 10 kPa, the pressure rise was
controlled by the operation of the relief valve. No rupture
or bursting of the cooling loop hoses occurred under any
temperature condition.

+10kPa -18C

Pressure [kPa(g)]

0 1 1

Fig. 17 Pressure in the cooling loop

Figure 18 summarizes the initial temperature and valve
operating state based on the relief valve visualization
results. The valve functioned normally even at low
temperatures, and anticipated sticking due to freezing did
not occur.

During relief(108kPa) InitiaIEOkPal

0.17mm

Atmosphere /Refrigerant/Coolant temp. vs. valve lift
2

k3

® L]

@ ®
I~ Not freezing

Valve liftfmm]
o
=

Loyv te‘rn;xI ;

0

-30 -20 -10 0 10 20 30 40 S0
Atmosphere temp.[TC]

Fig.18 Temperature vs. relief valve lift

Next, we evaluated the potential for liquid refrigerant
intrusion under worst-case conditions. As shown in Figure
19, if low-temperature liquid refrigerant enters the cooling
loop, there is a concern that the coolant may freeze due to
the latent heat of refrigerant vaporization, which occurs
following a pressure drop after intrusion. To assess this
risk under particularly severe conditions, we examined the
possibility of freezing during a steady-state condition.

Coolant concentration [%]

JRAIA INTERNATIONAL SYMPOSIUM 2025
Copyright © JRAIA

Additionally, since liquid refrigerant leakage from the
heat exchanger is assumed to be transient during warm-up,
we investigated whether freezing could occur during this
phase using temperature and visualization techniques.

Coolant

Freezing

- 1
o n&: Refrigerant
5 Coolant
2
o 1 temperature
o '
=1 : )
EL—¥_ . . @Nofreszing Freezing point
= @ Freezing : of Coolant

time

Fig. 19 Freezing mechanism in the cooling loop

Figure 20 shows the test equipment used in this
evaluation. We developed a device that directly injects
refrigerant, preconditioned to a specific temperature, into
the cooling loop through a prototype injector designed to
replicate a crack in the heat exchanger.

Leakage amount o< f(refrigerant pressure, pin-hole size)

Refirigerant vapor pressure Destructive test of Heat Exchanger

Temperature controlled tank Equivalent diameter

Pin-hole size :

00.17

y l
Valve - fuel injector

(with pin-hole plate)

Water pump

Cylinder

(Liquid Supply) Heater  Remigerant

Fig. 20 Test rig set up of liquid propane injection

To simulate worst-case conditions, we conducted
evaluations under two steady-state scenarios: a coolant
concentration of 30% at temperatures of -15°C (Freezing
condition shown in table 5) and -10°C (no Freezing
condition).

Table 5 Coolant concentration vs. freezing temperature

0, 0 o 0,
(automotive ethylene glycol) 30% | 35% | 40% | 45% | 50%
Freezing temperature

[maximum C] -15 -20 -25 -30 -35

As shown in Figure 21, under steady-state conditions
with a coolant temperature of -15°C, it took about 10
minutes from the intrusion of liquid refrigerant to the start
of freezing, after which a pressure increase was observed.
For comparison, since freezing was not observed at a
coolant temperature of -10°C, we checked whether a
temperature rise of AT =+5°C within 10 minutes occurred
under warm-up transient conditions.



Pressure in cooling loop
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Assuming an actual warm-up situation, the evaluation
was carried out under conditions where the initial water
temperature was -15°C, which is the temperature at which
freezing occurred in a steady state. As shown in Figure 22,
the temperature rose to AT = +5°C within 2.5 minutes
after the start of warm-up, which was earlier than the 10
minutes as criteria to start of freezing. It was found that in
an actual warm-up transient state, the risk of relief valve
sticking, abnormal pressure, and circuit damage due to
freezing was low.

Pressure in cooling loop
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10 | Approx. 10min_ !
[t}
1
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Behavior around leakage hole
1 Refrigerant
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Coolant
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(with bubble)

B o\,
Rinzhole: : Valve

Fig. 22 Liquid leakage into the cooling loop (warm up)

CONCLUSIONS

Assuming a thermal management system using R290
refrigerant, evaluations were conducted under three
scenarios: (1) Garage, (2) Passenger cabin, and (3)
Cooling loop refrigerant leakage. The following
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conclusions were obtained:
(1) Garage Gas Leakage Scenario

- With refrigerant leakage of 600g or less and the e-
Fan operating, the gas concentration can be reduced
to below LFL even under the worst-case conditions
of a fast leakage rate.

- Under slow leakage conditions, leakage of 600g or
less not exceeded the LFL

(2) Passenger Cabin Gas Intrusion Scenario

- Recirculating HVAC air within the vehicle can
prevent leaked refrigerant from entering the
passenger cabin.

(3) Cooling Loop Refrigerant Intrusion Scenario

- Freezing of the cooling loop and relief valve due to
gas refrigerant intrusion does not occur even in low
temperature environments.

- Although gas refrigerant intrusion causes a
pressure increase, the relief valve operates
effectively to prevent cooling loop rupture or
explosion.

- When liquid refrigerant enters the cooling loop
under steady-state conditions at -15°C, freezing
occurs; however, the relief valve does not stick, and
no extreme pressure rise or circuit damage is
observed.

- During warm-up transient conditions, liquid
refrigerant intrusion initially causes freezing, but as
water temperature rises, the freezing is resolved
quickly. No relief valve sticking, or circuit damage
occurs.
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In response to global warming and environmental concerns, countries striving to achieve carbon neutrality are
implementing regulations such as fuel economy standards and potentially restrictions on PFAS. Concurrently, the
automotive industry is striving to improve range in electric vehicles. Specifically, electric vehicles are increasingly being
equipped with heat pumps to enhance fuel economy and extend driving range during winter heating. In this study, we
conducted preliminary safety verification of R290 propane refrigerant through both CFD simulations and actual vehicle
testing.
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Assumption: Parked in the small garage
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Table 2 Garage gas leak test conditions

Leak Leak Rate Leak | o diator e-Fan
amount[g] [a/s] Location

150 13.5(Fast) Center OFF

150 13.5 Center ON (max)
300 13.5 Center OFF

300 135 Center ON (max)
600 13.5 Center OFF

600 13.5 Center ON (max)
600 0.034(Slow) Center OFF

600 0.034 Center OFF
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FHS ORI E LT 13.5g/s, BAASHASRD 7 AR
— VORIRAVFRY OB WRAL E LT, 0.034g/s %%
EL, IRBfIEILZ7ey har =k A R
Hif, e-Axle Bl E LTnWb, Fiz, K&t
ICBWTC, Hfi7 Vo —4 7 7 AR OHE TE
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B SR OBEE L7, X 4 128 $ X 912, CFD
fi#HTIZ Star CCM+ZTE I L. fiEa 1T -7,

Garage size: 5.7x2.9x2.5m

T [ A
- |
£ @

\
‘ehicle: bZ4X

o | N
o \ 3
Vel front 4 s
=

0.61m

Garage door alternative slit
5.7m (3mmx2025mm)

| Verifying surface
3 (Vehicle center)

[CFD condition] Star CCM+

Analysis method: Multicomponent gas CFD
(Transient analysis)

Analysis period : 0~300 s

Initial: Air 100 %

Propane inflow: 13.51 or 0.034 g/s

e-fan speed : 0 or max Speed

Fig.4 CFD condition

R R 300g OFER A X 5 1R T, MRS
PG, IWRE#Z 7o har =k AV FRIC
FH U7z 0 AR EBIZIR A YT IZTERE L. 300 FOIRF
TS LRL &R D IR FED A A MFAES
Do —J . IRIRERICH 7 7 VBT 5 50T
%, BEGEAVCTHARE A A YEBSMIEE S i i P
DARMEZ I8V 300 FV14 12420k C LFL % Flrl-> 7=,

No Fan, Refrigerant: 300g Colored: Above 1/4 LFL. Black: Above LFL

Leakage after 10sec 60sec

300sec

with e-Fan: Max , Refrigerant: 300g

,'“/ F o .
Vs S Fe a7 .
LR e e e
Leakage after 10sec 60sec 300sec

Fig.5 CFD result (300g, with/without e-Fan)

CFD i HREFED 128, FHEEE W MGEE{T -
7. HBL[]IE CFD [AlE bzaX % v, NG L —
%, K6 TRt ko, ERENITNIT M
AXIE L IR T DY v v Z—Z2E L7z 3mmig
22Uy FHHEBELL TS, MEETITLZ ML BE
L, e R AR E L CTEE/VE & CTRIRME
D COx REEH A & L CRHMEIZ V=,

CO,Gas supply dvice
\

CO2 Cylinder

Fig.6 Tent as garage and CO; gas supply device



7Rt Lo, 7arbhary —rA b
W, e-Axle FJFI2H A & JiH 4 % 4t CHEAERBR
EATo Tz, HAPME, WA, #5777 FES
ROV T H CFD & [AGF CaMili 21T - T\ 5,

Item Conditions

Leak location Above the e-Axle

Test gas C02

Gas direction Upper direction

Leak amount 150,300,600g

& Camera/Sensor location

Leak rate 13.5,0.034g/s
§ 2900mm e-Fan OFF, ON(max speed)
7 Lo (T o Gas leaked position
/Sensor: B It
X oA (Under-hood)

5700mm

(*) sensor: 100mm height from floor level

Fig.7 Actual vehicle test condition

HAFHINZIE, K 812777 NDIR &% —%k
L7, MEE&1T5 LFL ffrcx0.2pt, &3 T
+0.5pt DFEFETH Y . BEEIZH0RESITH DL Z
L EMER LT,

P
ozs‘ o
2" Dso

P
Mid-infrared LED
Detection accuracy: £0.5pt

“ ", Photo sensor

Band pass filter
4303-217nm )

0

o | |
— 8t e
Exg | "t Accuracy:
s P
25| i
N £
53 | ,
2 5| '~ Accuracy:+0.2pt
31 L (@LFL)

o]

o

1 2 3 4 5 6 7 8 9 10
Known gas concentration[vol%]

Fig.8 NDIR concentration sensor
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FRiE% b EVIREEZMERF L. FIR T AR T2
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Gas amount: 6009, No Fan

Leak SFTP
210
o
> 8
c
9O 6l
e
247
Q
Q 2
(o]
O

0

Time[s]
Above LFL after leak.
Gas amount: 600g, Fan ON

Fan ON (entire time)

Leak sFrp V?:h\'c\e front Rear
C;_\z 10 g e Sensor T
St S @0 @ 56
S¢ !
.l
-
P €T LFL ..
8§, l#7_ j i :

0 50 100 150 200 250 300

Time[s]

Rear sensor measure above LFL after 30sec,
then diffused to below LFL at 300sec.

Fig.9 Gas leakage in the garage (with/without e-Fan)

TN & 2 2L SE 7R, 300 FPEES O
EREEZ E L OMEREZR 10 1R d, Ol
JE DOYFITIE, 1509 % Bz 2% IR EC LFL % i
TH—J7, Hilk 7 7 AFENC LV | W& 600g LA
FTCLFL Z TREIAHER L 7o T, FoBEWImEE
FE TN E 600g £ T LFL ZHi# L7y, 4a
MRE g L SRfE & U TR W IRV IE FE o 314 2
1To=, BT 7 2 X DI A LHh R0
EIES T,

8 Fast Leak : Leak after 300sec
= Slow Leak : Leak stop timing
& Height = 100mm (CFD)~»
>° 6 (*)Highest concentration point Vehicle test-
5 Fast  Nofan
2 No Fan(Fast leak) Leak | [o-Fa
0
B4 speed leffect
b effect
g Slow
82 No Fan(slow leak) fan ON
__________ el
0 p------- ©-=~7"7 "Fan ON(Fast leak)
0 150 300 450 600

Leak amount [g]

Fig.10 Leak amount vs. concentration (vehicle test)
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Condition

Leak location | Above the eAxle

Vehicle: Toyota bz4X

! Testgas | CO2
Garage size: 5.7x2.9x2.5m Sensor NDIR
— | Gas Dlrectionv Upper direction

Leaked gas Fresh HVAC Fresh/Recirc,(Blower ON)
Comin fomm) R

Passenger | Sensor Location
Cabin L4

Concentration ol
measurement ZJ5008

Fig.11 Vehicle test condition (cabin intake test)

AHEIEER 3 DL DT, INIRE, TN, H

77/@¢@ﬁm IZNz. HVAC #A5E N/ A
PEERIC L DAL LT,

Table 3 Vehicle testing conditions

Leak Leak Rate Leak Radiator HVAC

amount [g]]  [g/s] Location e-Fan Mode Direction Blower
1 150 13.5¢rast) Center Off Fresh Foot High
2 150 13.5 Center On{max) Fresh Foot High
3 300 13.5 Center Off Fresh Foot High
4 300 13.5 Center On{max) Fresh Foot High
5 600 13.5 Center Off Fresh Foot High
6 600 13.5 Center On{max) Fresh Foot High
7 600 13.5 Center Off Recirc Foot High
8 600 13.5 Center On(max) Recirc Foot High
g 600 0.034(slow)| Center Off Fresh Foot High
10 600 0.034 Center [ On{max) Fresh Foot High
11 600 0.034 Center On{max) Recirc Foot High
TR L 600g. AV NIRRT 35 1 B SRR 2 e AT

@%ﬁ TiEX 12 ([T, HE T 7 AEEOF
I D BT, AREARFIHT AMRAIZ LD WK,

15 FLARE I LFL 282 £ OHRIREITE T T 5,
—J. WRMEER L5 2 & T, BHEMIRREN
MERF S L%,
6009, 13.59g/s(Fast leak),Foot sensor
Leak StoP

=35 | r Fan ON(Fresh)

5_23-0 % an (Fresh)

S /4

:. 2.5 ) ,,;,, Fan OFF(Fresh) LFL

620 /"i:.;‘ Ty

E1s S

Q:J 1.0 i : w,"‘m““‘-\;,, .

9 if ool

5 0.5 ‘_ ___Fan ON(Recirc) 7;,_7 S S ——

© 0.0 ‘=——""Fan OFF(Redirc).

0 50 100 150 200 250 300

Time [sec]

Fig.12 Comparison: fresh/recirc, fan ON/OFF (fast leak)

¥ 13 |2 & 6009, EWVFN CTHEE 7 7 1E
g, AKEAFRMECOFRENREZRT, BN
UTITRE XK < . 600g #HY DR T LFL BL
TORE LT o7z,
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Fresh 600g, 0.034g/s(Slow leak)
Leak 300g 600g
25 |
= LFL
R
S 2.0
2
515
I
51.0
g
§ 0.5
0.0 : : .
] 1 2 3 4 5
Time [Hr]

Fig.13 Comparison: fresh (slow leak, fan ON)

TR B39 2 iR 2 oL O ik KIEJE %
X 14 (R, BT 7 AR SR VR TR
[REAN, 7V —HERKBEHT L L. FRE
1509 DL - CHEEEMN LFL 2z 5, WAMVKEI D %
2 DPREEALFERE <, HEN~DRABILIC
X, WERIEENSRNTH D Z ENFEIFES NI,

Foot sensor, e-Fan ON
Fast leak : Leak after 300sec

E: 4.0 Slow leak : Leak stop timing
335

5 3.0 Fast leak/Fres —
T os Leak

= 2'0 LFL... |speed o

o < effect G
S0 Slow Ieak/Fresb,

g os gl o————— 2

0o Slow leak/Recirc  Fast leak/Recirc

0 200 400 600 800

Leak amount[g]
Fig.14 Charge vs. wn(,enuatlon in the cabin
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R290 /it FH BL#E R o A 7 A, N ERE S A
ﬁ&%t@tb HHIES 2 L CHEENGREE
AMAE 21T O 2 RV—THERNR RO OEND, 2K
w—7f I, WY A 7 v E AR KR E
OV T UV AR A RE T D, 3 DD DOIRIR
T U ATIR, I OBZHEEEIC X B H IR
~OHBIRREEZRGET 5, K15 O X912, K
FRE CIEBASHAZ R D I IR AL Sk & L TRl REE
EW (D) KRB BRI 2, B A7 @
BOESMEE LT Q) KRBEEDRAGHE 17> 7=,

Leak BI‘I_'IC_!U_ﬁ_t ______________ Assumption:

I k Hose burst
1 Plate type heat exchanger g ey

1 1

, does not usually occur large

; leak into coolant side 1

.

/ Corr05|on inhole

High

probability | orst
case quuld Phase
~ Refrigerant ratio

Refrigerant Gases Phase

Liquid Phase
Refrigerant Leak
e Eoplant

refrigerant Leak
fant

" Gases Phase -
quu\d Phase Llau\d Phase

Study(1) Study(2)
Fig.15 Gas/Liquid leakage into the cooling loop

Gases Phase
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BEY 4 —H—R T e—F—aT L, JU—
TNV T w2 =) —7 % o7z, ik
AV A NI R%H2 5, VIU—70 712135
TEENRIERMER DO 7=, AITULEIN T2 T o7,

Visualization of Relief valve )
Initial(OkPa) Valve lift(108kPa)

(3 i
Valve seal

B Reservoir tank

Heater

Reservoir , Camera
tank
S|ght glass core
47 <+

‘ | ] Camera @
=

)

Flow mater
—
| S
W/P —— ¥ HEX ' T & Pressure
. sensor
Refrigerant
leak

Fig.16 Verified cooling loop and visualization point

PBRITER 4 1R TR D INEEIC T, BB
AT v o7 U a— ViR 50%MAHIKE v, &
HIZK e & SL/min DS T THREET A28 A LT,

Table 4 Test conditions

Conditions
Environment Initial o
[ Coolant | temperature -30,-20,-10,0,20, 40°C
Concentration Ethylene Glycol/Water
Coolant ratio 50%
Flow rate 5L/min
Refrigerant Leak rate 30g/h, (Gas Phase)

ARG SR A X 17 12T, IR A KD 10kPa
BEEN FFACL b OO, VU —T7 L7 1EH)
WZ X0 E) EFIHI &, SEESFICR VT,
T ENEIEE 7R — AW R T A U,

+10kPa 257 jlot  -18c
= 150 A
—~ _[ 7
S 128 7 -4
& 100
L
2 50
o
o

0 1

Fig.17 Pressure in the cooling loop
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VU =T 07 A UEFE R O . PR & 5
OFEENRREA K] 18 ICF &0 D, KRN\ T
HFRITEFICIEE L, BEIN DI X DEE
AT o Tz,

During-relief 108kPa) Initial(OkPa

Atmosphere /Refrigerant/Coolant temp. vs. valve lift

m]

& [ ]
- Not freezing

Valve lift{m
o
-

Loyv te‘mp.l

o

-30 -20 -10 0 10 20 30 40 50
Atmosphere temp.[C]

Fig.18 Temperature vs. relief valve lift
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En e S — .
[l olant o Freezing

&frigerant coglant

=

Freezing
time

| —

| Refrigerant
Coolant
temperature

temperature

@ No freezing

, Freezing point
* Freezmg |

of Coolant

time

Fig.19 Freezing mechanism in the cooling loop
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Leakage amount o< f(refrigerant pressure, pin-hole size)

Refrigerant vapor pressure Destructive test of Heat Exchanger

Temperature controlled tank

Equivalent diameter
Pin-hole size :

Valve : [uel injector
(with pin-hole plate)

00.17

Cylinder
(Liquid Supply) Heater

Refrigerant

Fig.20 Test rig set up of liquid propane injection
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Table 5 Coolant concentration vs. freezing temperature

Coolant concentration [%] 30%

(automotive ethylene glycol) 35% 40% 45% 50%

Freezing temperature _ R | ) i | :
[maximum C] 15 20 25 30 35

X 21 123 K 91T, AKIR-15°CE # 414 T,
W IUR A B RSB AR £ TIZHK) 10 2203000 |
ENLBETESO ERRAR LN, 728, ks
L CAKIE-10°CTITHFE R A U nZ &2, 10
S LRI AT=+5°C D F-IR SRR IS CTHE L
D HEREAT 72,

Pressure in cooling loop
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Fig. 21 Liqﬁid leakage into the cooling loop (steady state)
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Pressure in cooling loop
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Fig. 22 Liquid -Ieal:<ag'e into the cooling loop (warm up)
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