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ABSTRACT

Unlike four-wheel fuel-cell vehicles, fuel-cell nwotycles have little semi-closure space
corresponding to the engine compartment of foureliieel-cell vehicles. Furthermore, motorcycles
may fall while parked or running. We conducted logghm concentration measurement and ignition
tests to evaluate the feasibility of detecting feakhen hydrogen gas leaked from a fuel-cell
motorcycle, as well as the risk of ignition. We faluthat the installation of hydrogen leak detecisrs
effective because it is possible to detect minwdrdgen leaks by installing leak detectors at
appropriate points on the fuel cell motorcycle, aisils can be reduced by interrupting the hydrogen
leak immediately after detection.

1.0INTRODUCTION

Fuel cell vehicles which are one of the next gaim@reenvironment-friendly vehicles have been sold
since December 2014 as the first mass producedugimdAppendix 100 of the Road Transport
Vehicles Act in Japan states that four-wheel fugdl-eehicles (FCV) shall be equipped with at least
one hydrogen sensor between hydrogen tanks arel-adll (FC) stack. If a hydrogen leak is detected,
a warning shall be given to the driver and the -giflutvalves shall be automatically closed [1].
Besides, UN Global Technical Regulation on hydroged fuel cell vehicles (gtr No.13) states that a
mechanism to close the shut-off valves automayiciall be equipped to prevent a leak of over 3+1
Vol.% hydrogen concentration is detected [2].

On the other hand, unlike four wheel FCVs, FC mojoles have little semi-closure space which is
comparable to an engine compartment of gasolineleshand may fall while it is parked or running.
In FC motorcycles, there are no reports evaluatihgther or not a hydrogen leak can be detected or
the risk if a hydrogen is leaked.

In this paper, we measure hydrogen gas concemtsatiiocheck if a hydrogen leaks can be detected by
hydrogen-leak detectors installed in each partnoF@ motorcycle, and if a leak can be detected, we
evaluate which positions are appropriate for detgdhe leak. We also conducted ignition tests to
evaluate the risk of a hydrogen leak from an FComgytle to consider whether or not installing a
mechanism to shut down the leaking of hydrogengaffective.

2.0 CONSIDERATION OF ACCURATE HYDROGEN LEAK DETECTION POINTS
2.1 Experiment

In this study, we based our information on a saotygee FC motorcycle [3], then, a commercially
available gasoline-engine motor scooter was pusthasd altered. A specification sheet for the
commercially available vehicle used for alteringl®wn in Table 1. In this model, the hydrogen tank
is installed in the lower part in between the wheahd the FC stack is installed in the trukike
installed a metal box which simulates an FC st&ikglated FC stack) in the trunk of the vehicle. We
also installed pipes for hydrogen leaks and hydnagges detectors on the vehicle.
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Table 1. Specification of the commercially avaita€hicle used for altering

ltem Value

Length (mm) 2,055
Width (mm) 740

Height (mm) 1,355

Wheelbase (mm) 1,465

Vehicle weight (kg) 161

Seating capacity (people) 2
Engine displacement (¢n 199

1/4-inch pipes were used for testing, and the diana the leak holes were 4.57 mifour leak pipes
were mounted in the vehicle: 3 of the pipes weraim@d near the hydrogen tank valve which is
placed between the tank and the FC stack (leakg8in one pipe was mounted near the frame under
the seat which is considered to be a location whigfe hydrogen concentrations can be detected (leak
point B). Leak directions for leak points A were upper, lowaard backward direction of the vehicle,
and for leak point B, it was the upper directioheThydrogen tank, the FC stack, and the lithium-ion
battery mounted positions for the consulted scotyige FC motorcycle, and the mounted pipes are
shown in Figure 1. Examples of the mounted pipesshown in Figure 2, and the simulated FC stack
is shown in Figure 3.

@®: Leak points A
A: Leak point B

! Leak point A,
u V\I;:ll’d direction

SATI
Leake pont A,

backward direction

Leak point A,
¢ downward direction

Figure 2. Examples of leak positions and theiraioms
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Measurements of hydrogen concentrations were céeduby mounting a total of 10 thermal
conductivity type hydrogen detectors on the vehlmbely (AB-5618, diffusion type, New cosmos
electric co., LTD, Japan, and XP-314, suction tydew cosmos electric co., LTD, Japa#ctual
measurement values of 90 % response time for asthifi type was approximately 8 seconds, and a
suction type was approximately 9 seconds. Indinatiocuracies for both of the types are =5 %,
resolution for the diffusion type is 0.5 vol.%, rsaeement limits are 0 %All of the measurement
points are shown in Table 2, and a side view ofsuesment points and a schematic view of the leak

— N—

Leak boint B,
B up

Figure 3. Simulated fuel cell stack mounted positio

points of the vehicle are shown in Figure 4.

Table 2. Hydrogen concentration measurement points

Symbol Measurement point qldetector type
H1 Center stand fixing point upper Diffusion
H2 Center stand fixing point upper left Diffusion
H3 Center stand fixing point upper right Diffusion
H4 Rear tire front Suction
H5 Fuel cell stack front Suction
H6 Fuel cell stack downside Diffusion
H7 Fuel cell stack left hand Diffusion
H8 Fuel cell stack right hand Diffusion
H9 Seat inner side Diffusion
H10 Rear end of the frame upper Diffusion

The vehicle was placed in two positions: uprightrathe parked state with the center stand up and
lying on the left to simulate a fall. Two leak catmhs were adopted. One is a continuous leak that

X: H, detector

@®: Leak points A (3 points)
A Leak point B (1 point

Figure 4. Hydrogen concentration measurement points
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assumes that there are no leak detection mechagntbmsother is an on-off leak that assumes
momentary closure of the shut-off valve if a leakdietectedContinuous leaks were continued for

120 seconds or ovein order to understand the relationships betweadrdgen concentrations and

hydrogen flow rates more accurately, we condudtedtésts up to 1000 NL/min. However, it is said
that the maximum hydrogen consumption rates for Fi& motorcycles are approximately 300

NL/min. In the on-off leaks, it was assumed that approxahga.5 NL of hydrogen gas in the pipe

leaks, when the shut-off valve is closed within 8eégonds.Flow rates were controlled by using a

mass flow controller (CMQ21000, Azbil corporatioapan), and leak times were controlled by a timer
(H3CR-A, Omron corporation, Japan). Table 3 shaa& kconditions.

Table 3. Hydrogen concentration measurement testitons

Item Condition
Vehicle condition upright, lying on the left
A : Near the center stand fixing point
B : Below the Seat
A : upward, backward, downward
B : upward

Leak position

Leak direction

Flow rate (NL/min) Continuation : 10, 50, 100, 250, 500, 1000

Continuation : Over 120

Release time (s) On-off 0.3

2.2 Results and discussion

In the example of a continuous leak of 100 NL/ntive results in the upward direction from the leak
positions A in the vehicle that was standing uprigtshown in Figure 5.
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Figure 5 Results of hydrogen concentration for iomaition leak
(Upright, leak position A, upward leak, 100 NL/min)

In this case, it takes approximately 60 secontaltibf the hydrogen measurement points stabilize
roughly steady states.

Next, the relationships between leak direction8 directions (i.e. upward, backward, and downward)
and the maximum hydrogen concentrations after tinedy states at a rate of 100 NL/min leak from
the vehicle that is standing upright or lying dnewsn in Figure 6.
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In the same vehicle conditions, measured hydrogenentrations for upside leaks are higher than the
others. Therefore, this direction is the most védid detecting the hydrogen leakEhe maximum
concentrations at H1 are approximately 28 vol.%ufanight and approximately 25 vol.% for lyingn

the following, we conducted that the measurememtsHe upside leaks that are the most valid to
detect the hydrogen leakRelationships between the maximum hydrogen conatmis after the
steady sates and the flow rates at the leak pgirdse shown in Figure 7, and the leak point B are
shown in Figure 8, respectively.
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Hydrogen concentrations at H1 for each part of lgaints A and point B tend to be proportional to
the hydrogen flow ratesThough FC motorcycles have little semi-closure spaamilar results were
also observed in the tests which were conductedsinyg a four wheel gasoline vehicle which has
semi-closure space [4]At the leak point B, hydrogen concentrations nbardimulated FC stack, H5
to H8, started increasing when hydrogen flow radeeed 250 NL/min, and over 10 vol.% hydrogen
concentrations were measured at some poiritss is considered to be due tothe leaked hydrdgen
under the Seat, then diffused near the simulated sk€k. In the case of lying, hydrogen
concentrations at the right hand of the simulat€dskack are higher than that at the left hand, and
these concentrations are more than 3 vol.% fdmatogen flow rates.

High hydrogen concentrations observed points at¢lairom 8 to 36 vol.% and at H10 from 6 to 50
vol.% for leak poins A, and at H9 from 3 to 46 96land at H10 from 7 to 62 vol.% for leak point B.
On the other hand, there were lower hydrogen cdratgns. For example, at H2 are 0 vol.%er all
flow rates and vehicle conditions when hydrogenleisked from the leak point B. Therefore,
measurement positions which are considered easyldtecting are H1, which lies on the upper
position of the leak pipe; H9, which is on the sud below the Seat; and H10, which is on the highes

position on the back. Because over 3 vol.% hydrogmmcentrations are detected in the case of 10
NL/min continuous leaks.

Next, as an example, the results of the on-off leatkhe upward direction from the lower part of the
vehicle which is standing upright is shown in Fig@r.
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Figure 9. Results of an on-off leak (Upright, Igadints A, upward leak, about 5.5 NL leak)

In analogy with the steady leaks, hydrogen coneéiotis at H1, which lies at leak positions upper,
and H10, which lies at rear top, are higher thandthers. The maximum concentrations of these are
18 vol.% at H1 and 11 vol.% at H1The observed tendencies showed that hydrogen ctatiens

are higher at H1 and H10 were also observed wherdhicle is lying.

Based on the above results, independent of thecleesiates, by installing hydrogen leak detectors
between a hydrogen tank and an FC stack, and iafreeae upper space, a hydrogen leak could be
detected at least 3 vol.% in the case of continleais of 10 NL/min and an on-off leak. Thereforg, b
installing contact burning-type hydrogen detectotdich are usually used for FCVs and can detect
below 4 vol.% hydrogen leaks, a leak could be detefaster and more accurate than the other points.
Under these test conditions, spaces between HH&ma H1 and H9, which lie in below the Seat, and
at H10 are considered to be more accurate points.



3.0IGNITION TEST
3.1 Methods

Next, we conducted ignition tests to evaluate tbleif a hydrogen leak occurs from an FC motorcycle
and then ignitesThe ignition points were H1 and H10 where we meagdrydrogen concentrations
were higher than the others in the previous chapsts. Electric sparks with 1 mm length of gap and
energy of 30 mJ were used in ignition tests. Thecke was tested in 2 states: upright, and lyireak
position was at leak point A, and leak directiorswpside.The spark times for the continuous leaks
were set at 120 seconds after the leak had begdrfpathe on-off leaks were set at the time when t
maximum hydrogen concentrations were detected etetik tests. If an ignition did not occur for the
on-off leak, the spark had been continued till gmition occurs.Heat fluxes were measured by thin
foil flexible heat flux sensors (Captec, HF-20)damoise pressure was measured by microphones
(PCB, 378B02), blast waves were measured by béastoss (PCB, 137B23B)lhermal images were
also recorded to judge whether or not an ignitioouored. The sensors set positions for upright were
at 0 m on the left hand of the center stand ar@l mtaway from measurement point, and for lying
state it was just below the vehicle and at 2 myafn@m the vehicle.The test conditions are shown in
Table 4, and an over view is shown in Figure A8.we described in the next section, the reason why
the maximum flow rate in Table 4 is 250 NL/min st this flow rate could injure people. Therefore,
we didn't conduct the ignition tests over 250 Nldrfiow rate.

Table 4. Ignition test conditions

NoO Vehi.c.le Leak time| Flow rate Maximum hydrogen Igni'gion Ignition
condition (s) (NL/min) | concentration (Vol.%)* point time (s)

1 Upright 120 10 6 H10 120

2 Upright 120 10 26 H1 120

3 Upright 120 50 13 H10 120

4 Upright 120 50 25 H1 120

5 Upright 120 100 20 H10 120

6 Upright 120 100 27 H1 120

7 Upright 120 250 33 H10 120

8 Upright 0.3 - 11 H10 16

9 Upright 0.3 - 11 H10 till ignition
10 | Upright 0.3 - 18 H1 3.5
11 | Upright 0.3 - 18 H1 till ignition
12 Lying 120 10 9 H10 120
13 | Lying 120 50 22 H1 120
14 Lying 120 100 25 H1 120
15 | Lying 120 250 35 H10 120
16 Lying 0.3 - 12 H1 3.5
17 Lying 0.3 - 12 H1 till ignition
18 | Lying 0.3 - 13 H10 10

* Results of hydrogen concentration measuremett tes
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Figure 10. Overview of ignition test
3.2 Result and discussion

The test results are shown in Table 5. We evaluatedences of noise level, blast wave pressurd, an
heat flux on the human body when leaked hydrogeigriged. Consequences of how noise levels
affect the human body are known as follows: if thexar 110 dB noise level for 30 minutes a day, it
causes hearing impairment, 120 to 130 dB noiseldes@use a sense of pain, 150 dB noise level
injures the ear drum then instantly loses hearfiglh the case of continuous leaks of below 100
NL/min, the maximum noise level when an ignitiortocs was 123.4 dB at 0 m away from the vehicle
which was upright and that was test numbein6the case of on-off leak, the maximum noise level
was 126.1 dB at 0 m away from the vehicle which waisght, and that was test number 17.other
words, these noise levels do not have an impath@muman body, since they feel pain in their ears
when they are standingon the other hand, in the case of a continuousdé2k0 NL/min, measured
noise levels were 140 dB which exceeded the uppér measurement value at 0 m away from the
vehicle for test number 7 the vehicle was uprighd dor test number 15 the vehicle was lying.
Therefore, if humans hear an ignition noise sintitathe test conditions, at the very least humailis w
feel a sense of pain and could lose hearing in ssitnations.Next, we evaluated influences of blast
wave pressure on the human bodyne impact that blast wave pressure has on the miiody are as
follows: the peak pressure of 16.5 kPa could danthgeeardrums of 1% of the people, the peak
pressure of 100 kPa could kill of 1% of the pedple The maximum measured blast pressure in the
tests was test number 7, which was conducted Winigehydrogen continuously at a rate of 250
NL/min with the vehicle standingThe results of the test are shown in Figure 11,thedsuccessive
pictures are shown in Figure 1k Figure 11, the measured blast pressure 0 m &waythe vehicle

at a height of 0.15 m is 14.2 kPa. It shows thatlilast wave pressure has little effects on theamum
body in all tests if standingBesides that, we can see in Figure 12 that seyends of exterior
materials in the downward of the vehicle were goffigbut the vehicle is not seriously damaged.

15¢

Blast pressure (kPa)
o
T

—12f — 0 m away from the vehicle

_15f T 2 m away from the vehicle 1
1

0 0.01 0.02 0.03 0.04 0.05
Time (s)

Figure 11. Examples of blast pressure
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Figurel2. Successive pictures of ignition test neimb

Table 5. Ignition tests results

Total leak . : Blast Blast | Heat flux
No | Vvolume Result | Noise levell Noise level pressure| pressure| 0m
(NL) Om (dB) | 2m(dB) | o'\ (kPay| 2 m (kPa) (KW/m2)

1 - No ignition N.D. N.D. N.D. N.D. N.D.
2 - Ignition 117.2 114 N.D. N.D. N.D.
3 - Ignition N.D. N.D. N.D. N.D. N.D.
4 - Ignition 119.5 114.7 0.1 0 N.D.
5 - Ignition 86.1 83.8 N.D. N.D. N.D.
6 - Ignition 123.4 120.2 N.D. N.D. 0

7 - Ignition Over 140 | Over 140 14.2 7.5 1.9
8 5.94 No ignition N.D. N.D. N.D. N.D. N.D.
9 5.97 Ignition N.D. N.D. N.D. N.D. N.D.
10 5.55 No ignition N.D. N.D. N.D. N.D. N.D.
11 5.92 Ignition 109.2 102.9 N.D. N.D. N.D.
12 - No ignition N.D. N.D. N.D. N.D. N.D.
13 - Ignition 119 116.6 0.1 0.1 N.D.
14 - Ignition 121.5 117.8 0.3 0.1 1.2
15 - Ignition Over 140 135.9 5.3 3.7 2.2
16 5.64 No ignition N.D. N.D. N.D. N.D. N.D.
17 5.56 Ignition 126.1 124.6 0.3 0.2 N.D.
18 4.84 Ignition N.D. N.D. N.D. N.D. N.D.

Lastly, we evaluate the influences of heat fl@Generically, the impact heat flux has on the human
body is known as follows: the heat flux of 0.1 magwvirom a 100 W filament lamp is 6.4 kWinthe
heat flux of 10 kW/rmcould cause a burn injury on skin if it is expo$ed10 seconds, the heat flux
of 50 kW/nt could cause a burn injury on skin if it is expo$eda second [7].The maximum heat
flux was measured in test number 15, where the fete was 250 NL/min and the vehicle was lying,
and its heat flux was 2.2 kwW/mt 0 m away from the vehicl&herefore, in all the test conditions, it
was concluded that the heat fluxes are not sothigihthe human body could seriously be impacted.
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From the results above, the on-off leaks could aftect the human body. On the one hand, the
continuous leaks of below 100 NL/min could not havgreat impact on the human body if ignition
occurs, on the other hand the 250 NL/min leaksdceause impaired hearing due to the noise level.
Therefore, ignition risks in fuel-cell motorcyclesan be reduced by installing hydrogen-gas leak
detectors and by providing a mechanism to closestiug-off valve immediately if a leak is detected,
so we conclude that it is effective to install hygen leak detectors.

4.0 SUMMARY

We measured hydrogen gas concentrations to checkyflrogen leak can be detected by hydrogen-
leak detectors installed in each part of an FC negtite, and if a leak can be detected, we evaluated
which positions are appropriate for detecting &.I&se also conducted ignition tests to evaluate the
risk of hydrogen leaks from an FC motorcycle tosidar whether or not installing a mechanism to

shut down the leaking of hydrogen gas is effective.

As a result, independent of the vehicle states,insyalling hydrogen leak detectors between a
hydrogen tank and an FC stack, and at the rearfigoper space, a hydrogen leak could be detected
at least 3 vol.% in the case of a continuous IeakQNL/min and an on-off leak. Therefore, by
installing contact burning-type hydrogen detectotdich are usually used for FCVs and can detect
below 4 vol.% hydrogen leaks, a leak could be detefaster and more accurate than the other points.

As for the results of risk evaluations, in the ca$deaked hydrogen ignition, it was indicated that

minute leaks which generically can occur do nogctfthe human body if it is ignited. On the other

hand, if a human was near the vehicle and a treauendmount of leaked hydrogen, such as 250
NL/min, was ignited, the human body could expergeemmpaired hearing due to the noise level.

Therefore, ignition risks in fuel-cell motorcyclesin be reduced by installing hydrogen-gas leak
detectors and by providing a mechanism to closeshiue-off valve immediately if a leak is detected,

so we concluded that it is effective to install togen leak detectors.
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