
SAFETY CONSIDERATIONS FORSAFETY CONSIDERATIONS FOR 
HYDROGEN TEST CELLS

T. Wallner, R. Scarcelli, H. Lohse-Busch, B. Wozny
Argonne National LaboratoryArgonne National Laboratory

S. Miers
Michigan Technological University

3rd International Conference on Hydrogen Safety
Ajaccio/France

September 16 – 18, 2009

DOE-Sponsor: Gurpreet Singh, Lee Slezak



Objectives

 Identify fuel properties of hydrogen that are relevant to safety, 
test cell design and layout

Classify safety equipment that is unique to hydrogen as a fuel
Analyze sample hydrogen test cell setups in respect to
Test cell ventilation
Hydrogen storage and distribution infrastructure

S fSafety system
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Comparison of fuel properties
Parameter Symbol Unit Gasoline Methane HParameter Symbol Unit Gasoline Methane H2

Density  kg/m3 730-780I 0.72I 0.089I

71II,III

Stoichiometric air 
demand LSt kgair/kgfuel 14.7 17.2 34.3

Ventilation 
system design

Lower heating 
value Hu MJ/kgKst 43.5 50 120

Mixture calorific 
valueV HG

MJ/m3 3.82
3.82

3.4
3.76

3.2
4.53

Boiling

HG

Ventilation flow Boiling 
temperatureIII TBoiling °C 25-215 -162 -253

Ignition limitsIV Vol-%


1.0-7.6
0.4-1.4

5.3-15
0.7-2.1

4-76
0.2-10

Minimum ignition 
III IV V EI iti mJ 0.24 0.29 0.02

requirements

energyIII,IV,V EIgnition mJ 0.24 0.29 0.02

Self-ignition 
temperature TIgnition °C approx. 350 595 585

Diffusion 
coefficientI,IV D m2/s - 1.9x10-6 8.5x10-6

Ignition sources 
can’t be excluded 
– avoid build-up

Quenching 
distanceIII,IV,VI mm 2 2.03 0.64

Laminar flame 
speedIV,V vlam cm/s 40-80 40 200

Carbon content C Mass-% 86 75 0

avoid build up
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Carbon content C Mass-% 86 75 0
I at 1.013 bar und 0 °C   II at –253°C   III at 1.013 bar   IV in air   V =1   VI at 20°C



Hydrogen safety equipment

 Ventilation
 Hydrogen sensors

 Various types
 Commonly used concentration for alarm activation is around 1 Vol-% 

 Hydrogen flame cameras
 Thermal fire detectors (need to be located at or very near the site of a fire)
 Optical sensors (two spectral regions: ultraviolet (UV) and infrared (IR)). 
 Imaging systems

 Thermal IR
 UV imaging systems
 A broom

S f l d i i Safety related instrumentation
 Exhaust analyzer
 Fuel flow meter
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 Integrated emergency system



Sample test cell ventilation systems (closed cell)

 Ventilation
 Cross ventilation Cross ventilation
 Fresh air supply close 

to test cell floor
 Exhaust air close to 

ceiling
 Fume hood atop engine
 Additional exhaust pipe 

f hi h t i tfrom highest point
 Several hydrogen 

sensors throughout 
test celltest cell
 Ceiling
 Hydrogen distribution
 Inside fume hood
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 Inside fume hood



Sample test cell ventilation systems (open cell)

 Ventilation
 No specific pattern due No specific pattern due 

to highbay setting
 Fume hood on top of 

engines to capture 
potential leakage

 Sensors in strategic 
locations
 Inside fume hoods
 Inside hydrogen 

distribution panel
 Flame cameras on both Flame cameras on both 

engines
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Fume hood design

 3-D CFD simulation 
to determine fumeto determine fume 
hood effectiveness
 Air flow 10 m/s
 Square domain (2.2 m)Square domain (2.2 m)
 150,000 cells
 Several release 

scenarios simulated
 Critical case
 Small leak around 

injector (0.2 kg/h)
 High local concentration 

(100,000 ppm)
 Concentration less than 

2 000 ppm (5 % LEL) at
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2,000 ppm (5 % LEL) at 
sensor



Intake and exhaust design

 Special precautions 
for single cylinder

Fume hood

for single cylinder 
research engine
 ASME rated pressure 

vessels in engine intake Fume hood

Intake
surge
tankExhaust

g
and exhaust

 Reduce pulsations
 Avoid damage should 

b ti liExhaust
surge tank combustion anomalies 

occur
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Compressed hydrogen storage capacity

 Number of cylinders 
required to store

90

100
Number of 50L hydrogen cylinders required
to store the equivalent energy of 100L gasoline 

required to store 
energy equivalent of 
100 liters of gasoline

 Typical pressures60
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 Typical pressures
 EU: 20 – 30 MPa
 US: 14 – 41MPa
 Vehicle: 20/35/70 Mpa
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 Sample setups
 6+6 cylinders at 30 Mpa
 2 cylinders at 41 Mpa
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Sample high-pressure hydrogen supply system

Above roof
 6+6 cylinders
 Helium for leak Helium for leak 

check/purge
 Pressure regulator 

outside to reduce
Ball valve with
pneumatic drive

Ball valve
Pressure regulator 0 – 30 MPa

Check valve

MV1

Purge lines

outside to reduce 
hydrogen inside test 
cell

 Several solenoid

Helium Hydrogen
for leak check
of high-pressure
lines

30 MPa
6 cylinders +
6 spare cylinders

Mass flow meter
Coriolis principle

MV2 MV3a MV3b
3-way-valve with
pneumatic drive

to
engine

MV4
Purge lines  Several solenoid 

valves (MV) with 
switching logic

 3 way valve to 3-way valve to 
depressurize engine 
supply line
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Sample fuel meter and safety system

 Fully enclosed 
hydrogen supply and

H2

Vent lines 
to the roof

Over pressure 
relief valve

Quick 
connect 

fitting

Hydrogen 
sensor

Sprinkler
head

hydrogen supply and 
metering system 
featuring:
 Pressure adjustment

Display

FL
OP

P
QC

OP

Manual 
valves

fitting

H l f

Over pressure 
sensor

Pressure 
gage

Pressure adjustment
 Overpressure control
 High and low flow fuel 

measurement

FL

FH

Display

FH

P

R
P

P
P

P

Controller

Manual 
pressure 
regulator

H2 supply from 
outdoor storage  Vent lines to 

depressurize/purge
 Opening on the top 

ll it i fDelivery 
pressure 
sensor

Flexible fuel supply 
hose with manual valve

allows monitoring for 
leakage
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Exhaust hydrogen concentration

 Sample results of 
unburned hydrogen

45000

unburned hydrogen 
in the engine exhaust

 Lower explosion limit 
for hydrogen: 4 %30000

35000

40000

on
 [p
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]

LEL

for hydrogen: 4 %
 50 % LEL set as user 

defined limit
 Typical engine
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50% LEL  Typical engine 
emissions trends:
 Increase around 

stoichiometry
10000

15000
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stoichiometry
 Increase if operated 

extremely lean0

5000

1 2 3 4 5
Relative air/fuel ratio λ [-]
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Relative air/fuel ratio λ [-]



Integrated safety system

E-Stop 1

CONTROL ROOM TEST CELL
Dyno
Lube

Engine
Lube

Fumehood Exhaust 

Updated: 
05/09/19

E-Stop 5 E-Stop 4 Hydrogen Alert

 E-Stop loop specific 
for hydrogen:p

Dyno Cabinet

C B B d

Vacuum Vacuum

Can Be Bypassed

Comparator

p
Console H2 Enclosure

y g
(Sensors & Flame Detector) for hydrogen:

 Fume hood air flow
 Exhaust air flow
 Hydrogen overpressure

E-Stop 2
12V/24V 
Cabinet

E-Stop 3
Near DAQ
BNC Board

DAQ
5V Relay

Can Be Bypassed
By Key Switch on

HIL Computer
Dyno Blower

Current Sensor

yp
By Key Switch

(3 Keys Located on
12V/24V Cabinet)

If this loop is open,
Dynamometer, Hydrogen Supply and
Engine Control Unit are Shut Down

12V

12V Relay

Hydrogen
Over-Pressure

Switch

Supply Water 
Pressure Switch

Hydrogen overpressure
 Hydrogen alert 

(hydrogen sensor or 
flame camera)

Contacts Open if E-Stop
Loop Opened 12V

12V Relay

12V Digalog
3

63

1 8

5V Relay

3

2

DAQ
(on/off
signal)

12V Relay

3
63

1 8

 DAQ monitors H2 flow, 
exhaust etc.

 E-Stop disables:
 D t

12V Relay

Emergency stop loop

Engine 
Control 
Module

H2
Valve
(engine)

H2
Supply
Valve

(enclosure)

H2
Purge
Valve

(enclosure)

 Dynamometer
 Hydrogen supply
 Engine controller (fuel 

injection)
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Emergency stop loop injection)



Conclusions

The properties of hydrogen differ significantly from those of 
other conventional liquid or gaseous fuels

 Ignition sources cannot be completely excluded from a test 
setup; therefore a safe test cell design effectively avoids build-
up of ignitable hydrogen-air mixturesp g y g

The unique instrumentation in a hydrogen test environment 
includes hydrogen sensors as well as hydrogen flame 

A dditi l f t f f t b hi d bcameras. An additional factor of safety can be achieved by 
integrating and monitoring safety relevant functions in an 
emergency systemg y y

When properly taking the unique properties into account by 
facility designers, engineers and operators, hydrogen can be 
as safe as or safer than gasoline or diesel fuel
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as safe as, or safer than gasoline or diesel fuel
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