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Many types of industrial equipment can potentially
produce an explosive oil mist if a fault develops. However,
information on the conditions in which a mist can be
ignited and continue to burn is limited. To help address this,
HSE and 14 industry sponsors co-funded a Joint Industry
Project (JIP) on oil mist formation and ignition.
This report, produced for the JIP, describes the first phase
of experimental tests to examine the ignition of mists
produced by small leaks of pressurised, combustible fluids.
The tests compared three different fluids (kerosene, light
fuel oil and hydraulic oil) sprayed through a 1 mm diameter
hole at a range of pressures from 1.7 barg to 20 barg. A
spark igniter was used to test for locations where the
resulting jet of droplets could be ignited.
The tests showed clear differences between the fluids;
kerosene could be ignited at lower pressures than would
previously have been expected while hydraulic oil was not
ignited in any of the tests.
Results from these tests were used to define an ignition
envelope for each fluid and pressure, which was used in a
second phase of tests (RR1110) to specify locations for a
study of the droplets at the limit of ignitability.

This report and the work it describes were funded through a Joint
Industry Project. Its contents, including any opinions and/or
conclusions expressed, are those of the authors alone and do not
necessarily reflect HSE policy or the views of the Joint Industry Project
sponsors.
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ABSTRACT
Flammable liquids released under pressure, at temperatures below their flash point may form
a mist which may be ignited and explode. The objective of this test programme is to provide
HSE's Buxton laboratory with experimental data that will help facilitate others

to

develop guidance on the likelihood of flammable mist formation.
This report describes the methodology and results of the work carried out for Phase one of the
test program investigating the flammability of pressurized liquid releases generated by an
orifice representative of a small leak.
The work described was conducted by staff at Cardiff University’s Gas Turbine Research
Centre (GTRC) and funded as part of an HSE Joint Industry Project.
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1.0 INTRODUCTION
The European ATEX directives (99/92/EC and 94/9/EC) which are implemented in the UK
under the Dangerous Substances and Explosive Atmospheres Regulations (DSEAR, 2002)
require employers to classify areas into zones where explosive hazards may occur. Hazardous
Area Classification (HAC) for explosive gas atmospheres is well established, however, the
same situation is not currently the case for high flashpoint liquid releases that could give rise
to an explosive mist atmosphere.
The test program comprises two phases of work. Phase one consists of ‘basic’ experiments
designed to generate flammability maps for a range liquids spray releases. Phase two
incorporates more detailed analysis of the release using Phase Doppler Anemometry (PDA)
to determine droplet size and concentration to improve the understanding of mist
flammability.
This report describes the results and observation from Phase one and the scope of work for
phase two which is in progress.

2.0 SCOPE OF WORK
Phase One investigated the flammability of liquid releases from ‘small’ leaks (D=1mm)
associated with area classification, rather than catastrophic failure. The parameters
investigated were:


Different fluids – three fuels were studied.



Fluid Pressure - Pressures up to 20 bar.



Fluid temperature (only for viscous and high flashpoint fuels).



Ignition location - For ignition distances less than 1.5m, radial distances were also
varied.

All other parameters remained constant e.g. ignition source, nozzle geometry.
Phase Two will incorporate the use of advanced laser diagnostics and high speed imaging to
better understand the spray combustion physics underlying the observations from Phase one.
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2.1

Fluid Classification

The test program considers mists of liquids that are below their flashpoint at the ambient
temperature. A list of such fluids is given below, indicating the range of materials (and
industries) where area classification may be needed:








Lubricating oil
Vegetable oil
Hydraulic oil
Light fuel oil
Heavy fuel oil
Heat transfer fluid








Jet fuel/kerosene
Transformer oils
Process fluids (e.g. Solvesso)
Diesel
Bio-diesel
White spirit

Fluids outside the scope of this work include those that boil upon release to ambient pressure
(e.g. propane) and low flashpoint liquids such as gasoline.
A liquid classification system was developed, by the Health and Safety Laboratory (Burell,
2012), in order to rationalise the selection of liquids for experimental testing. This
methodology uses two parameters to estimate the potential of a liquid to form a flammable
mist:


The ignitability of the liquid represented by the flashpoint.



The tendency of the liquid jet to atomise into droplets when release through an orifice.
The atomisation is behaviour is assessed using two different empirical correlations:
 The primary atomisation correlation from Ohnesorge.
 The secondary atomisation correlation by Brodkey.

This results in a classification system that separates the selected liquids into three groups, as
depicted in Fig 2.1 and Fig 2.2.
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Figure 2.1: Ohnesorge atomisation correlation vs flashpoint

Figure 2.2: Brodkey atomisation correlation vs flashpoint
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The liquids were classified into three groups:


Volatile fuels and solvents that will readily atomise and have a relatively low
flashpoint. This group includes: diesel, kerosene, solvesso, white spirit.



Lubricants that are more difficult to atomise and have a high flashpoint. This category
includes: Lubricating oil, heat transfer fluid, hydraulic oil, transformer oil, vegetable
oil.



Fuel Oils that are difficult to atomise but have a relatively low flashpoint. This group
includes Light Fuel Oil (LFO) and Heavy Fuel Oil (HFO).

To investigate a range of different liquid properties in the experimental program one liquid
from group was selected to test, and specifically the following:


Group 1: Kerosene JET A1.



Group 2: Hydraulic Oil (Mobil DTE heavy medium-VG 68).



Group 3: Light Fuel Oil (Class E-BS2869).This is also to be tested pre-heated (at
70oC) to evaluate the change to its “behaviour” as it is expected to shift towards the
right and behave similarly to Group 1.

2.2

Test Programme –Phase One

Phase one of the test programme investigated the flammability of pressurised liquid releases
generated by an orifice representative of a small leak (D=1mm)
The liquids considered for the study were:


Kerosene JET A1.



Hydraulic Oil (Mobil DTE heavy medium-VG 68).



Light Fuel Oil (LFO, Class E-BS2869) at ambient conditions.



Light Fuel Oil (LFO, Class E-BS2869) pre-heated at 70oC).

Each ‘study’ consisted of tests performed at four pressures, 5, 10, 15 and 20 bar and multiple
ignition locations and comprised of a minimum of 10 tests (5 obstructed and 5 unobstructed).
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Each ‘test’ consisted of a maximum of 3 releases which were conducted as follows:


The igniter was switched on at the desired frequency (15Hz) prior to the release of the
spray.



The fuel was released for 10 seconds or until ignition of the spray was observed,
whichever was sooner. Note that for a ten second release there will be 150 ignition
events



If ignition of the spray was observed then the test was considered positive and
stopped.



If no ignition of the spray was observed the test was repeated up to a total of three
times, if no ignition of the spray was observed then the test was considered negative.

The results are ‘basic’ – in the sense that the observations consisted of a ‘Go’ ‘No-Go’
approach. These ‘flammability maps’ may inform an initial methodology which will
contribute to development of practical guidance.
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3.0 EXPERIMENTAL FACILITIES
The experimental program was conducted in the Atmospheric Spray Rig (ASR) (Figure 3.1)
at the Gas Turbine Research Centre (GTRC), Cardiff University, Port Talbot. The
experimental apparatus consists of three main constituents:


The spray chamber.



The pressurised fuel vessel and fuel delivery lines.



The ignition system.

The rig is designed so that a wide range of optical diagnostic techniques can be utilised,
including Phase Doppler Anemometry (PDA) and backlit photography (shadowography).

Figure 3.1: The Atmospheric Spray Rig
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Figure 3.2 depicts a schematic representation of the experimental apparatus.

Figure 3.2: Schematic representation of the Atmospheric Spray Rig

The spray chamber dimensions are 1.2x1.2x2.5m. The nozzle (see Fig 3.3) was mounted
centrally and down-fired so that it created an axisymmetric spray. The nozzle diameter was
1mm with an L/D ratio of 2. The release conditions were monitored via a K-type
thermocouple and a pressure transducer at the nozzle.

K type thermocouple

Pressure transducer

Figure 3.3: The nozzle mounted on the spray chamber
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After each release the fuel was collected in a safety can fitted with dual flame arresters via a
drain at the bottom of the spray rig. However, fuel “pooling” at the bottom of the chamber
would lead to pool fires and so, to mitigate this inclined metal plates (see Fig 3.4) were fitted
to assist and accelerate the drainage of the waste fuel accumulating at the bottom of the ASR.
Moreover nitrogen purge nozzles (see Fig 3.4) were also fitted to extinguish any pool fires
and a flame quenching mesh (see Fig 3.5) was also used to prevent the flames from
propagating to the bottom of the chamber and to the drainage pipework.

Figure 3.4: Inclined plates and nitrogen purge nozzles

Figure 3.5: Flame quenching mesh

The fuel vessel was pressurised using nitrogen as the pressurising medium up to 20bar. The
vessel could be heated via an external electric heating element. There were two fuel delivery
lines fitted, a ½” hydraulic hose for the delivery of high viscosity liquids at ambient
temperature, and a ¼” heated line used for testing at elevated temperatures. The ¼” line could
be heated using a hot water shell as tube heat exchanger up to 120oC.
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The Ignition system utilised was a Chentronic’s Smartspark ignition system. This system
was selected due to its ability to operate reliably in high moisture environments. The ignition
system was a capacitive discharge system, providing a power output of 60 watts minimum
during a 30 second burst. Table 3.1 summarises the key characteristics of the Smartspark
system, while Fig. 3.6 shows the exciter mounted on the traverse arm and the ignition rod
protruding in the spray chamber. The supplier of the ignition system added an extra 3m
output cable from the exciter to the igniter to induce losses and achieve the desirable spark
energy of ~1J

Table 3.1: Specifications of the Smartspark ignition System
Input power

100-240 VAC, 50- 60 Hz

Stored Energy

4 Joules Minimum

Spark rate

15 Sparks Per Second minimum for 30
seconds burst, then 1 SPS

Operating temperature

-10 oC to 85 oC (exciter)

Spark gap

2mm

Spark energy

~1Joule

Figure 3.6: Ignition system mounted on the traverse arm
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4.0 EXPERIMENTAL RESULTS
The liquids selected for experimental testing, as mentioned in section 2.2, are the following:


Kerosene JET A1.



Hydraulic Oil (Mobil DTE heavy medium-VG 68).



Light Fuel Oil (Class E-BS2869) at ambient conditions.



Light Fuel Oil (Class E-BS2869) pre-heated at 70 oC.

The key physical properties of the aforementioned liquids are presented in Table 4.1. The
properties for the Hydraulic oil, and Light Fuel Oil were obtained through experimental
measurements at Cardiff University and the data for the Kerosene Jet A1 was sourced from
the literature. The flashpoint and viscosity were measured abiding to BS EN ISO 2719:2002
and BS 188:1977 standards respectively. The surface tension was obtained using a
temperature controlled LAUDA TVT1 Drop Volume Tensiometer.

Table 4.1: Physical properties of the liquids selected for testing

The liquids were tested at 4 different pressure cases: 5, 10, 15 and 20 bar. The flowrates for
each liquid can be found in Table 4.2. Additionally, various axial (up to 1.5m) and radial
positions were investigated for ignition for every liquid. The point at the tip of the nozzle at
the centreline of the spray is defined to be point (x,y) = (0,0), see Fig 4.1.
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Table 4.2: Indicative Flowrates of the liquids at the corresponding pressure cases
Liquid Flowrates (g/s)
Pressure
Kerosene JETA1

Hydraulic Oil

LFO Ambient

(Mobil DTE )

(class E)

LFO preheated 70
0

C

5 bar

15

12

12

17

10 bar

22

19.7

18

22

15 bar

25

25

25

28

20 bar

29

30

30

30

Figure 4.1: Schematic representation of a spray

Phase one results consists of “Ignition” or “No Ignition” observations. However, during
experimentation different modes of ignitions were observed:


Ignition where the flame propagated in downward and upward direction.



Ignition where the flame propagated only in the downward direction.



Ignitions that were observed “locally” and self-extinguish.

To effectively portray the different modes of “ignitions” or “no ignition” a symbol&colour
code is used (see Table 4.3).

Table 4.3: Symbol&Colour code for modes of ignitions observed
Mode of Ignition
Propagation in both directions
Downward propagation
Localized ignition
No Ignition

Colour code

X
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4.1

Free Spray: Kerosene Jet A1

Table 4.4 presents the key physical properties of Kerosene Jet A1 and Table 4.5 depicts the
experimental matrix. Fig. 4.2 shows randomly selected still images from Jet A1 testing, and
Fig 4.3 summarises the experimental results of all points investigated.

Table 4.4: Kerosene Jet A1 physical properties
Density (kgm-3)

800

Kinematic Viscosity (mm2/sec)

3.5 (15oC)

Dynamic Viscosity (Kgm-1s-1)

0.0028

Surface Tension (kgs-2)

0.026

Flashpoint (°C)

38

Table 4.5: Kerosene Jet A1 experimental matrix
Coordinate x axis (mm)

Coordinate y-axis
(mm)

5 bar

10 bar

15 bar

20 bar

50

x= 8

x= 10

x= 6.92

x= 8.92

100

x= 13

x= 15

x= 5.84

x= 7.84

150

x= 13

x= 15

x= 4.76

x= 6.76

x= 9.52 -

x= 1.52 -

x= 3.52 -

x= 5.52-

x= 55

x= 55

x= 58.52

x= 58.52

x= 12.04 -

x= 7.04 -

x= 7.04 -

x= 7.04 -

x= 55

x= 85

x= 107.04

x= 112.04

x= 15.56 -

x=15.56 -

x=15.56 -

x= 15.56-

x= 80

x=105

x=125.56

x=140.56

x= 24.08 -

x=24.08 -

x=24.08-

x= 29.08-

x= 90

x= 115

x=134.08

x=144.08

x= 27.6 -

x= 27.6-

x=27.6

x= 32.6

x= 105

x= 135

-x=137.6

-x=152.6

300

600

900

1200

1500
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Figure 4.2: Randomly selected still images from Kerosene Jet A1 experimental tests: (a) ignition at 20.48 barg, (b) ignition at 15.56 barg, (c) ignition at 11.45barg
and (d) ignition at 5.22 barg
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Figure 4.3: summary of Kerosene Jet A1 results for 5,10,15,20 bar pressure cases

For the 5bar case only downward propagation of the flame was observed, while for the 10, 15 and 20 bar cases the flame propagated downwards
and tracked back to the release point. As the Kerosene Jet A1 would readily ignite for all pressure cases; lower pressures were also investigated
(see Fig 4.4).
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Figure 4.4: summary of Kerosene Jet A1 results for lower pressure cases

At lower pressures Jet A1 was still observed to ignite. To note that the data for the 1.7 bar case were obtained in June 2013, where ambient
conditions were ~20oC, whereas the data set for 2, 3, 4 bar were obtained at high humidity ambient conditions of ~15oC. Fuel supply temperature
was similar at both cases. This suggests that ambient conditions may have an effect on the ignitibility of JET A1.
.
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4.2

Free Spray: Hydraulic Oil

Table 4.5 presents the key physical properties of Hydraulic oil, whereas Table 4.6 depicts the
experimental matrix. Fig. 4.5 summarises the experimental results of all points investigated.

Table 4.5: Hydraulic Oil physical properties
Density (kgm-3)

870

Kinematic Viscosity (mm2/sec)

111 (20oC)

Dynamic Viscosity (Kgm-1s-1)

0.09657

Surface Tension (kgs-2)

0.03328

Flashpoint (°C)

223

Table 4.6: Hydraulic oil experimental matrix

Coordinate x axis (mm)

Coordinate yaxis (mm)

5 bar

10 bar

15 bar

20 bar

300

x= 12

x= 15

x = 17

x= 20

600

x= 18

x= 20

x= 20

x= 25

900

x= 20

x= 25

x= 30

x= 35

1200

x= 30

x= 35

x= 40

x= 45
x= 50–

1500

x= 35

x= 40

x= 45
x= 60
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Figure 4.5: summary of Hydraulic oil results for 5,10,15,20 bar pressure cases.

For the Hydraulic oil no ignitions were observed for any of the pressure cases investigated.
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4.3

Free Spray: Light Fuel Oil at Ambient Conditions

Table 4.7 presents the key physical properties of Light Fuel oil, whereas Table 4.8 depicts the
experimental matrix. Fig. 4.6 summarises the experimental results of all points investigated.

Table 4.7: ambient Light Fuel Oil physical properties
Density (kgm-3)

930

Kinematic Viscosity (mm2/sec)

169.8 ( at 24oC)

Dynamic Viscosity (Kgm-1s-1)

0.158

Surface Tension (kgs-2)

0.03317

Flashpoint (°C)

81

Table 4.8: ambient Light Fuel Oil experimental matrix
Coordinate x axis (mm)

Coordinate y-axis
(mm)

5 bar

10 bar

15 bar

20 bar

x= 10

x= 15

x = 17

x= 12

x= 17

x= 20

x= 22

x= 27

x= 30

x= 27

x= 30

x=3.52 –
300
x= 13.52
x= 7.04 –
600
x= 17.04
x= 5.56 –
900
x= 10.56
x= 9.08 –
1200

x= 38-

x= 14.08

x= 45

x= 7.6 –

x= 45 –
x= 35

1500
x= 22.6

x= 40
x= 55
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Figure 4.6: summary of Light Fuel oil-ambient conditions results for 5,10,15,20 bar pressure cases.

For the Light Fuel oil at ambient conditions no ignitions were observed for any of the pressure cases investigated.
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4.4

Free Spray: Light Fuel Oil heated at 70oC

Table 4.9 presents the key physical properties of Light Fuel oil heated at 70oC and Table 4.10
depicts the experimental matrix. Ignitions were recorded for all pressure cases investigated.
Fig. 4.7 show exemplar ignitions of the LFO, while Fig 4.8 summarises the experimental
results of all points investigated.

Table 4.9: Light Fuel Oil heated at 70oC physical properties
Density (kgm-3)

880

Kinematic Viscosity (mm2/sec)

18 (at 70oC)

Dynamic Viscosity (Kgm-1s-1)

0.01584

Surface Tension (kgs-2)

0.03148

Flashpoint (°C)

81

Table 4.10: Light Fuel Oil heated at 70oC experimental matrix
Coordinate x axis (mm)

Coordinate yaxis (mm)

5 bar

10 bar

15 bar

20 bar

100

5

10

10

10

300

x= 10

x= 10

x= 10

600

x= 15

900

x= 25

1200

x= 35

1500

x= 45

x = 15x= 20

x= 15

x= 15

x= 20-

x=20
x= 25-

x= 25

x= 45

x= 35

x= 35-

x= 35

x= 55

x= 55

x= 45-

x= 50

x= 35

x= 55

x= 60

x= 55

x=25

x=30
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Fuel: LFO Heated

Fuel: LFO Heated

Nozzle: D=1mm, L=2

Nozzle: D=1mm, L=2

Location: y-axis = 300 mm,

Location: y-axis = 600mm,
x-axis= 15 mm

x-axis= 15mm
Pressure (bar g): 19.18

Pressure (bar g): 16.15

Flowrate (g/s) : 29.7

Flowrate (g/s): 28.2

Fuel Temperature (°C) : 70.75

Fuel Temperature (°C): 69.12

Amb Temperature (°C) : 14.4

Amb Temperature (°C): 11.07

Ignition system: ≈ 1 J-15Hz

Ignition system: ≈ 1 J-15Hz

(a)

(b)

Fuel: LFO Heated

Fuel: LFO Heated

Nozzle: D=1mm, L=2

Nozzle: D=1mm, L=2

Location: y-axis = 1200 mm,

Location: y-axis = 100 mm,
x-axis= 5 mm

x-axis= 35 mm

(c)

Pressure (bar g): 11.21

Pressure (bar g): 5.53

Flowrate (g/s): 24

Flowrate(g/s): 17

Fuel Temperature (°C) : 71.4

Fuel Temperature (°C) : 70.9

Amb Temperature (°C) : 14.9

Amb Temperature (°C) :15.3

Ignition system: ≈ 1 J-15Hz

Ignition system: ≈ 1 J-15Hz
(d)

Figure 4.7: Ignitions of Light Fuel Oil heated at 70oC: (a) ignition at 19.18 barg, (b) ignition at 16.15barg, (c) ignition at 11.21barg and (d) ignition at 5.53 barg

21

Figure 4.8: summary results for Light Fuel Oil heated at 70oC results for 5,10,15,20 bar pressure cases.

For the Light Fuel oil heated at 70oC ignitions were observed for all of the pressure cases investigated.
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4.5

Impingement Studies

Impingement studies aimed to demonstrate whether the impingement of a spray on a surface
will affect its ignitibility due to secondary breakup of the jet caused by the impact onto a
surface.
Impingement cases were not considered for Kerosene Jet A1 as it ignited even at low
pressures free spray releases. Hence, impingement cases were considered for the Hydraulic
oil, LFO ambient and LFO heated at 70 oC.
A flat mild steel plate was used as an impingement plate, as it is a material widely used in the
industry sector.
For the impingement studies, two different locations were selected based on previous
experimental experience. The impingement plate was positioned at 400mm and 150mm
downstream of the orifice. The igniter in both cases was located 25mm above the mild steel
plate. The experimental set up is depicted on Fig 4.9.

Nozzle

Igniter tip

Impingement
plate

Figure 4.9: Impingement studies set up: the plate is positioned at 400mm from the orifice and igniter
25mm above the plate
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4.5.1

Impingement studies: Hydraulic Oil

For the Hydraulic oil impingement studies the plate was firstly positioned 400mm
downstream of the orifice and the igniter was located 25mm above the plate (see Table 4.11
and Fig 4.10). Two different radial locations were considered, 40mm and 100mm from the
centreline of the spray. No ignitions were observed for any of the pressure cases investigated
(see Fig 4.10). Then the plate was positioned at 145mm downstream of the orifice and the
igniter was located 25mm above the plate and 40mm from the centreline of the spray. No
ignitions were observed at the 20 bar case and so no ignitions were expected for the lower
pressures due to the lower jet momentum.

Table 4.11: Experimental matrix for Hydraulic oil impingement studies

Coordinate x axis (mm)

Coordinate yaxis (mm)

5 bar

10 bar

15 bar

20 bar

120

-

-

-

x= 40

x= 40

x= 40

x= 40

x= 40

x=100

x=100

x=100

x=100

375

24

Figure 4.10: summary of results for Hydraulic Oil impingement.

25

4.5.2 Impingement studies: Light Fuel Oil Ambient

As previously, two different impingement locations were investigated (see Table 4.12).
Firstly, the plate was positioned at 150mm downstream of the orifice and the igniter 25mm
above the plate. No ignitions were observed for the 20 bar case and therefore none expected
for the lower pressures (see Fig 4.11). Then, the plate was repositioned 400mm downstream
of the orifice and the igniter was located 25mm above the plate and 40mm from the centreline
of the jet. Ignition was observed for the 20bar case but not for the 15bar case and hence no
ignitions were expected for lower pressures.

Table 4.12: Experimental matrix for Light Fuel Oil impingement studies

Coordinate x axis (mm)

Coordinate yaxis (mm)

5 bar

10 bar

15 bar

20 bar

125

-

-

-

x= 40

375

-

-

x= 40

x= 40

Figure 4.11: summary of results for ambient Light Fuel Oil impingement
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4.5.3

Impingement studies: Light Fuel Oil heated at 70oC

In this impingement study a single location was investigated. The mild steel plate was
positioned at 400mm downstream of the orifice and the igniter 25mm above the impingement
plate and 40mm from the centreline of the spray (see Table 4.13). Ignitions were observed for
all pressure cases (see Fig 4.12). The summary of results is presented in Fig 4.13

Table 4.13: Experimental matrix for Light Fuel Oil heated at 70oC impingement studies

Coordinate x axis (mm)

Coordinate yaxis (mm)

5 bar

10 bar

15 bar

20 bar

375

x= 40

x= 40

x= 40

x= 40
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Fuel: LFO heated 70 ⁰C

Fuel: LFO heated 70 ⁰C

Nozzle: D=1mm, L=2

Nozzle: D=1mm, L=2

Location: y-axis = 375 mm,

Location: y-axis = 375 mm,

x-axis= 40 mm

x-axis= 40 mm

Pressure (bar g): 17.7

Pressure (bar g): 11.83

Flowrate (g/s) : 28

Flowrate (g/s) : 23.1

Fuel Temperature (°C): 70.9

Fuel Temperature (°C):67.5

Amb Temperature (°C) : 11.37

Amb Temperature (°C) : 11.1

Ignition system: ≈ 1 J-15Hz

Ignition system: ≈ 1 J-15Hz

(a)

(b)

Fuel: LFO heated 70 ⁰C

Fuel: LFO heated 70 ⁰C

Nozzle: D=1mm, L=2

Nozzle: D=1mm, L=2

Location: y-axis = 375 mm,

Location: y-axis = 375mm,

x-axis= 40 mm

x-axis= 40 mm

Pressure (bar g): 7.23

Pressure (bar g): 3.06

Flowrate (g/s) : 19.5

Flowrate (g/s) : 13.49

Fuel Temperature (°C): 65.9

Fuel Temperature (°C) : 65.11

Amb Temperature (°C) : 10.3

Amb Temperature (°C) :10.14

Ignition system: ≈ 1 J-15Hz
(c)

Ignition system: ≈ 1 J-15Hz
(d)

Figure 4.12: ignitions of Light Fuel Oil heated at 70oC impingement cases: (a) ignition at 17.7 barg, (b) ignition at 11.83barg, (c) ignition at 7.23barg and (d) ignition
at 3.06 barg
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Figure 4.13: summary of results for Light Fuel Oil heated at 70oC impingement
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5.0 OBSERVATIONS AND ANALYSIS
Phase one of the current test programme investigated the flammability of pressurised liquid
releases ((<=20bar) generated by an orifice representative of a small leak (D=1mm).
The main observations are summarised below:


Kerosene Jet A1 ignited even for pressures below 5bar. The lowest pressure recorded
at which ignition of JetA1 was observed was 1.7bar on a warm day (ambient
temperature ~20oC), but for high humidity ambient conditions of ~15oC no ignitions
were observed for the same points. This suggested that ambient conditions may affect
the flammability of JET A1.



Light Fuel Oil at ambient conditions (free spray) demonstrated poor atomisation
(even at 20bar) and had the longest break up length of the three liquids investigated to
date. Although individual droplet ignition was seen, no spray ignitions were observed
for any of the pressures examined.



The Hydraulic oil (free spray) formed a finer spray and had a shorter break up
length than the Light Fuel Oil Ambient; however no ignitions were observed for any
of the pressure cases investigated.



Heating Light Fuel Oil reduced viscosity and improved atomisation. Ignitions were
recorded for all pressure cases investigated for pre heated LFO at 70oC.



Impingement studies: a mild steel plate was used an impingement surface.
 Hydraulic oil adheres to the surface of the plate. No ignitions were observed.
 Light Fuel ambient: Ignition was recorded for a 20barg driving pressure.
 Light Fuel Oil heated at 70oC: Ignitions occurred for all pressure cases
investigated.
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6.0 FUTURE WORK

6.1

Further work within current experimental program

Phase two of the test program will concentrate on explaining the observations from Phase one
and under-pinning them with limited additional releases using a suite of (optical) diagnostics.
Some of the diagnostics that mat be used (but not limited to) are:

6.2

•

High-speed digital imaging – Break-up length and cone angle measurements.

•

PDA, LIF – for droplet sizing.

Recommendations for Future Investigation

Determining the critical pressures at which ambient LFO and Hydraulic oil will ignite as an
addition to the current experimental program is currently being reviewed (proposal in
progress).
Further work that would help gain knowledge, understanding and data to validate a model,
effectively contributing to mists area classification could include:


Currently, releases from a plain orifice are considered to be the “worst case” scenario.
However, the study of different shaped orifices would help obtain “hard evidence”
and provide confidence at the selected route towards mist area classification. Testing
would include limited ignition tests and the use of optical diagnostics for spray
characterisation. Data obtained would assist in model validation.



Ascertain the “safe distance” from a release point (e.g in the case of JET A1), by
investigating the extent of the flammable range. Work could possibly involve the use
of different sized orifices (downscaling).



Experimental determination of the Mist (vapour) to Liquid ratio of a release. This
would help validate a CFD code.



Further impingement studies. Results from phase 1 clearly indicate that impingement
has an effect on the secondary break-up of the jet; ignitions were recorded for cases
that as a free spray no ignitions were observed. This could include different
31

impingement scenarios, varying surface (material and shape) and location and or
orientation, to help determine the “worst case” scenario and undertake ignition and
diagnostic tests to underpin the effect of impingement.


Investigate the effect of ambient conditions to the ignitability of a liquid. Results
showed that JET A1 would ignite more readily on warmer ambient conditions 2022oC. Consequently, the “environment” in which the release occurs will contribute to
or (perhaps) hinder the atomisation ignitability of a liquid. This could be more evident
for liquids in group A and fuel oils.
.
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Experimental investigation of oil mist
explosion hazards (Phase 1)

Many types of industrial equipment can potentially produce
an explosive oil mist if a fault develops. However,
information on the conditions in which a mist can be ignited
and continue to burn is limited. To help address this, HSE
and 14 industry sponsors co-funded a Joint Industry Project
(JIP) on oil mist formation and ignition.
This report, produced for the JIP, describes the first phase of
experimental tests to examine the ignition of mists
produced by small leaks of pressurised, combustible fluids.
The tests compared three different fluids (kerosene, light
fuel oil and hydraulic oil) sprayed through a 1 mm diameter
hole at a range of pressures from 1.7 barg to 20 barg. A
spark igniter was used to test for locations where the
resulting jet of droplets could be ignited.
The tests showed clear differences between the fluids;
kerosene could be ignited at lower pressures than would
previously have been expected while hydraulic oil was not
ignited in any of the tests.
Results from these tests were used to define an ignition
envelope for each fluid and pressure, which was used in a
second phase of tests (RR1110) to specify locations for a
study of the droplets at the limit of ignitability.
This report and the work it describes were funded through a
Joint Industry Project. Its contents, including any opinions
and/or conclusions expressed, are those of the authors
alone and do not necessarily reflect HSE policy or the views
of the Joint Industry Project sponsors.
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