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ATEX/DSEAR — Employers must:

— ldentify and classify areas of the workplace where explosive atmospheres
may occur

— Ensure that appropriately certified equipment is used in the hazardous
zones

For flammable gases and dusts:
— Hazardous area classification guidance in BS EN 60079, IGEM/SR/25, IP15

For flammable mists from high-flashpoint fluids ...?
— BS EN 60079-10-1 Annex D: limited guidance on flammable mists (only
qualitative, not quantitative)

— [P15: “there is little knowledge on the formation of flammable mists and
the appropriate extents of associated hazardous areas ... Further research
is needed”

© Crown Copyright, HSL 2016
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Aims:

= To undertake scientific research that can be used to develop
formal guidance on:
— Formation of flammable mist
— Mitigation measures
— Area classification zone and extent
— Protected equipment concepts, and equipment selection

= To develop practical criteria that define the likelihood of mist
formation that can be used as part of an area classification
exercise

© Crown Copyright, HSL 2016
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Scope: Mists/sprays/aerosols of liquids that are below their
flashpoint at ambient temperature:

® Lubricating oil

® \egetable oil

® Hydraulic oil

® Light fuel oil

® Heavy fuel oil

® Heat transfer fluid

Outside scope:
® Flashing fluids, e.g. propane
® Low flashpoint fluids, e.g. gasoline

© Crown Copyright, HSL 2016
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= Sponsors: HSE, ONR, RIVM, GE, Siemens, EDF/British Energy,
RWE, Maersk Oil, Statoil, BP, ConocoPhilips, Nexen, Syngenta,
Aero Engine Controls, Atkins, Frazer Nash, Energy Institute

=  Budget: £477k
=  Kick-off meeting: 5 December 2011

"=  Final meeting: 9 July 2015
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Address the following questions:
1. When is a mist flammable?
2. How do you generate a flammable mist?

Survey information on: LEL, MIE, MIC, MESG, MHSIT
Briefly survey mitigation measures

Help define possible future directions for Hazardous Area
Classification of mists

Published:
HSE Research Report RR980 (134 pages long)
IChemE Hazards XXIIl paper, 2012
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Scope: Mists/sprays/aerosols of liquids that are below their
flashpoint at ambient temperature:

® Lubricating oil

® \egetable oil

® Hydraulic oil

® Light fuel oil

® Heavy fuel oil

® Heat transfer fluid

Outside scope:
® Flashing fluids, e.g. propane
® Low flashpoint fluids, e.g. gasoline
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) S - < Lubricating oil
Fuel oils N
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0 ! ! ! ! 0 Vegetable oil
0 1 2 3 4 5
A Light fuel oil
Proportion of Ohnesorge Atomisation Correlation

—

Better Atomisation Based on 1 mm diameter orifice at 10 bar
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Objectives

— Investigate flammability of spray releases relevant to area classification

Produce data for validating models

— Examine feasibility of go/no-go categorization of mist flammability

Methodology

Test 3 different types of fluids

— Vertical downward release

Use hole size characteristic of leak — 1 Joule spark ignition

Test range of relevant pressures
Determine LEL from measurements of:
* lgnition
* Droplet size

* Droplet concentration

Examine effects of raising fluid temperature

© Crown Copyright, HSL 2016
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: Kerosene (Jet A1), Light Fuel Oil, Hydraulic Qil
: Base range: 5 to 20 barg
: Additional tests at 70°C for Light Fuel Oil 0
. =]
\ Ignition
900 "o x locations

0 40 80 120 160 200

CARDIFF

UNIVERSITY % GTRC Radial Position (mm)
PRIFYSGOL | GAS TURBINE RESEARCH CENTRE

CAERDY@ www.cu-gtre.co.uk
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Spray Geometry | Fluid | Pressure (barg) Ignited?

Free spray Jet Al 1.7,2,3,4,5, 10, 15, 20 Ambient At all pressures
Hydraulicoil 5,10, 15, 20, 30, 70, 110,130  Ambient No, but some “flashes” at highest pressures
Light fuel oil 5,10, 15, 20 Ambient No
Light fuel oil 5,10, 15, 20 70°C At all pressures

Impinging Hydraulic oil 5, 10, 15, 20 Ambient No

Impinging Light fuel oil 15, 20 Ambient At 20 barg only

Impinging Light fuel oil 5, 10, 15, 20 70°C At all pressures

10
o None fully ignited
o It T
/ N o
= 1 (O — ) Some ignition —Atomization breakup
'E " . flashes —Sinuous breakup
3 NN @ Jet A1
T N L
% 01 . po ™ A Hydraulic Qil
° 1 N . A 1 s © Ambient LFO
@ ¢ Heated LFO
£ [I0CT0
O o001 ~ N N
N AN All ignited
N \
\ N
0.001 At N
1 10 100 1,000 10,000 100,000 1,000,000

Reynolds Number

HSL: HSE’s Health and Safety Laboratory
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Objectives

— To develop and validate a CFD model using the GTRC data
— To compare CFD model predictions to EI15 guidelines

Methodology

— Test combinations of CFD sub-models (cone angle, primary/secondary
atomization) for the GTRC tests with Jet Al at 20 bar

— Select “best” combination of sub-models to then compare to all
experiments for Jet A1, hydraulic oil, LFO and LFO heated

— Examine agreement with data across range of experiments

N

© Crown Copyright, HSL 2016
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Cone angle has little effect

2.3 L/ h’

0.05

Fluent

0.045 100

0.04

10.035 180
10.03

160
10.025

10.02
140

0.015

0.01 20

0.005

Droplet concentration (g/m3) Droplet SMD (um)

Good agreement with ignition locations Poor agreement with droplet size on
centreline
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=  Atomised sprays (e.g. Jet Al at 20 bar)
— GTRC measurements considered most reliable here

— CFD model with DNV Phase Il JIP RR droplet size correlation gave results
within factor-of-two of measurements for concentration and diameter

=  Non-atomised sprays (e.g. light fuel oil at ambient temp.)
— Fewer reliable measurements of droplet size and concentration
— Uncertainties due to liquid stream rather than droplets

— CFD model assumed atomised spray of droplets: poor agreement
with measurements

— Low likelihood of ignition in non-atomising sprays

© Crown Copyright, HSL 2016
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Table 1.3: Fluid categories

Fluid category Description
A A flammable liquid that, on release, would vaporise rapidly and
substantially. This category includes:

(a) Any liguefied petroleurn gas or lighter flammable liquid.

(b) Any flammable liquid at a temperature sufficient to produce,
on release, more than about 40 % vol. vaporisation with no
heat input other than from the surroundings.

B A flammable liquid, not in category A, but at a temperature
sufficient for boiling to occur on release.

A flammable liquid, not in categories A or B, but which can,

C on release, be at a temperature above its flash point, or form a
flammable mist or spray.

Gli) A typical methane-rich natural gas.

Giii) Refinery hydrogen.

Table C2: Physical parameters used in dispersion medelling

Parameter Value used in EI15
Ambient temperature 30°C
Storage/process temperature 20°C

Relative humidity 70 %

Wind speed 2 m/s

Stability class D

surface roughness length 0,03m

Release direction Horizontal

Release height

Far RIZ 5m FDFR}Z 1Tm

Release angle

For R : horizontal For R,: unknown

4th edition

Table C1: Fluid compositions and LFLs
Stream Fluid category LFL Mole_r.ular Boil_irlg
f;':,p ;.:;en‘t A B C G(i) | Gfii) | (vol %) E;f.f:ﬁ p{oé';t
N, Nitrogen | 000 |o000 fooo fzoo |20 |- 28,01 -196
C, Methane | 0,00 | 4,00 [ o000 [ 8845]1000 |5,00 16,04 161
C Ethane 000 |o0o0 [ooo 450 [300 |300 30,07 -87
C,Popane | 70,00 | 6,00 | 1,00 f 3.00 |300 |20 44,09 42
C,Butane | 3000|700 Jf 1,00 1,00 [100 |18 58,12 -
C,Pentane | 0,00 | 9,00 f 200 | 1,00 |oo00 |[1.40 72,15 36
C,Hexane [000 | 1100 [[300 fooo [ooo |120 86,17 69
C Heptane | 0,00 | 16,00 || 3,00 0,00 |o00 | 1,05 100,20 98
c,octane | 000 |[2200 2700 Jooo [ooo |oos 114,23 126
C,Monane | 0,00 | 0,00 2500 fooo |ooo |[oss 128,26 151
C,Decane | 000 |2500 f 3800 Jooo [ooo [o7s 142,28 173
HOWater |000 | o000 ooo fJoos |ooo |- 18,02 100
Si‘:':‘;;‘ 0,00 | 0,00 ooo fooo |100 |- 44,01 78
Hydrogen 0,00 | 0,00 000 fooo |soo0o [a00 2,02 -253
$$?$m0n 48,30 | 100,06 | 125,03) 1874 | 7.03
LFLvol %) |200 [1,05 086 J 46 4,00
LFLtkg/m® | 0,039 | 0042 § 0043 J 0,034 | 0011

sample time 18,755
Reference height 10m
Hazard distances To LFL

HSL: HSE’s Health and Safety Laboratory
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Table C4: Hazard radii R, and R, for pressurised releases
Release Hazard radius R, (m) Hazard radius R, (m)
Fluid pre;s:re Release hole diameter Release hole diameter
category | tea | 1 2 5 [ 10| 1 2 5 | 10
(bar(a)) | mm | mm | mm | mm | mm | mm | mm | mm
5 2 4 8 14 2 4 16 40
A 10 25 4 g 16 25 | 45 20 50
50 25 5 1 20 3 55 20 50
100 25 5 1 22 3 6 20 50
5 2 4 8 14 2 4 14 40
5 10 2 4 g 16 25 4 16 40
£ 50 2 4 10 19 25 5 17 40
= Ground 100 2 4 10 | 20 3 5 17 40
5 2 4 8 14 25 4 20 50
(a) Releases where H>Rq+ 1m c 10 25 a5 9 17 25 a5 21 50
: 50 25 5 1 21 3 5,5 21 50
100 2,5 5 12 22 3 ] 21 50
5 <1 <1 <1 1,5 <1 <1 1 2
. 10 <1 <1 1 2 <1 <1 1,5 3
Gli)
50 <1 1 2.5 5 <1 1.5 35 7
——— e - 100 <1 1.5 4 7 1 2 11
5 <1 <1 1.5 3 <1 <1 2 4
- 10 <1 1 2 4 <1 1 25
A Gii)
£ ] 50 <1 2 4 8 1 2 6 11
- | Ground 100 1 2 6 11 2 3 8 14
j 1.5 25 3 5] 10 2 3 7 30
({b) Releases where Tm<H=Ry+1m LNG 5 3 3 10 17 2 4 n 40
10 3 5.5 10 20 2,5 4,5 13 37.5
i Notes
! 1. At the fluid storage temperature of 20 °C the nominal discharge pressure of 5 bar(a)
1 is below the saturated vapour pressure of Fluid category A. The saturated vapour
o - :
| pressure (6,8 bar(a)) was used to calculate the discharge rate and dispersion.
Source ‘ 2. Distances to LFL for LNG releases at 5 m height. These distances have been modelled
-— . as methane, with typical LNG compositions varying between 93 % — 90 %. Typical
E 5 Rz rundown, storage and loading temperatures for LNG are in the range -170 °C to
- I Ground -160 °C; therefore releases from a storage temperature of -165 °C have been
- ‘ modelled.
' 3. No data are available for gasoline blends with ethanol; however, for blends with
1 small quantities of ethanol, these could be treated as category C. It is recommended
(¢} Releases where H < 1 m | that modelling is carried out.
4. Release pressure should be taken as the maximum allowable operating pressure

Figure 3.6: Shape factors for pressurised releases

HSL: HSE’s Health and Safety Laboratory

© Crown Copyright, HSL 2016



CFD Modelling of EI15 Conditions

v

HEALTH & SAFETY
LABORATORY

Downward directed jet

— Not horizontal jet assumed in EI15

Substance: Jet Al

Assumed LFL =0.043 g/m3

— Same as EI15, but uncertain...

Droplet size: DNV Phase Il JIP RR model
— Max limit on droplet size of orifice diameter

Initial Droplet Diameter {(mm)
o = N w ~ w [=)]

7

5 bar

10 bar

Pressure

50 bar

100 bar

H1mm
m2mm Hole

5 mm diameter
B 10 mm

Hole =1 mm, 50
bar

0.05

0.045

0.04

1 0.035

4 0.03

1 0.025

1 0.02

0.015

0.01

0.005
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30

N
(%]

N
o

EI15 Distance to LFL (m)
o e

u

\ S P’

10 15 20
CFD Distance to LFL (m)

25

30

= @Gravitational effects are different
— Horizontal releases in EI15

— Vertically-downward releases in
CFD

= Qverall conclusion:
— Results broadly consistent

— Could increase hazard range in
EI15 for vertical direction,
beneath release, for lower
pressures

© Crown Copyright, HSL 2016
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350 + White spirit
B Biodiesel
300 + - Lubricants A Diesel
-7 . T~ iese
g = \{
250 A ,/ | [ \ < Transformer oil
/ | Temperature increase
Q I from 12°C to 67°C + Heat transfer
% 200 1 : Beeb Volatile Fuels fluid
c ] 4+ — = -
S \ 1 / _- ~ o { ® Solvesso
Q. 150 - N T / ' Ve \\
ﬁ Yo L’ // \ + Hydraulic oil
"—® ™
L 100 l/ \ I \ A Kerosene
]
\\ A7 \ ] . / < Heavy fuel oil
50 { T =-o--K \oon S/ o
. S : < Lubricating oil
Fuel oils N
\ ~ N -
0 ! ! ! ! 0 Vegetable oil
0 1 2 3 4 5
A Light fuel oil
Proportion of Ohnesorge Atomisation Correlation

—

Better Atomisation Based on 1 mm diameter orifice at 10 bar
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350 - + White spirit
E B Biodiesel
300 .
- A Diesel
250 E » Transformer oil
O Release Class Il I : I Release Class IV . Heat transfer
:_' 200 E fluid
= . ® Solvesso
2 :
< 150 . + Hydraulic oil
m ............-...............;...........................................
) .
LL 100 i A Kerosene
Release Class I I : I Release Class | ¢ Heavy fuel oil
50 .

3 4 S}

-
N

Proportion of Ohnesorge Atomisation Correlation

—

Better Atomisation

< Lubricating oll
O Vegetable oil

A Light fuel oil

Based on 1 mm diameter orifice at 10 bar
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350

300 -

Release Class Il Release Class IV

250 - Hole 2 1 mm and pressure < 20 bar:
No flammable zone

Treat as EI15 Category C fluids

9 For conditions outside this range:

- 200 + Treat as EI15 Category C fluids

IE

2

ﬁ 150

m EEEEEEEEEEEEEEEEEEEEEEEEEEREN EEEEEEEEEEEEEEEEEEEEEEEEENEEEENEENEEEEEEEEEEER
L. 100 - Release Class Il Release Class |

Hole 2 1 mm and pressure < 20 bar:
No flammable zone if no impingement
50 otherwise as EI15 Category C fluids.

Treat as EI15 Category C fluids
For pressures <5 bar, treat as 5 bar
Conservatism strongly recommended

Perhaps assume >1 barg as hazardous
For conditions outside this range:

Treat as EI15 Category C fluids
0 |

0 1

3 4 S}

N

Proportion of Ohnesorge Atomisation Correlation

—

Better Atomisation
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Tentative Area Classification Guidelines

: Tentative guidelines are based on the findings of the JIP experiments and
modelling

- For more complex spray release situations, e.g. impingement on hot
surfaces, the assessment will need to take other factors into account

m Guidelines should be reviewed as more information on flammable mists
becomes available.

i Only suitably ignition protected equipment should be installed within
hazardous zone

i No current standard against which equipment may be certified as safe in a
flammable mist

— Ingress Protection (IP) of 5 (or higher) against liquid ingress
— Surface temperature rating below the auto-ignition temperature

— Other protection concepts, e.g. intrinsic safety, encapsulation, or pressurisation

© Crown Copyright, HSL 2016
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= Ignition limits
— LEL criteria for mists
— Vertical extent of ignitable cloud
— Influence of ignition energy

=  Better characterisation of low quality sprays

=  Characterisation of impinging jet/flammability

= Influence of orifice - size, slots, orifice length/diameter, etc.
= Improved models - engineering guidance tools

= (Flange guards and mist detectors)

© Crown Copyright, HSL 2016
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HSL is the commercial arm of The
Health and Safety Executive, HSE.
Our commercial work delivers high
guality science to meet the needs of
industry and government in the UK
and overseas. Our commercial
customers can commission services
and research using our state-of-the-
art scientific laboratory in Buxton, as
well as analytical expertise from
other parts of HSE’s science base.
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HSL: HSE’s Health and Safety Laboratory
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Any QUEStiOnS? HEALTH & SAFETY
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Please visit our stand at this years event...

H QZzar . S D¢

In association with the Mary Kay O’Connor Process Safety Center

24 -26 May 2016, Edinburgh, UK

Stand 39

simon.gant@hsl.gsi.gov.uk

© Crown Copyright, HSL 2016


mailto:Simon.gant@hsl.gsi.gov.uk

v

HEALTH & SAFETY
LABORATORY

Overall assessment of model performance

=  Which combination of CFD sub-models fits the
experiments best?

— Difficult to assess all 38 simulations for Jet A1 at 20 bar

= Solution: Statistical Performance Measures (SPMs)
— Indicate model’s ability to predict the mean
(i.e. whether it under- or over-predicts on average)

— Indicate degree of scatter in predictions

(i.e. the deviation from the average)

© Crown Copyright, HSL 2016
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Statistical Performance Measures (SPMs)

= Mean relative bias
— Ability to predict on average

(Co— Cp))

(Cp+Cy)/2

MRB =

= Mean relative square error
— The level of scatter

[(Cp+Co)/2]°

309297
0 ! L L L 1
0.2 0.3 0.4 0.5 0.6 0.7
2 Axial distance (m)
(Co — Cp)

MRSE = <

C, = observed C, = predicted

© Crown Copyright, HSL 2016
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Model over-predicts

Model under-predicts

Model over-predicts

Model under-predicts

. Concentration Concentration P3S
#EE F
black = centreline MA oS
red = ignited CEB PRR 7.4 Schmehl
351 blue = not ignited QEESR 07 F ehme
f§ MI 7.4 Schmehl
3r FNo 06
< REEB
PRIf%ABI M’E\EE-PRR ol
250 TNO PRRRR : MA 7.4 ETAB
W
e T e
w FHO
g 2 TNO Mﬂ’*‘*m%’ﬁ%‘"
= TNno PRR L
INgFTNo M
154 PS CEB 7.4 Schrjehl
PRR 7.4 ETAB
é;‘? g '@kﬁk TNO . F M 7.4 ETAB
o h&é & &
1 ool
AR IR
PS 3
05F PS <
““““““ PS—f-FR -2 PS
: 1 fﬁ‘% L
1 1
0 : 1 = 1 :R | 1 1 p=| I 1 I |
R 05 0 05 1 1.5 01 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
/ MRB MRB
Key: On the centreline
1 th - - .
Perfect” model Factor-of-two level of agreement

MRB=MRSE=0

(MRB = 0.66; MRSE = 0.44)

At the ignition locations
At the non-ignitions locations
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Model over-predicts

Model under-predicts

4 Sauter mean diameter ‘
&
black = centreline
red = ignited
351 blue = not ignited
MA
fRR
3 -
TNO
CEEeB
25F MA MO
PRR R
MCEBftR
@ R_ &
=
TNO
£
1.5 N
el
NGy
PS  pg
1k TNO
-
>
& g
05r - -a%,% ---------------- PS5
I ‘“\ |
i () M |
I |
0 I 1 ﬁ il 1 1 1 1 1
-1 -05 0 0.5 1 1.5 2
MRB

PRR = DNV Phase Il JIP Rosin-Rammle

M| = Miesse

I

Model over-predicts

Model under-predicts

Sauter mean diameter

0.08 |-

0.07 -

0.06 |-

0.05
L
& 004 >
= »\a

<
A [ > \
W &P
0.03 |- A
ey
&
0.02 -
®
2\
(é\‘?g’ ’,b?’ ° évﬁ
’\?‘6 N > QQ‘@ ?;\?‘ rb'b
0.01 < & % O
R
O 1 1 1 1 1 1
-0.02 0.01 0 0.01 0.02 0.03 0.04
MRB

within factor-of-two for both concentration
and SMD on centreline of spray
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107 |

Concentration (kg/m3)

10

107

DNV Phase Ill JIP model

gtrc1mesh1sim21jc_001_droplet_conc_size_b
T T

Measured
Predicted

Cross indicates ignited

5364
1999

O 865
%\o 0.9,0.14

1506

o Axial location (m)

Radial location (m)

No droplets predicted
at this location

T ]
2> 285%:
] 6) 03] 0
9297 ]

Number indicates measured
droplet count

1 1 1
20 40 60 100

Sauter mean diameter

80

120
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Do the SPM results make sense?
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Fluent model

Concentration (kg.’m?’)

gtrc1mesh1sim23j_001_droplet_conc_size_b

Measured
Predicted

1[)O 3 T T T T

30 ' ]
5%
o 309297 1

-
e
N

107°F

-
S
ES

Concentrations well predicted
Droplet size significantly under-predicted

10

%27

1 1 1 1 1
0 20 40 60 80 100 12
Sauter mean diameter

108

0
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