
2.3.9.7 The "Human Factor"

The following story, also from Spaeth (1995), illustrates the important
part played by human behavior, not only in the chain of events leading to
accidents, but indeed also in the subsequent investigation to disclose what
actually happened:

Five days after the explosion a local fire fighter told reporters that the
gas leak had been reported to the local fire station by a street sweeper
four hours before the explosion. According to the fire fighter, the com-
plaint was entered in the station's log, but destroyed after the accident
had occurred. When journalists found the sweeper, he said he reported a
gas smell to a police box at 2100 hours in the evening before the blast
and again at 0400 hours the following morning. After the tragedy he was
confronted by officials who threatened to have him fired from his job
unless he repudiated his reports. He did so, and the retraction was video-
taped. When his story was made public, however, the prosecutor general
in Seoul ordered an investigation.

2.4 Means of Preventing and Mitigating Gas/Vapor
Explosions in the Process Industries

2.4.1 Introduction

Explosions and fires involving combustible gases and vapors constitute a
major hazard in process industries and other environments where such
materials are produced, used and handled. Therefore, the efforts to mini-
mize the risk of explosions and fires in these industries continue nation-
ally as well as internationally, and much work is spent on preventing and
mitigating accidental gas and vapor cloud explosions.

Explosion risk is often defined as the product of the probability of an
explosion and its expected consequence. Therefore the basic principle of
gas explosion risk management is to minimize the explosion probability
as well as the expected explosion loads, which are in turn related to the
explosion consequences. Reduced gas explosion consequences can be
obtained by active as well as passive measures. The most important
means of prevention and mitigation/control are summarized in
Figure 2-59.
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Figure 2-59 Event tree illustrating the various means for preventing and mitigating/
controlling gas cloud explosions in the process industries.

The following overall aims have high priority in gas explosion risk
management:

• prevention and control of potential leaks of combustible gases

• good ventilation to minimize extent and duration of explosive
atmosphere due to gas relases (reduces ignition probability)

• prevention and control of possible ignition sources

• minimizing high equipment congestion/blockage to ease explosion
venting, and to minimize flow-induced turbulence during gas cloud
formation and explosion

• installation of blast and fire barriers

2.4.2 Preventing and Limiting Size of Explosive Gas/Vapor Clouds

2.4.2.1 Preventing Gas Leaks from Process Equipment

The following is based on Statoil (2004):
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2.4.2.1.1 Piping and Vessels

Piping, pipelines, tanks, heaters, mechanical equipment, vessels design
integrity and related inspection, maintenance, and operation activities
shall ensure that leaks of hydrocarbon fluids (and chemicals and toxic
gases) do not occur. This is accomplished by the following measures:

• the inspection system and execution shall verify that the chosen
monitoring parameters are within specified limits

• a tailored condition monitoring strategy shall be established for any
given plant

• a working process for establishing inspection programs shall be
available

• inspection acceptance criteria shall be defined

• systems for reporting and follow-up of findings shall be established

• blow-down systems to be designed with a particular focus on pressure
transients, surge and vibration

2.4.2.1.2 Flanges and Connections

The design, activities of operation, inspection and maintenance of
flanges and other mechanical connections shall ensure that hydrocarbon
leaks do not occur. The amount of flanged connections in systems con-
taining hydrocarbon fluids shall be kept at a minimum by observing the
following:

• prior to undertaking constructive modifications of the plant the
possibility of using welded connections as opposed to flanges shall be
investigated, based on a coherent safety philosophy. For example, any
mechanical connections (e.g. flanges) on the pipeline side of risers on
offshore installations should be avoided. If such connections are
chosen, appropriate protection must be applied

• mechanical connections shall be designed against vibrations

• procedures for assembling flanges and other connections, including
bolt tensioning, must be developed



• compact-type flanges are preferred to the ANSI type due to a lower
predicted leak frequency

• de-pressurization (blow-down) pipes should normally be designed
without flanges

2.4.2.1.3 Instrumentation, Valves, and Rotating Machinery

The design, activities of operation, inspection and maintenance of in-
stream instrumentation, valves, and rotating machinery (e.g. pumps and
compressors) shall ensure that hydrocarbon leaks do not occur. A mainte-
nance program shall cover all equipment that could be a potential gas/
vapor leak source.

2.4.2.2 Minimizing Size of Gas Cloud in Case of Accidental Leaks by
Early Leak Detection and Effective Shut-Down

The following is based on Statoil (2004):

2.4.2.2.1 Overall Objective and Performance Criteria of Gas
Detection Systems

Detectors for flammable gas shall be installed in areas (risk volumes)
where explosion loads from ignited gas clouds could cause unacceptable
damage, i.e. loss of safety functions. In these areas, the smallest gas cloud
that has the potential of causing such damage shall be specified as the
detection target. The gas detection function shall provide reliable and fast
detection of leaks before any accidentally released gas cloud reaches a
concentration and size, which could cause significant risk to personnel and
plant. The detector number and distribution in the process area of concern
shall be based on realistic worst-case gas leakage scenarios (source loca-
tions and leakage rates) within the process area of concern by considering
the dispersion mechanism transforming the leak jet into a gas cloud. Due
to the complex influence of the geometry and arrangement of process
equipment environmental conditions such as ventilation, numerical gas
dispersion simulations, using e.g. the FLACS code, may have to be per-
formed for optimization of location of detectors within specific areas.



2.4.2.2.2 Detector Types

For hydrocarbon gases, infrared detectors shall be the preferred type
whenever suited for the gas to be detected. Optical beam detectors with
long range shall be used to increase detection probability of small leaks.
Catalytic detectors should only be used if proper detection performance
by other types can not be achieved. Maximum response time of the gas
detection function shall be defined in order to ensure that total reaction
time for each safety function can be fulfilled. Typical response times are
as follows:

• infrared detectors: < 5 s for general area applications

• catalytic detectors: < 10 s from low alarm (20% LEL) to high alarm
(30% LEL)

• acoustic detectors: < 30 s including delays to improve false alarm
immunity

2.4.2.2.3 Coverage and Location of Gas Detectors

The following overall principles shall be applied with respect to location
of detectors:

Detectors shall be spread out evenly, but not symmetrically, to ensure
adequate coverage of long "corridors" in the main ventilation flow direc-
tion. Natural flow "corridors," e.g. walkways along expected flow direc-
tion, should be covered.

Detectors shall not be located in zones with no or little ventilation (dead
zones) as gas concentration rise is slower in these areas as compared to
areas with higher ventilation rates. Examples of dead zones are corners,
between large roof beams and congested areas without leak sources.

In process areas of considerable height, e.g. modules on offshore plat-
forms, detectors should be positioned in at least two levels.

Crucial gas detector locations include:

• zone 1 and zone 2 areas (see zone definitions in Chapter 7)

• inlets of heat, ventilation, and air conditioning systems (HVAC)

• ventilation outlets from classified areas



• combustion air intakes and turbine hoods

• rooms that contain potential ignition sources and is equipped with
doors, trapdoors, hatches etc. towards classified areas (see Chapter 7)

• enclosed areas where gas clouds can enter or be formed

• rooms containing potential ignition sources

• battery rooms if hydrogen can be formed in dangerous concentrations

• gas turbine hoods

Gas detectors in ventilation intakes shall ensure that a possible gas cloud
is detected and dampers are closed before a dangerous concentration can
reach the ventilated areas. In the case of hydrocarbons, use of infrared
type detectors located as close as possible to the ventilation intake allows
actions to be initiated within short period of time, typically a few seconds.

2.4.2.2.4 Gas Detection Alarms

The gas detection system shall automatically activate pre-determined
actions in accordance with the actual plant-safety-strategy-and-philosophy
documentation. Each individual gas detector shall generate alarm upon
gas exposure. The explosive gas concentrations at which alarms are acti-
vated are typically in the range 20-30% of LEL. Alarms shall be given as
quickly as possible to warn and guide personnel upon detection of gas.
Detection of gas, failure to execute actions upon demand, and system
defects shall be presented as alarms in central control room.

Other issues of concern related to gas detection systems include:

• systems independence

• systems operation integrity

• systems survivability

• systems inspection, maintenance and modification

• man-machine interface

• documentation



2.4.2.2.5 Spray/Mist Detectors

In the case of release of droplets of flammable liquids that evaporate
slowly after being released to the atmosphere, suitable detectors shall be
located close to the floor of the process area, e.g. 0.5 m above the deck on
offshore platforms.

Oil mist detectors (optical obscuration) should be installed in machinery
spaces and turbine exhaust channels, indicating the release of high pres-
sure flammable liquids such as fuel or lubrication oil that may lead to
aggressive and damaging fires.

2.4.2.3 Emergency Shut-Down Systems (ESD)

The following is based on Statoil (2004).

2.4.2.3.1 Purpose of ESD Systems

The purpose of emergency shutdown systems at large is to prevent escala-
tion of abnormal conditions into major hazardous events and to limit the
extent and duration of any such conditions. In the present context this
means to limit any accidental releases of explosive gas, vapor, and mist
from process equipment, to levels that do not give rise to hazardous
explosions and fires.

2.4.2.3.2 Manual ESD Activation

Manual activation of the ESD system shall be possible from strategic
positions along escape routes and at stations where accessibility and man-
ning in a hazard situation is adequate. Manual activation stations shall be
provided in the central control room, and in strategic locations in the pro-
cess areas depending on plant arrangement and applied safety strategy.
Manual activation buttons shall be protected against inadvertent activa-
tion, e.g. by protective covers or rotary switches. Each post shall be
clearly marked, and a consistent color coding shall be applied for the acti-
vation buttons.



2.4.2.3.3 ESD Actions and Levels

Once initiated, all required ESD actions shall be automatically activated.
The ESD actions shall be arranged in a tree-structured level hierarchy
according to extent of actions and plant process facilities. All ESD levels
and actions shall be described in detail within the documentation for oper-
ation of the plant. A superior ESD level will initiate lower levels. The fol-
lowing automatic actions shall be executed:

• shut-down of oil and gas wells (platform and sub-sea) and import/
export pipelines including stop of export from upstream installations

• shut-down and sectioning of hydrocarbon process facilities

• initiation of de-pressurization of pressurized process plant ("blow-
down") at higher ESD levels

• ignition source isolation/deactivation (see Section 2.4.4)

• shut-down of main power generation

• start/stop of emergency power generator

• shut-down of drilling and work-over equipment not required for oil/
gas well control

2.4.2.3.4 ESD Alarms

Effective alarms shall be given as quickly as possible to warn personnel
upon ESD level initiation. Activation of main ESD levels, failure to exe-
cute actions upon demand and system defects shall be presented as alarms
in the central control room. An ESD shut-down action shall, in addition to
general plant alarm, also be announced at other strategic locations, e.g. by
visual display of ESD alarms in local control rooms. The ESD system
status shall be continuously available in the central control room, and the
system shall raise alarms there for operator awareness or action.

2.4.2.3.5 ESD Response Time Rate

The required response characteristics of the various elements of the ESD
function loop shall be quantified to ensure that the total reaction time for
each safety function is sufficiently short. The actual response times/rates
of any specific ESD action to achieve safe state, shall be clearly identified



in relevant documentation. An example is that the time from activation to
start of de-energizing of a solenoid valve shall be less than two seconds.

2.4.2.3.6 ESD Independence, Operating Integrity, Reliability, and
Survivability

The following requirements shall be satisfied:

• The ESD system shall operate as an independent system.

• The classified ESD safety instrumented functions shall be
functionally and physically segregated from other systems/functions.

• ESD functions shall be fully operational whenever the plant is "live"
with combustible process liquids or gases, and appropriate testing of
the system shall be possible without interrupting operation.

• Reliability and safety unavailability criteria for ESD functions shall
be documented and maintained throughout the life cycle of the ESD
system.

• The logic solver and essential utilities shall be located in a protected area.

• Equipment that is critical for the effectuation of system actions shall
be protected against accidental loads such as explosion, fire and
falling loads.

2.4.2.3.7 ESD Fail-To-Safe Principle

In the event of malfunction, the entire ESD-system or affected parts of it
shall automatically go to a predefined safe state. If this fail-to-safe prin-
ciple is not applied, an equivalent level of safety shall be achieved by
redundancy, diagnostics, and alarms to control room.

2.4.2.4 ESD Man-Machine Interface

The man-machine interface in the central control room shall provide the
means for operator awareness and actions and be suitable during emer-
gency situations. The ESD status overview should be clearly displayed in
the central control room at all times. All man-machine-interface facilities



shall be based upon an established philosophy, and the presentation of the
system shall be clear and concise. Shutdown alarms and critical system
failures shall be presented in proper sequence/priority. The hard-wired
safety panel shall provide the means for manual activation and status
observation of relevant actions, e.g.:

• plant alarm

• de-pressurization

• ignition source isolation/de-activation at relevant levels

• fire water pump start

• fire extinguishing systems status

As regards documentation and modification the following points must be
observed:

• Documentation describing the ESD system shall be available in a
formal updated revision that reflects current design and operation.

• Relevant documentation for operation and maintenance shall be
available and updated.

• Modifications and changes to the ESD system shall be made in
accordance with appropriate written procedures for initiation,
documentation, review and approval.

2.4.2.5 Fast Dilution with Air of Gas Leaks by Natural Ventilation and
Forced Heating, Ventilation and Air Conditioning Systems (HVAC)

The following is based on Statoil (2004).

2.4.2.5.1 Overview

The purpose of natural ventilation and HVAC systems is to prevent trans-
formation of accidental leaks into major hazardous gas clouds by limiting
the extent and duration of any explosive clouds that may occur. Natural
ventilation shall:



• dilute the escaped gas by means of air and hence reduce the size of
explosive gas clouds

• reduce harmful concentrations of smoke or toxic gases

• ensure acceptable working and equipment environment

HVAC shall:

• dilute the escaped gas by means of air and hence reduce the size of
explosive gas clouds

• provide pressurisation of rooms to prevent ingress of smoke or gas

• provide smoke extract ventilation in case of internal fire

• ensure acceptable working and equipment environment

2.4.2.5.2 Natural Ventilation in Classified Areas

The natural ventilation system shall for ninety-five percent of the time
provide a minimum specified average ventilation rate throughout the area
to avoid stagnant zones. The following points should be considered:

• location and sizes for ventilation louvers (e.g. in walls of offshore
platform modules) shall be optimized to give required minimum
ventilation air change rates for dilution of flammable gases but shall
in addition comply with safety risk analysis (gas dispersion,
explosion loads etc.) and maintain acceptable working environment/
weather protection for personnel.

• natural ventilation shall be documented by calculations and/or model
testing. Potential stagnant zones shall be evaluated and precautions
taken where considered necessary. During operation, compliance
with design documentation shall be verified, i.e. has additional
equipment been installed, has louvers been changed or blocked etc.

2.4.2.5.3 Forced/Mechanical Ventilation in Classified Areas

For definition of classified areas see Chapter 7. The following points must
be observed:



• A ventilation rate to satisfy specified minimum requirements shall be
provided throughout the area to avoid stagnant zones.

• Alarm shall be given upon too low airflow.

• In the event of an internal gas leak in special systems such as
turbine enclosures, battery rooms, gas analyser houses, etc. all
available ventilation capacity should be used to maintain the
"unclassified" status.

• There shall be a reliable overpressure of minimum 510 bar in
unclassified rooms relative to surrounding classified areas. Alarm
shall be given upon too low overpressure.

• It must be possible to perform a manual disconnection of ignition
sources in rooms with self-closing doors towards classified areas.

• Rooms without such doors, but which are next to classified areas shall
be treated as rooms with doors. Access from non-classified to
classified areas should be avoided.

• Fire/smoke/gas "dampers" shall provide quick, reliable and effective
prevention of spread of gas, fires and smoke into other areas via the
HVAC system. Gas tight fire dampers shall be installed in HVAC
inlets. Dampers shall close automatically within six seconds upon gas
and/or smoke detection in the air intake. Dampers and fans shall be
interlocked to avoid abnormal pressure configurations. Damper
position shall be monitored from the central control room.

• Ventilation functions and equipment shall be fully operational
whenever the plant is live with flammable gases/liquids, and
appropriate testing of the function shall be possible without
interrupting operations.

• Reliability and safety unavailability criteria for the HVAC system
shall be documented and maintained through the life-cycle of the
system. In case of malfunction the HVAC system or affected parts of
it shall go to a predefined safe state. The HVAC system and its
components shall be designed and protected to ensure that they will
remain operative during incidents where the system has a role as, or
forms, a safety barrier.



2.4.2.5.4 Documentation and Modification

The following points must be observed:

• Documentation describing the ventilation system shall be available
in a formal updated revision that reflects current design and
operation.

• Relevant documentation for operation and maintenance shall be
available and updated.

• Safety requirements and philosophies shall be adhered to, and safety
assessment shall be performed prior to changes affecting system
safety functions.

2.4.3 Preventing Ignition Sources

2.4.3.1 Introduction

The various types of potential ignition sources and their properties are dis-
cussed in Section 2.2. Chapter 7 discusses requirements to ensure that
electrical equipment does not become an ignition source if making contact
with explosive gas. Chapter 7 also discusses the concept of "hazardous
area classification," which implies that the various regions/areas of the
industrial plant are grouped in three categories depending on the likelihood
that explosive gas may exist there. Regions where this likelihood is
regarded as negligible are denoted "un-classified" or "non-classified".

Electrical as well as non-electrical equipment installed and used in loca-
tions where an explosive gas atmosphere may occur shall comply with
the requirements corresponding to the hazardous area class of the area in
which the equipment is to be used. According to the new European
Union regulations, equipment—both electrical and non-electrical—used
in hazardous areas shall provide a minimum level of explosion protection
as follows:

• Zone 0: Certified equipment of category 1

• Zone 1: Certified equipment of category 2

• Zone 2: Certified equipment, or equipment suitable for use, of category 3



In general, specifications for electrical equipment to be used in areas
where an explosive gas atmosphere will or may exist are to be in accor-
dance with recognized international/European (IEC/EN) or other relevant
standards/norms. For non-electrical equipment specifications should be
based on recognized European (EN) or other relevant standards/norms.

2.4.3.2 Open Flames and Hot Exhaust Gases

The use of open flames, for operational or any other purpose, should be
prohibited in all areas where explosive gas atmospheres may occur.
Certain devices containing flames may be permitted if the flames are
safely enclosed and if the temperature of the external enclosure surface
does not exceed the prescribed maximum value for the gas in question.
Furthermore, it should be ensured that the enclosure is adequately resis-
tant to the effect of the flame and that flame propagation into classified
areas cannot occur.

Hot exhaust gases may be introduced into areas that may contain explo-
sive gas atmospheres if suitable devices are available to guarantee that the
temperature of the exhaust gases at the inlet to the area is sufficiently low
for ignition of the explosive atmosphere to be impossible.

2.4.3.3 Hot Surfaces

The standard rule is that the temperature of hot surfaces such as exhaust
pipes and channels shall not exceed the Auto-Ignition Temperatures
(AIT) of flammable fluids that can be present due to accidental leaks. (As
discussed in Section 2.2.4, this may in some cases be a very conservative
requirement.) Any thermal insulation materials shall cover the entire hot
surface. Necessary means of protection shall be provided to prevent flam-
mable fluids from penetrating into the insulating material.

In addition to easily recognizable hot surfaces such as heating coils,
mechanical processes can also lead to hazardous temperatures. These pro-
cesses include equipment which converts mechanical energy into heat, i.e.
all kinds of friction clutches and mechanically operating brakes. Further-
more, all moving parts in bearings, shaft passages, glands; etc. can
become sources of ignition if they are not adequately lubricated. In tight
housings of moving parts, the ingress of foreign bodies or shifting of the



axis can also lead to friction which in turn can lead to high surface tem-
peratures, in some cases quite rapidly.

The temperature of any surface in an area where an explosive atmosphere
is likely to be present during normal operation should never exceed eighty
percent of the minimum ignition temperature in 0C of a combustible gas
or liquid, not even in the case of rare equipment malfunctions. In areas
where explosive atmospheres are likely to occur only in abnormal situa-
tions, the temperatures of all apparatus surfaces that can come into con-
tact with the explosive gas mixture should be lower than the minimum
ignition temperature.

2.4.3.4 Burning Metal Particles, "Thermite" Reactions, and Transient Hot
Spots

Grinding and cutting operations must be prohibited in areas where explo-
sive atmospheres may occur. Hot spots and spark showers from such oper-
ations may ignite explosive gas atmospheres, including natural gas/air.

Impacts involving rust and light metals (e.g. aluminum and magnesium)
and their alloys can generate thermite flashes that can cause ignition of a
wide range of mixtures of combustible gas or vapor and air, e.g. natural
gas/air. Titanium and zirconium can form incendiary metal particle sparks
by impact or friction against any sufficiently hard material, e.g. concrete.

Hot metal beads that are produced during welding or cutting operations
may be regarded as metal sparks with large surface areas. They are effec-
tive ignition sources, e.g. for natural gas.

In areas where an explosive atmosphere is likely to occur under normal
operation, apparatus and equipment which, even in the case of rare opera-
tional malfunctions, can give rise to incendiary friction, impact or abra-
sion sparks should be excluded. The possibility of impacts between
aluminum (excluding alloys with less than 10% aluminum and paints and
coatings with less than 25% aluminum by weight) and steel (except stain-
less steel, when the presence of rust particles can be excluded) must be
prevented. Friction and impact between titanium or zirconium and any
hard material must be avoided. It is possible in some cases to protect light
metals from mechanical contact with rust by a coating. If coated with
non-conductive materials such as plastics, precautions against static elec-
tricity may be necessary (risk of propagating brisk discharge).



The use of various metal tools for maintenance and repair work may gen-
erate metal particle sparks, and the possibility of these as potential igni-
tion sources must be considered. In the case of natural gas, sparks from
conventional steel hand tools are unlikely to cause ignition (see Table 2-9).

2.4.3.5 Ignition by Electric Sparks and Arcs and Electrostatic Discharges

All electrical apparatuses to be used in areas where explosive gas atmo-
spheres may occur, must be manufactured, installed and operated in such
a way that the likelihood of such apparatuses igniting an explosive gas
atmosphere is acceptably low. Design of electrical apparatuses for areas
containing explosive atmospheres is discussed separately in Chapter 7.

The design of electrical apparatus for use in potentially explosive gas
atmospheres so as to prevent ignition of the explosive atmospheres by
electric sparks from such apparatus is subject to standardized require-
ments. This also is discussed in Chapter 7.

Liittgens and Glor (1989) and Liittgens and Wilson (1997) give extensive
information on fundamental aspects and practical implications for process
safety of electrostatic discharges.

Objects of conducting materials that may collect an electric charge shall
be connected to earth or bonded according to prevailing standards and
guidelines. Objects shall be protected against tribo-electric charging (due
to physical contact followed by separation of electrically different mate-
rials). Such charging can also take place during rapid flow of electrically
non-conducting liquids, and gases containing liquid droplets of solid par-
ticles in pipes. But charge can also be produced in high-velocity water
jets. Particular precautions will be required if poorly conducting construc-
tion materials are applied, whre a connection to earth may not provide
adequate protection. Electrostatic charging and generation of incendiary
electrostatic discharges may be a problem in situations including:

• fuelling operations

• filling of containers, tanks and pressure vessels

• high fluid velocities (high water sprays, gas jets)

• steam cleaning

• loading operations



Stray currents flowing in electrically conductive systems or parts of sys-
tems can give rise to spark or arcs. Such currents can appear:

• as return currents in power-generating systems, e.g. in the vicinity of
large welding systems, for example when conductive electrical
system components such as pipes and cable sheathing laid
underground lower the resistance of the return current path

• as a result of any short-circuit, or of a short-circuit to earth, owing to
faults in the electrical installations

• as a result of lightning

• as a result of magnetic induction, e.g. near electrical installations
operating at high currents or high frequencies

If parts of a system able to carry stray currents are disconnected or con-
nected/bridged, even in the case of slight potential differences, electric
sparks or arcs can be formed, which may be able to ignite an explosive
gas cloud. Moreover, ignition can also result from the heating of the cur-
rent paths.

When impressed-current cathodic corrosion protection is used, this igni-
tion risk has to be expected and special protective measures should be
provided. However, if sacrificial anodes are used, ignition risks due to
electric sparks do not normally have to be accounted for.

The possibility of compensating for the electric potential should be con-
sidered for all conductive parts of the installation, including those that are
not adjacent to electrical equipment. It is permissible to deviate from this
requirement within areas enclosed by conductive walls that are included
in a potential compensation system. Before introducing new conductive
parts, e.g. ventilation and suction pipes in tanks, such parts should be
included in a potential compensation system.

For conductive parts of the system that are not adjacent to electric instal-
lations, it is permissible to dispense with special measures to compensate
the potential difference when a compensation system already exists,
formed by interconnected parts of the electrically conductive systems, e.g.
pipe networks or extensive earthing systems.

Before the connections of conductive parts of the system are opened or
closed, e.g. during dismantling of fittings and parts of pipes, bridges com-
prising connection lines with an adequate cross-section should be pro-



vided if it is possible that the adequacy of the interconnection might be
impaired.

Ignition will always occur if lightning strikes an explosive gas cloud.
Moreover, there is also a possibility of ignition due to the high tempera-
ture reached by lightning conductors. Large currents flow from where the
lightning strikes and these currents can produce sparks in the vicinity of
the point of impact. Even in the absence of lightning, thunderstorms can
cause high induced voltages in plants and equipment, which in turn can
give rise to sparks and arcs. Installations should be furnished with appro-
priate lightning protection measures, as specified in installation guide-
lines for electrical systems and for cathodic corrosion protection systems.

As discussed by Harrold (1992) high-frequency electromagnetic waves are
emitted by all systems that generate high-frequency (HF) electrical energy
(104 to 1011 Hz), e.g. radio transmitters or industrial high-frequency gener-
ators for heating, drying, hardening, welding, cutting, etc. All conductive
parts located in the radiation field function as receiving aerials. Ignition
sources may be generated if the field is powerful enough and if the
receiving aerial is sufficiently large. The primary process is generation of
electric currents via electromagnetic induction. The currents induced may
make thin wires glow, or may generate sparks during the contact or inter-
ruption of conductive parts. If induced currents and inductances of con-
ducting parts can be estimated, Figure 2-31 can give guidance as to
whether such sparks can ignite the explosive atmosphere of concern. In
the case of particularly strong HF fields, for example in the immediate
vicinity of high-power HF generators, non-conductive materials can also
become heated due to resonance absorption, and can thus become a
source of ignition. The energy picked up by the receiving aerial, and the
received HF power at any particular wavelength, depend mainly on the
distance between the transmitter and the aerial and the dimensions of the
aerial.

2.4.3.6 Ignition by a Jet of Hot Combustion Products

The basic knowledge about ignition of explosive gaseous atmospheres by
jets of hot combustion products is applied in practice in the design of
so-called "flameproof enclosures. These are enclosures for electrical
components and apparatuses designed to satisfy two essential require-
ments. First, the enclosure must be sufficiently strong to withstand the full



explosion pressure if a gas explosion occurs inside the enclosure. Sec-
ondly, any slits or holes in the enclosure wall must be sufficiently narrow
to eliminate the hazard of ignition of a possible explosive atmosphere on
the outside by the jet of hot combustion products emerging from the slit.
International standards specify requirements for design of flameproof
enclosures for industrial use. This kind of electrical apparatus is discussed
in Chapter 7.

2.4.3.7 Ignition by Light Radiation

Focused radiation in the optical spectral range ( 1 0 u - 1 0 1 5 Hz) can
become a source of ignition through absorption. For example, sunlight
can cause ignition if focused, e.g. by bottles acting as convex lenses or by
concave reflectors. Focused light beams may occur as short pulses or as
continuous radiation. A small solid object in the explosive gas mixture,
hit by a hot focal point created by such radiation, can resemble either an
electric spark or arc, and depending on the temperatures generated, on the
solid object, it may become an effective ignition source.

With laser radiation, e.g. in communication systems, distance-measuring
devices, surveying work and visual-range meters, the power density of
even an unfocused beam, even at great distances, can be so great that igni-
tion is possible. Here, the heating process occurs mainly when the laser
beam is absorbed by a solid body surface or dirty transparent parts.

2.4.4 Controlling Ignition Sources

This section is based on Statoil (2004).

2.4.4.1 Introduction

The concept of ignition source control, as opposed to ignition source pre-
vention, implies that potential ignition sources may exist in an area as
long as there is no significant concentration of combustible gas or vapor
in the atmosphere. However, as soon as significant concentrations of
combustible gas/vapor are detected these potential ignition sources shall
be removed from the area, de-energized, or in some other relevant way be
brought in a state/situation where they are unable to initiate an explosion.



2.4.4.2 Equipment in Naturally Ventilated, Normally Non- Hazardous Areas

Electrical and non electrical equipment installed in non-hazardous, natu-
rally ventilated areas shall at least comply with the requirements for equip-
ment to be used in zone 2 (see definition in Chapter 7). This is to ensure that
the equipment does not act as an ignition source in a situation where explo-
sive gas enters the normally non-hazardous area. Use of equipment that is
not specifically protected with regard to becoming an ignition source shall
be based on a specific safety assessment considering realistic worst-case
scenarios of explosive gas cloud formation. In the offshore industries dis-
pensations for use of non compliant equipment shall be based upon a spe-
cific safety assessment as well as measures for avoidance of effective
ignition sources, e.g. isolation (e.g. de-energizing) upon gas detection.

Safety related equipment that should remain operative after completion of
an extensive evacuation of e.g. an offshore oil/gas installation, shall as a
minimum comply with hazardous area zone 2 requirements (see defini-
tion in Chapter 7). Such equipment includes:

• emergency lighting

• communication equipment

• navigation aid flooding lights for lifeboat area and helicopter deck

• fire pumps

2.4.4.3 Isolation of Electrical Ignition Sources

Potential electrical ignition sources, equipment and activities shall be
identified and a philosophy/strategy shall be implemented for disconnec-
tion/isolation in case of an accidental gas leak. Explosion-unprotected
equipment is to be categorized in one of three groups, depending on the
need for the equipment to be in operation in the case of a gas leak.

Group 1 contains electrical equipment that does not affect production avail-
ability or safety integrity. Such equipment should be disconnected/isolated
on one single "low" gas alarm anywhere on the installation, or by the signal
"confirmed gas in hazardous area." Group-1 equipment includes:

• welding sockets and sockets for hand tools

• air driven tools



• temporary electrical equipment

• electrical heating elements

• hot work activities

Explosion-unprotected electrical equipment including electrical heating
elements located in non hazardous mechanically ventilated areas shall be
isolated upon a single low gas detection alarm in HVAC intakes. Elec-
trical equipment, except heating elements, located inside rooms may be
kept alive until detection of confirmed gas in HVAC intake, provided a
safety analysis has documented sufficiently low ignition probability.

Group 2 contains electrical equipment that must be kept powered to main-
tain production, drilling operations etc. Such equipment should be discon-
nected/isolated on the signal "confirmed gas in non hazardous areas."
Group-2 equipment includes:

• main power generators

• main electrical distribution panels

• diesel engines

• heaters

• boilers

• ventilation systems

• emergency generators, unless defined as a safety critical item

Explosion-unprotected equipment located inside mechanically ventilated
rooms shall be subject to instantaneous automatic isolation upon con-
firmed gas detection in HVAC inlets. Explosion-unprotected equipment
located inside rooms with doors/air locks facing classified areas or located
in the close vicinity of classified areas shall be subject to instantaneous
automatic isolation; either, upon confirmed gas detection in the room due
to ingress via doors/air locks or, by coincident loss of ventilation flow and
single low gas alarm in adjacent areas.

Group 3 contains safety critical electrical equipment that must be in oper-
ation to ensure safe escape and evacuation, and/or to prevent accident
escalation. In the case of a major emergency situation such equipment
shall be disconnected/isolated with a time delay. Typical Group-3 equip-
ment constitutes parts of larger systems like:



• un-interruptable power supplies (from batteries) (UPS)

• fire and gas detection systems (F&G)

• emergency shut down systems(ESD)

• process shut down systems (PSD)

• public address systems (PA)

• emergency communication systems (EC)

On offshore platforms, equipment required to secure oil or gas wells in an
emergency situation shall be defined in an emergency shutdown proce-
dure. A back-up procedure for manual shutdown shall also be established.

On offshore installations safety control units, un-interruptable power sup-
plies and emergency switchgear shall be located in protected rooms inside
the living quarters, or in the vicinity of the central control room, based
upon safety assessments. If such equipment is not properly located, the
minimum requirement is that it shall be suitable for use zone 2 areas (see
definition in Chapter 7). This will normally apply to all active field equip-
ment such as detectors and loudspeakers including those located inside
non hazardous rooms and living quarters.

2.4.4.4 Isolation of Non-Electrical Ignition Sources

Diesel or gas fuelled equipment such as prime movers and heaters shall be
stopped immediately upon confirmed gas detection in ventilation air
intake to the enclosure or combustion chamber, and the equipment (non
explosion protected) shall be shut down in accordance with the assigned
ignition source isolation groups and equipment location.

Group-1 equipment comprises non essential, non electrical equipment.
For such equipment the following points should be observed:

• This type of equipment shall normally be located in enclosed areas/
compartments.

• Explosion-unprotected equipment being accepted for location in
naturally ventilated areas shall be shut down instantaneously by
single low gas alarm anywhere on the installation. Explosion-
unprotected equipment located in a non-classified mechanically
ventilated area shall be isolated/de-energized upon specified gas
alarms or confirmed gas.

• Exhaust pipes and hoses shall be fitted with spark arrestors.



Group 2 is composed of essential non electrical equipment, which shall
be located in enclosed areas/compartments that are either safe by pressur-
ization or the probability of gas ingress is found to be sufficiently low to
ensure an acceptably low risk of explosion. For such equipment the fol-
lowing points should be observed:

• Explosion-unprotected equipment located inside mechanically
ventilated rooms shall be subject to instantaneous automatic isolation
by confirmed gas detection in the HVAC inlet of the room or in
combustion inlets, or by over-speed of rotating machinery.

• Explosion un-protected equipment located inside rooms with doors/
air locks facing classified areas, or located in the close vicinity of
classified areas, shall also be isolated/de-energized automatically
upon either confirmed gas detection in the room due to ingress via
doors/air locks, or upon coincident loss of ventilation flow, or gas
alarm in adjacent areas.

Group 3 contains safety-critical, non-electrical, and explosion-unpro-
tected equipment, e.g. emergency generators. Such equipment shall in
general be subject to the requirements for fire pumps, but it shall also be
de-energized upon confirmed gas detection in air inlets, and/or, after a
specified time delay, in the case of a major emergency (APS).

2.4.4.5 Cranes

In order to reduce the ignition probability all crane operations shall be
stopped and cranes shut down, once a leakage of flammable gas has been
detected.

If the crane is in operation in a situation of a single "low gas" alarm in any
location on the installation, the crane operator shall immediately take the
crane into a safe position, secure the load and perform a manual shut-
down. Upon confirmed gas detection in crane ventilation/combustion air
intake, an automatic shutdown of the crane, without time delay, shall be
initiated. Adequate means for crane operator warning and consistent oper-
ating procedures shall be available.

When the crane is not in operation, potential ignition sources in the crane
shall be isolated/de-energized automatically upon a single "low gas"
alarm anywhere on the installation. In the case of cranes located in non



hazardous areas external equipment shall generally be certified for use in
hazardous area Zone 2 (see definition in Chapter 7), as a minimum. The
same applies to internal/local equipment, if operative after main crane
shut-down and isolation/de-energizing.

2.4.4.6 Human Machine Interface (HMI) in Central Control Room

Human Machine Interface (HMI) in the central control room shall present
extensive system information and means for operator interactions. There-
fore the HMI shall include the operator stations (VDU) and a simplified
hardwired safety matrix panel allowing manual activation of major safety
barrier functions from the central control room. This also includes oper-
ator monitoring and control of ignition sources in an acceptable manner.

2.4.4.7 Operation, Inspection, and Maintenance

All equipment that are potential ignition sources shall be operated,
inspected and maintained to ensure that any such equipment is in a proper
condition at all times. A maintenance program including descriptions and
instructions for testing, inspection and repair shall be available. Safety-
critical functions and components shall be tested regularly according to
accepted standards to verify that the specified safety integrity level and
failure rates are fulfilled.

2.4.5 Mitigating Gas/Vapor Cloud Explosions that Occur Despite
Preventive Measures

2.4.5.1 Control and Mitigation—Two Different Concepts?

Tarn (2002) suggested that the terms control and mitigation of acci-
dental explosions should have different specific meanings. He defined
mitigation as an action causing a reduction of the consequences of an
explosion event, without there being any reduction in the explosion
severity at the explosion source. Control, on the other hand, would be
when a device or technique has a direct impact on the severity of an
explosion at its source. Automatic explosion suppression and partial



inerting would then be defined as controlling techniques, whereas
explosion venting would be a mitigatory technique.

Tarn's distinction between control and mitigation is intriguing, but the
distinction may not always be entirely clear in practice. In the present text
the term mitigation will be used to cover both aspects.

2.4.5.2 Explosion Isolation: Minimizing Explosion Propagation inside
Process Equipment Using Physical Barriers

2.4.5.2.1 Reasons for Using Explosion Isolation

The term "isolation" is not entirely unambiguous. In some cases it implies
closure of pipelines and other connections between sections of a process
plant to stop the flow of liquids and gases. In the present context the con-
cept "explosion isolation" comprises means for preventing gas explosions
from spreading from one process volume to another via pipes and ducts.
There are three main reasons for adopting this concept. Firstly, there is
always a desire to limit the extent of the explosion as far as possible.

Secondly, a gas flame propagating in a duct between two process units
tends to accelerate due to flow-induced turbulence in the gas ahead of the
flame. For a sufficiently long duct this may result in a vigorous flame jet
entering the process unit at the down-stream end of the duct. The resulting
extreme combustion rates can generate very high explosion pressures even
if the process unit is generously vented. This effect was demonstrated in a
dramatic way for flame-jet-initiated explosions of propane/air in a gener-
ously vented 50 m3 vessel, by Eckhoff et al. (1984).

The third main reason for preventing flame propagation between process
volumes is pressure piling. This implies that the pressure in the unburned
dust cloud in the downstream process unit(s) increases above atmospheric
pressure due to compression caused by the expansion of the hot combus-
tion gases in the unit where the explosion starts, and in the connecting
duct(s). Experiments have shown that the final explosion pressure in a
closed vessel is proportional to the initial pressure of the explosive mix-
ture. Therefore, in a coupled system, higher explosion pressures than
would be expected from atmospheric initial pressure can occur transiently
due to pressure piling.



This was demonstrated in a laboratory-scale gas explosion experiment by
Heinrich (1989) as shown in Figure 2-60. In spite of the marked cooling
by the walls in this comparatively small experiment, the transient peak
pressure in V2 significantly exceeded the adiabatic constant volume pres-
sure of about 7.5 bar(g) for atmospheric initial pressure. Very serious sit-
uations can arise if flame jet ignition and pressure piling occurs
simultaneously. It is important, therefore, to take effective measures to
prevent propagation of gas and vapor explosions from one process
item to another through connecting pipes and ducts.
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Figure 2-60 Pressure development in two closed vessels of 12 liters each, filled with
10 vol.% methane in air at atmospheric initial pressure and normal temperature, and

connected with a 0.5 m long duct, following ignition at the point indicated in the figure.
From Heinrich (1989).

2.4.5.2.2 Mechanical Valves

One means to stop explosion propagation is to install various types of
mechanical valves in the connecting pipes/ducts. Such valves can either
be passive or active.
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One passive device for interrupting gas and vapor explosions in ducts is
the Ventex valve described by Rickenbach (1983) and illustrated in
Figure 2-61. In normal operation the gas flowing in the duct passes
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Figure 2-61 Illustration of the Ventex valve described by Rickenbach (1983).
From Eckhoff (2003).

around the valve poppet without causing any significant off-set as long as
the flow velocity is less than about 20 m/s. However, in case of an explo-
sion in the duct, the preceding blast pushes the valve poppet in the axial
direction until it hits the neoprene gasket, where it is held in position by a
mechanical catch lock, which can be released from the outside.

Active Ventex valves are also being used. In this case a remote pressure
or flame sensor activates a separately powered system that closes the
valve in the desired direction prior to arrival of the flame.

Other active mechanical valves include various types of fast-closing slide
valves. The closure is triggered by the signal from a flame or pressure-rise
probe positioned upstream of the valve. The required closing times of
such valves depend on the distance between the remote pressure or flame
sensor, and the valve, and on the type of explosive gas. Often closing
times as short as 50 ms, or even shorter, are required. This most often is
obtained by using an electrically triggered explosive charge for releasing
the compressed air or nitrogen operating the valve. The valves must be
sufficiently strong to resist the high pressures that can occur on the explo-
sion side after valve closure. In the case of pressure piling effects and/or
detonation, the transient pressure peaks can be very high.

VALVE POPPET NEOPRENE GASKETS



2.4.5.2.3 Flame Arresters

Flame arresters are a well-proven means of effectively stopping flame/
explosion propagation in pipelines, as well as out of or into process enclo-
sures. The following account is based on Halstrick (1995).

Depending on the individual operating conditions, different combustion
processes such as deflagrations, detonations and endurance burning are
possible. This calls for flame arresting devices that are suitable for the
actual situation, i.e. deflagration-proof, detonation-proof or endurance-
burning-proof devices. Except for very small devices for special applica-
tions, all-purpose flame arresting devices, i.e. devices that stop flame
propagation in all three combustion modes, do not presently meet all stan-
dard requirements for being installed. The reason for this is that the
design/construction of flame arresters for protection against deflagrations,
detonations and endurance burning differ considerably.

One of the most important components of a flame arresting device is the
flame trap, the purpose of which is to stop the flame propagation, whether
a deflagration, a detonations or endurance burning. The different design
concepts in use can be categorized as either static or dynamic flame traps,
of which the former if further subdivided into dry and liquid types.

Dry static flame traps are available as close-meshed sieves, plate
arresters, sintered metals and crimped ribbon-type traps. It is crucial that
the width of gaps in the trap can be manufactured to exact, reproducible
tolerances. This is not possible for flame traps of metal-wool, metal-foam
or knitted metal mesh. Simple wire gauze ("Davy screens") is also inade-
quate because it is easily destroyed even when exposed to quite harmless
low-over-pressure explosions. The most common and reliable design of
dry static flame traps is the crimped-ribbon-type trap illustrated in
Figure 2-62. Such traps can be manufactured with high reproducibility to
the desired gap width based on the MESG (see Section 2.2.7 and
Table 2-2) of the combustible gas or vapor in question.

Depending on the application of the flame trap, whether deflagration-
proof, detonation-proof or endurance-burning-proof, two, three or more
disc modules are mounted in series in a specially designed enclosure that
satisfies the mechanical strength requirements for the actual application
and provides the appropriate gap length for the required heat dissipation.

Liquid static flame traps are used in process systems where the combus-
tible fluid is partly or fully in the liquid phase. This liquid is then used as



Figure 2-62 Single flame arrester disc module for interrupting propagating gas or
vapor flames, based on flame quenching/cooling of hot combustion gases in narrow

channels made from corrugated metal strip. Typical standard gap widths are 0.15,0.2,
0.3,0.5,0.7 and 0.9 mm. From Halstrick (1995).

the sealing medium in the flame trap. This trap design is always adopted
for flame arresters to be used in liquid-filled pipelines that may drain
empty. An example is petrol filling and emptying lines, where the petrol
is used as the sealing liquid operating as the flame trap. The absence of
oxygen after a deflagration/detonation prevents ignition of the flammable
sealing liquid. Static liquid flame traps can only be used for stopping
deflagrations and detonations, and not in process systems where endur-
ance burning can be expected. Figure 2-63 illustrates the principle of a
liquid static flame trap.

The basic principle of a dynamic flame trap is that the explosive mixtures
must have a flow speed which is well above the flame propagation speed.
One application of dynamic flame traps is in safety relief valves that open
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Figure 2-63 Illustration of a liquid static flame trap for stopping deflagrations and
detonations in pipelines. From Halstrick (1995)

at quite high pressures, which results in high flow speeds. Examples are
incinerator inlets and flare systems in which the flow speeds are main-
tained well above the flame propagation speed in the respective mixture.
Explosion proof end-of-line flame arresters must be designed to prevent
flame flash-back into the pipeline in the case of an external atmospheric
vapor cloud explosion.

Volume explosion flame arresters are designed for specified volumes.
This means that these arresters provide safety only for conditions that are
almost equivalent to the original test conditions (size and type of explo-
sion volume and size of opening).

Explosion proof in-line flame arresters consist of an explosion-pressure-
tight body with the flame arresting element which in turn is composed of
the actual flame filter disc (see Figure 2-62) of two or more layers and the
enclosing cage. The gap width of the flame filter disc has to be adjusted to
the appropriate MESG to prevent flame transmission. It is important that
this type of arrester is not exposed to other flame propagation speeds and
explosion pressures than the range for which the devices have been tested
and approved.

Dry detonation arresters with static flame trap consist of a detonation
shock absorber in front of a flame arresting element, as illustrated in
Figure 2-64.

The purpose of the shock absorber is to convert a detonation into a defla-
gration before the flame arrester is reached. It is crucial that the detona-
tion shock absorber points towards the possible point of ignition. If
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Figure 2-64 Dry detonation arrester with static flame trap. From Halstrick (1995).

pointing in the opposite direction only deflagrations will be arrested. In
some situations approach of detonations has to be expected from both
sides, and bi-directional detonation arresters are required. It is important
to note that in-line flame arresters in general and detonation arresters in
particular do not prevent flash back in endurance burning situations, and
in order to handle such situations additional measures have to be taken.

Filling and emptying lines of storage tanks for flammable liquids have to
be protected by detonation arresters unless, during operation, the lines are
permanently filled with liquid. If this is not the case, there is a possibility
of explosive vapor/air mixtures being developed in the system, and
liquid-type detonation arresters may be installed. In this case the liquid
itself forms the barrier absorbing the detonation shock. Such devices con-
stitute a complete protective system and shall therefore ensure that the
liquid barrier is maintained under all circumstances. For example, if the
line connected to the vessel is to be emptied by a suction pump, a static
flame trap is installed as a by-pass to prevent that the suction operation
empties the liquid barrier.

Special flash-back-proof detonation foot valves are also used for preventing
flame transmission between vessels and connecting lines, while emptying
the line. These devices are also based on the used of liquid barriers.

Detonation
shock
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Ignition
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To prevent flame flash-back into a line in the case of endurance burning
outside the line end both dry static and dynamic end-of-line flame traps
are used. Where explosive atmospheres may be expected in storage tanks
for flammable liquids, endurance-burning-proof flame arresters are used
in the direct venting system to the atmosphere to prevent flames in the
lines from entering the tanks. Vent caps are used if loss of flammable
liquid by evaporation is of minor importance, whereas pressure/vacuum
relief valves are applied whenever evaporation losses have to be avoided
for environmental or economical reasons, or both.

2.4.5.2.4 Flame Interruption by Automatic Injection of Suppressant

A third active explosion isolation method is interruption by fast auto-
matic injection of extinguishing chemicals ahead of the flame. This is a
special application of the automatic explosion suppression technique
described in Section 2.4.5.8. Important design parameters are type of
combustible gas/vapor, size of the enclosure where the explosion starts,
ignition location, duct diameter, distance along the duct from the primary
explosion enclosure to the point of suppressant injection, method used
for detecting onset of primary explosion, and type, quantity and rate of
release of suppressant.

2.4.5.3 Minimizing Gas Cloud Size and Controlling Gas Cloud Location
outside Process Equipment Using Physical Barriers

The following account is in part based on the paper by Tarn (2002):

2.4.5.3.1 The Hazardous Situation

In the chemical and process industries, controlling/mitigating potential
gas/vapor explosions outside process equipment, due to leaks from such
equipment, has been and still is a major concern. In the offshore oil and
gas industries, the main emphasis has been on controlling explosions in
large, fully or partially enclosed areas containing process equipment
("modules"). The hazardous explosive gas clouds are then generated by
leaks from process equipment and pipe works operated at pressures con-
siderably higher than atmospheric. In the past "Halons" (halogenated
hydrocarbons) were used for controlling the development of gas and



vapor explosions in confined enclosures of smaller volumes, e.g. turbine
housings. However, due to their negative effects on the environment the
"Halons" are no longer used. In smaller confined volumes such as turbine
housings it has to a large extent been possible to replace "Halons" by
water mist. In more open larger volumes (modules), the explosion con-
trolling methods used include optimization of equipment and pipe work
layout to reduce flow-generated turbulence, and hence reduce the explo-
sion rate. Other controlling methods include the use of blast walls and
total water deluge.

2.4.5.3.2 Definition of a Physical Barrier

As the name suggests, a physical barrier is a physical arrangement that
mitigates the severity of a gas/vapor explosion. Such an arrangement can
for example be a wall. Total area water deluge would not be classified as
a barrier technique, but as a total flooding technique. Tarn (2002) distin-
guished between two main categories of barrier methods, viz. cloud size
and location limitation and explosion development control.

2.4.5.3.3 Cloud Size and Location Limitation Barriers

The main purpose of this class of barrier is to minimize the volume of
flammable gas that a gas explosion is allowed to consume, and to control
the location of this volume. Generally the over-pressure load on structural
surfaces is expected to increase with increasing size of an explosive gas
cloud. It is therefore important to limit the size of any potential accidental
explosive cloud as far as possible. The most commonly used barrier type
is the blast wall. In some cases a main function of the blast wall is to limit
the size of the explosive cloud, in other cases its purpose is mainly to
reduce the impact of a potential explosion, by shielding the structures out-
side the wall from excessive over-pressure loading. As pointed out by
Tarn (2002) the concept of using a wall to restrict the size of the explosive
gas clouds also includes weaker walls than blast walls, and even deliber-
ately weakened walls. The concept of using weak walls is based on dem-
onstration calculations using a Computational Fluid Dynamic (CFD) gas
explosion code. The process area was divided into two halves using dif-
ferent arrangements of weak walls. It was shown that maximum
over-pressure developed on the structural surfaces could be reduced by



fifty to seventy-five percent, depending upon the arrangement of the weak
barrier. Soft barriers are very weak and light physical barrier walls. This
type of barrier has the ability to separate an area into a number of cells,
and thereby control the size of the gas cloud within a hazardous area. The
soft barrier control method has been used on oil and gas platforms.

Soft triggered barriers are either non-suppressive or suppressive. The
most commonly used non-suppressive soft barrier is a water curtain that
has no specific suppressive effect. According to Tarn (2002) such curtains
have been used successfully in the process industries onshore to contain
hazardous gas clouds within a limited area, or to divert such clouds to
safer areas. A number of extensive experimental research programs com-
prising various scales up to full size, have demonstrated that water spray
barriers can be effective in containing hazardous gas clouds. However,
some types of water curtains are also categorized as suppressive barriers.
Experiments have shown that this type of curtain, in addition to limiting
the size of a dispersing explosive gas cloud, also caused the flame propa-
gation to decelerate as the flame passed through the curtain. The effect
was a significant reduction of the maximum explosion over-pressure.
Automatic explosion suppression (see Section 2.4.5.8) can also be used
for establishing soft triggered suppressive barriers.

2.4.5.4 Use of Physical Barriers for Controlling Explosion Violence

Tarn (2002) emphasized that two consecutive effects contribute to the
increased hazard associated with gas explosions in congested areas, viz.

• pre-compression of explosive gas cloud in the congested area by an
explosion developing in adjacent areas (pressure piling), and

• flame propagation in the congested, pre-compressed volumes

2.4.5.4.1 Controlling Pre-Compression (Pressure Piling)

In a process area, one may find regions where both the degree of confine-
ment and the local aspect ratio (length-to-width/diameter) are high. If a
gas explosion occurs in such regions, following precompression of the
unburned gas there, one can expect very high explosion over-pressures.



As shown in Section 2.4.5.2, pre-compression has a multiplicative and not
an additive effect on the maximum explosion pressure. Barriers that isolate
the confined volumes from the rest of the area could be an effective means
of controlling the maximum explosion pressure that can occur, by pre-
venting the explosive gas to enter these confined volumes. Hard barriers
that can withstand the explosion force will effectively eliminate the
problem, but soft barriers can also have a significant controlling effect.

2.4.5.4.2 Controlling Turbulence Generation

It is well known that severe gas explosions can develop in regions of high
congestion, due to the enhanced combustion rate caused by the turbulence
generated in the still unburned explosive cloud ahead of the flame when it
is pushed past equipment and pipe work. Experiments of the type illus-
trated in Figure 2-10, have demonstrated the dramatic increase of the
explosion violence that can result with certain obstacle configurations.
Tarn (2002) presented results from small and medium scale experiments
demonstrating the effect of soft barriers in such geometries. The experi-
mental arrangement is illustrated schematically in Figure 2-65.

Explosive gas mixture

Explosive gas mixture Soft barrier

Figure 2-65 Schematic illustration (side elevation) of small and medium scale
experiments conducted in Norway to investigate the effect of soft barriers on the
violence of methane/air explosions in confined spaces containing turbulence-

generating obstacles. From Tarn (2002).



The tests comprised two arrangements, one without a soft barrier cov-
ering the obstacles (upper part of figure) and one with a soft barrier (lower
part of figure). With the barrier, the explosive gas occupied only the upper
part of the volume of the test structure prior to ignition. In the series of
small-scale experiments the maximum explosion over-pressures were >
250 mbar without the barrier, and only about 5 mbar with the barrier. In
the intermediate-scale experiments the effect of the barrier was also sig-
nificant, viz. 600 mbar without barrier, and 150 mbar with barrier.

Experiments, as pointed out by Tarn (2002), have shown that for a given
volume of obstructions, the combustion enhancing effect is greater with a
large number of small obstacles than with a small number of large obstacles.
One potential technique for controlling the explosion violence could then be
to enclose a large number of small obstacles (e.g. pipe work) in a larger hard
or soft shield into which the explosion would not propagate. Tarn discussed a
number of potential solutions. In some process areas pre-compression and
turbulence generation can mutually enhance each others effects. It is then
important to limit the volumes of such areas as far as possible.

2.4.5.4.3 Suitable Materials for Soft Barriers

Tarn (2002) pointed out that a soft barrier does not have to sustain the
total gas explosion. It only needs to survive long enough to prevent sub-
stantial amounts of flammable gas from entering the fuel-free zone during
the passage of the flame. For this purpose, low-pressure and low-tension
membranes such as meteorological balloons could be used. Such bal-
loons, in effect, divide the fuel-free zone into many fuel free cells. Fur-
thermore, the balloons can be filled with oxygen-free gases or mixtures of
air and inert gas. Low-tension and low-pressure balloons can "mold"
themselves to the shapes of hard surfaces and overcome the problem of
flammable gas being trapped in the volumes between conventional spher-
ical balloons (high pressure, high tension). Tarn (2002) refers to large-
scale experiments that have demonstrated that low-pressure low-tension
balloons could last long enough for the explosion flame to pass the area of
the balloon before the balloon collapses. However, so far these methods
are not widely used in practice.



2.4.5.4.4 Additional Hazards to be Considered when Using Soft Physical
Barriers Other than Water

Focusing only on the reduced maximum explosion pressure, when using
soft physical barriers, is not sufficient. Some other important safety issues
must also be resolved, viz.;

• possible emission of missiles or fragments resulting from collapsing
barriers

• creation of small volumes/pockets of explosive gas that cannot be
reached by the ventilation systems, because of the barriers

• unacceptable reduction of operational efficiency due to the presence
of the barriers

• more complicated maintenance procedures due to the presence of the
barriers

For these and other reasons the use of soft barriers (other than water) has
only gained limited terrain so far.

2.4.5.5 Design of Plants and Buildings to Prevent Damage by
Gas Explosions

It is important to distinguish between ideal requirements and realistic possi-
bilities. In all circumstances it is strongly recommended that the explosion
problem be taken into account as early as possible in the planning process,
whether a completely new plant is to be constructed, or an existing plant
rebuilt.

Ideally any plant in which gas explosions may occur should be located at a
safe distance from other activities, buildings etc. Furthermore, the various
parts of the plant should be separate to enable effective isolation of the
explosion to within the section of the plant where it starts. Buildings
should be one-story whenever otherwise suitable. If multi-story buildings
have to be used, the parts of the process representing the greatest explosion
hazard should be located as high up as possible, preferably on the roof.

In the past, floors and roofs of factory buildings were often supported by
recesses in comparatively weak walls with no reinforcement, as illustrated
in Figure 2-66(a). In the case of an explosion, the walls were easily
displaced outwards even at very modest over-pressures, and the floors



Figure 2-66 Inappropriate construction of multi-storey building with regard to
preventing hazardous collapse of the floors in case of an explosion inside the building.

From Eckhoff (2003).

and roof fell down into the building as illustrated in Figure 2-66(b).
Clearly, under such circumstances the consequences of even minor
explosions in the building could be catastrophic. A much better solution is
that the roof and intermediate floors be supported by a strong frame struc-
ture. The walls are then low-mass panel sections that function as vent
covers, should an explosion occur. If required, the panels must be
anchored to the frame structure.

In some cases, hazardous plant items can be placed in special, isolated,
well-vented niches as illustrated in Figure 2-67. Depending on the loca-
tion, the floor and roof of the niche may also have to be explosion proof.
However, if the building is constructed of reinforced concrete, it can be
made sufficiently strong to enable the windows to serve as vents It is then
important to ensure that flying pieces of glass do not present a hazard to
humans. To avoid this hazard it may be necessary to replace glass panes
by anchored, transparent plastic panes.

Some final points to be taken into account when planning layout and con-
struction of process buildings with the aim to reduce the explosion and
fire hazard include:

(a) (b)

EXPLOSION



Figure 2-67 Illustration (top view) of arrangement where the hazardous part of the
plant is located in an isolated well vented niche inside the building.

From Eckhoff (2003).

• safe escape routes in case of explosion and fire

• fire resistant construction materials

• fire resistant doors

• electrical installations according to latest regulations/
recommendations

2.4.5.6 Explosion Venting

2.4.5.6.1 What is Explosion Venting?

The basic principle is illustrated in Figure 2-68.

The maximum explosion pressure in the vented explosion, PYC& is a result

of two competing processes:

• burning of the explosive cloud, developing heat and increasing the
pressure

• flow of unburned, burning and burned cloud through the vent,
relieving the pressure
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EXPLOSION-PROOF
WALL
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Figure 2-68 Illustration of the principle of explosion venting.

The two processes can be coupled via flow-induced turbulence that can
increase the burning rate. The maximum permissible pressure, P r e d ,
depends on the construction of the enclosure, and on whether plastic or
only elastic deformation is acceptable in the case of an explosion.

Explosion venting of simple process enclosures is less common in the
case of gases and vapors than in the case of explosive dust clouds (see
Section 5.6.4.4). Gas explosion venting is more often applied to rooms of
onshore facilities and processing modules on offshore gas and oil installa-
tions. This reflects the fact that accidental gas explosions most often
occur in explosive clouds generated outside process equipment by acci-
dental leaks, whereas dust explosions are practically always initiated in
dust clouds generated inside process equipment as part of the process.

EXPLOSION

TIME
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2.4.5.6.2 Vent Covers

Vent covers for process enclosures are discussed in Section 5.6.4.4. For
rooms, e.g. offshore process modules, as pointed out by Bjerketvedt et al.
(1997), typical vent covers include:

• louvered walls

• solid wall cladding

• relief walls (also called wind walls or weather cladding)

• glass windows (not recommended)

2.4.5.6.3 Potential Hazards Caused by Venting

See Section 5.6.4.4 (dusts)

2.4.5.6.4 Use of Vent Ducts

See Section 5.6.4.4 (dusts)

2.4.5.6.5 Reaction Forces Caused by Venting

See Section 5.6.4.4 (dusts)

2.4.5.7 Use of Mathematical Simulation Models in Design for Mitigating
Accidental Gas Explosions in Complex Geometries

In some industries, e.g. petrochemical plants and oil refineries, the pro-
cess areas are highly congested, as illustrated in Figure 2-69. In such
cases the inherent positive feedback loop of the explosion development
can generate very high burning rates and pressure piling effects, and
hence very high, destructive explosion pressures. Today one can use com-
prehensive numerical computer simulation models to predict the develop-
ment and strength of gas explosions even in such extreme situations. This
makes it possible to take appropriate precautions, e.g. in terms of ade-
quate safety distances to neighbouring activities.

The following summary is based on the text of Czujko (2001):



Figure 2-69 Highly congested process plant in which very high explosion pressures
can be generated in case of a gas explosion.

2.4.5.7.1 CFD-Models in General

In the general Computational Fluid Dymanics (CFD) approach the aim is
to resolve the physics of flow development numerically by dividing the
actual space into small boxes (control volumes) and implement models
for the various physical phenomena like fluid flow and turbulence. In
each cell, all variables are assumed constant in one time step, and based
on the flow balance and fluxes, as well as the physics taking place inside
the cell in the next time step, the variables may change. Furthermore, in
CFD explosion simulation not only physical flow and turbulence must be
modelled. It is also essential to model combustion/flame development.
Thus the conservation equations for

• mass

• impulse



• turbulence fuel transport and mixture fraction, and

• enthalpy

are solved for each time step and control volume.

Some CFD models are designed specially for simulating gas explosions,
and they have been extensively validated by experiments on various
scales. The most well-known models of this type are FLACS, EXSIM and
Auto Reagas. During the last years, the development of computers has
substantially increased the possibility of applying CFD for simulating
explosion development in complex large-scale systems. There are never-
theless still strong limitations on the spatial and temporal resolution that
can be obtained in realistic industrial scenarios. For this reason, one incor-
porates so called sub-grid models to resolve the phenomena that occur on
a smaller scale than typical numerical cell sizes (0.5-1 m). Such models
take care of the influence on the combustion of e.g.:

• turbulence

• flame folding

• water deluge

The need for sub-grid models is one reason why development of comprehen-
sive CFD codes, has to be based on extensive validation by experiments.

2.4.5.7.2 The FLACS Model and Its Applicability

FLAGS has been developed at GexCon, Bergen, Norway (previously
Christian Michelsen Research (CMR), and initially Christian Michelsen
Institute, (CMI)) over a long period beginning in 1980. The first version
of FLACS was created by B.H. Hjertager. The work has been supported
by major oil and gas companies.

FLACS uses a 3-D Cartesian implicit Navier Stokes solver based on the
Simple method by Patankar with a compressibility extension. Implicit/
explicit second-order terms are implemented for increased accuracy. Flow
equations are closed by means of a k-e model for turbulence. Models for
wall function and turbulence generation from sub-grid geometry are
required and implemented. A distributed porosity concept is used for
mapping the complicated geometries onto the simulation mesh. In devel-



oping such a mapping model there are several pitfalls, and the "perfect"
solution seldom exists. Further, two equations for handling fuel transport
and consumption are solved. To model the combustion process properly a
range of sub-grid models are needed. A flame model describes the extent
of the reaction zone, whereas burning velocity models decides the
velocity of the flame. This velocity, in turn, is a function of fuel composi-
tion and concentration, oxygen concentration, temperature, pressure, tur-
bulence level, various flame instabilities, and presence of non flammable
gas dilution or water mitigation. Corrections for increased flame area due
to flame folding around sub-grid obstacles are included.

Special FLACS models simulate gas leaks, gas flow across boundaries,
effect of water spray on explosion development, effect of pressure relief
panels, and heat, ventilation, air conditioning systems (HVAC). A multi-
block solver for propagation of blast waves in the far field was developed
in 1994. In-house versions of FLACS also have models for heat transfer
through walls and thermal radiation.

Further models for implementation in FLACS are under development or
being planned, including:

• models for predicting deflagration-to-detonation transition (DDT)
and for simulating detonations

• models for predicting auto-ignition

• models for simulating various types of flame instabilities (important
for low confinement/low congestion scenarios)

In addition the following models have been developed based on FLACS
for gases:

• models for oil mist leaks, evaporation, deposition, dispersion, and
explosion (Chapter 3)

• models for dust cloud generation and dust explosions (Chapter 5)

2.4.5.7.3 Adequate Representation of Geometry is Essential

Because the geometry of the system in which the explosion takes place
can have a decisive influence on the explosion development, and hence
on the maximum explosion pressures produced, it is essential that CFD



models for gas explosion simulation represent this geometry properly.
Geometries can be either defined manually or imported from CAD sys-
tems. In FLACS simulations a porosity-distributed flow resistance con-
cept is used for automatic geometry representation and contains no
subjective estimates of blockage, which is often encountered in other
CFD simulators.

2.4.5.7.4 Ventilation and Dispersion Simulations

Transient leaks of combustible gas, sonic, as well as low momentum, in
combination with natural and forced ventilation, can be simulated by
means of the FLACS code. Liquid leaks that are converted into equivalent
gas leaks through evaporation, can also be simulated. The numeric han-
dling of the geometry of the explosion environment includes minute
details, which are important for ventilation calculations, and can be very
important for gas dispersion calculations.

2.4.5.7.5 Gas Explosion Simulations

The range of scales that may be simulated include gas volumes from less
than one liter to thousands of m3. The gas cloud can either be pre-defined,
or be calculated from a dispersion simulation preceding the simulation
of the explosion. For the present (2005) the gas clouds that can be han-
dled by FLACS comprise any combination of methane, ethane, propane,
butane, propylene, ethylene, acetylene, hydrogen, CO and H2S, either
mixed with air or with oxygen-enriched air. Initial pressure, tempera-
ture, and turbulence can be varied. Systematic simulation studies can be
performed to quantify the effects on the maximum explosion pressure of
re-location and re-arrangement of process equipment, altering the degree
of confinement of the area studied, use of various types of relief panels,
use of inert gas dilution (N2 or CO2) and water deluge etc.

2.4.5.7.6 Far Field Blast Calculations

Using a multi-block concept, blast waves from the explosion that propagates
into the far field and interacts with objects there, can also be simulated.



2.4.5.8 Automatic Explosion Suppression

2.4.5.8.1 General Concept

The first patent for a fast fire suppression system was allotted to a German
company as early as 1912. The Second World War accelerated the devel-
opment. The British Royal Air Force found that eighty percent of the total
losses of aircraft in combat were due to fire. Based on this evidence a mil-
itary requirement was issued that specified a light-weight, high-efficiency
fire extinguishing system for protecting air craft engines and their fuel
systems. A similar situation arose in Germany. As a result new, fast
acting fire extinguishers were developed based on three main principles:

• extinguishing agent permanently pressurized

• large diameter discharge orifice

• very fast opening of valve for immediate release of extinguishing
agent by means of an explosive charge

These principles, combined with a fast-response optical or pressure rise
flame detection system, form the basis of today's automatic explosion
suppression systems, as illustrated in Figure 2-70.

The suppressor contains a suitable extinguishing agent (suppressant) and a
driving gas, normally nitrogen at 60-120 bar. If ignition of the explosive
atmosphere should occur, the onset of pressure rise in the enclosure due to
the growing flame is detected automatically by the pressure sensor, which
produces an electric signal that triggers an explosive charge opening the
suppressor valve almost instantaneously. A special nozzle design ensures
that the suppressant is distributed as evenly throughout the enclosure
volume as possible. In principle the pressure sensor can be made sensitive
enough to detect even a very small initial flame. However, if the minimum
pressure rise for triggering the opening of the suppressor valve is chosen to
be so small that similar pressure variations may occur due to normal plant
operation, false activation of the suppression system becomes likely. The
use of two pressure detectors oriented perpendicular to each other can
make it easier to discriminate between pressure rise due to explosions and
other disturbances. Also, natural pressure variations can be filtered out
electronically if the rates of rise of such normal variations are significantly
lower than typical initial rates of rise of the explosion pressure.



Figure 2-70 Illustration of system for automatic suppression of accidental gas,
mist/spray and dust explosions. From Eckhoff (2003).

In the case of gas and vapor explosions ultraviolet or infrared optical flame
sensors can be used instead of pressure sensors for detecting the initial
flame. A problem with the ultraviolet detectors is that they do not discrim-
inate between hydrocarbon flames and some other light sources, for
example welding arcs. Therefore, false alarms may become a problem. As
a result, ultraviolet detection systems are often switched off during mainte-
nance and repair work requiring welding, in spite of the fact that the risk of
gas leaks may be at a maximum just during such periods of irregular oper-
ation. In some cases, this problem has been solved by using a combined
system of ultraviolet radiation and gas detectors, requiring that both types
of detectors trigger before the suppressant is released. Then radiation from
welding will be detected, but without this leading to suppressant injection
unless a significant concentration of hydrocarbon gas is detected simulta-
neously by the independent gas detectors.

As mentioned in Eckhoff (1983) the infrared pyrometer technique offers
an alternative solution to this problem. The basic principle is to measure
the relative intensities of the radiation emitted by the actual source at two
or more discrete wave lengths. From this information, using an integrated
computer, the Planck radiation distribution curve that has the same inten-
sity ratios for the same wave lengths can be determined. Any such set of
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ratios can be associated with a specific light source temperature, and the
detector system is thus able to indicate whether the actual temperature
indicated is typical of say a hydrocarbon flame, or whether it is signifi-
cantly higher, e.g. of the order of welding arc temperatures.

2.4.5.8.2 Basic Approach to Design of Explosion Suppression Systems

Moore (1981) presented a basic approach to design of industrial suppres-
sion systems. He introduced the concept of critical mass Mt of suppressant
that is just sufficient for suppressing the flame when being evenly distrib-
uted throughout the flame volume. He assumed that there exists a critical
minimum mass concentration of any given suppressant for suppressing a
flame of a given explosive mixture, and that a suppressant cloud of this
concentration or higher must occupy at least the flame volume for suc-
cessful suppression. It then follows that the critical mass Mt increases
with time because the flame volume increases with time. A similar line of
thought was applied to the mass of suppressant actually delivered at any
time after onset of flame development. Successful suppression would
result if

^,delivered > M t r eqU j r e ( j

One distinguishes between three different suppression strategies:

• Advance inerting: Detect initial explosion, identify its location,
activate appropriate suppressors, and establish suppressant barriers to
prevent explosion spread to adjacent areas.

• Local suppression: Detect initial explosion, identify its location, and
activate appropriate suppressors for ensuring no flame propagation
beyond explosion kernel.

• Total Suppression: Detect explosion and deluge entire system with
suppressant to ensure that explosion is totally suppressed.

The design of any particular industrial suppression system depends on the
suppression strategy chosen, the type of suppressant, the chemical and
explosivity properties of the explosive mixture, the nature of the process/
enclosure to be protected, the volume and shape of the enclosure, and on
other actions taken to prevent or mitigate accidental explosions in the plant.



In large process volumes it can be difficult to obtain adequate distribution
of the injected suppressant if the gas leak to the atmosphere is in the form
of a strong gas jet. Depending on the velocity and size of the leak jet, the
injected suppressant may not be able to penetrate the jet region.

2.4.5.8.3 Sophisticated Optical Detection Systems may Be Required in
Large Process Volumes

If the volume of the enclosure or area to be covered by the suppression
system is very large, e.g. of the size of typical offshore oil and gas platform
modules, very large flames can develop before a detectable rise in pressure
has been generated. In such cases, as described in Eckhoff (1983), pressure
rise detection of the onset of explosion is inadequate, and optical flame
detectors, either ultraviolet or infrared, have to be used. Ultraviolet detec-
tors are able to detect a fireball of 1 m diameter at a distance of 10-20 m
within about 15 ms, during which an initial flame will only have propa-
gated a distance of a few cm. In principle, therefore, such detectors should
be able to detect any initial fireball in modules typical of offshore plat-
forms at a sufficiently early stage to ensure effective local suppression.
However, an important condition is that the light path between the initial
fireball and the ultraviolet detector is not obstructed by walls or process
equipment etc. Furthermore, the suppressant containers have to be located
close to the origin of the explosion, and be able to throw the suppressant in
the appropriate direction. It is clear that for such applications a quite
advanced detection system, supported by computers, will be required. First
the precise location of the local flame must be identified, and then the ade-
quate quantity of suppressant must be released locally in the area where the
flame has been detected.

In order to cover large process volumes adequately, a number of such
detectors may have to be located in an optimal matrix covering the entire
volume, with the aim to localize the initial flame with the required accu-
racy. This requirement is quite severe if it is necessary to identify the pre-
cise location of flames as small as 1 m in volumes of several thousand
m3 or more.
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