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Fire and Gas (F&G) detection is an essential part of the mitigation system in facilities handling and storing 
flammable and toxic materials. While detector reliability might be very high, safety performance of a F&G 
system strongly depends on layout and coverage. Current reference standards for on-shore applications 
do not define the plant areas to be mapped, the coverage targets, and the reference hazardous scenarios 
to be considered. In the present study, a methodology aimed at the F&G coverage mapping was 
developed. The procedure is applicable in the Front End Engineering Design phase (FEED), where limited 
data is typically available. The development of the methodology considered the main aspects that define 
F&G system performance. Coverage targets for detection were set considering risk reduction goals and 
actual detector capabilities. Simple strategies were developed for the determination of the reference 
hazardous scenarios to be considered. A Matlab code for 3D F&G coverage mapping was developed. The 
proposed procedure was demonstrated by a simplified case study. The methodology proved itself a valid 
instrument to assist detector layout assessment. 

1. Introduction 

Safety concerns in oil and gas (O&G) plants are well known, as documented by several past accidents 
(Tugnoli et al., 2013). Besides the direct effects of the accident events, both fires and explosions may 
trigger cascading effects (Cozzani et al, 2009), which are deemed to have severe consequences on 
population and assets. Where inherent safety strategies are not applicable (see e.g. Tugnoli et al., 2011, 
2012), passive and active protection measures should be implemented for consequence mitigation 
(Gomez et al., 2012; Landucci, 2009). Moreover, a proper layout design was identified to provide a 
synergic effect among different risk reduction strategies (Tugnoli et al., 2008). Fire and Gas (F&G) 
detection is an essential component of any active mitigation measure. While detector reliability might be 
very high, safety performance of a F&G system strongly depends on system layout and coverage. Despite 
detector design and selection being a well standardized topic, detector placement for O&G plant units 
does not fall under any current regulation. Standards for buildings (e.g. NFPA, 2013) are clearly not 
applicable to O&G plants. While detector placement traditionally relies on skilled expertise or internal 
company standards, the need for a consolidate methodology for F&G coverage mapping is widely 
recognized. In 1993 the HSE UK report (HSE, 1993) set a milestone for gas detection in the offshore field, 
using results from explosion studies in order to develop siting criteria for gas detectors. The CCPS book 
“Continuous Monitoring for Hazardous Material Releases” (CCPS, 2009), which provides a complete 
review of all aspects of gas detection, does not include F&G mapping. The ISA technical report 84 (ISA, 
2010), which introduced the risk-based approach in the design of detection systems, does not provide 
complete criteria of mapping targets. Some companies developed internal standards, but they remain 
confidential documents. Other consultants have developed mapping software (e.g. Kenexis, Baker Eng., 
Micropack Detection, MES, Gexcon, Shell G.S.), but the methodologies used are frequently undisclosed or 
only cover partial aspects of the problem. Well known weak points of the current methodologies are the 
arbitrary definitions of the reference hazardous scenarios, the mapped volumes, and the coverage targets. 
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2. Fire & Gas Detection Philosophy 

F&G zoning is based on the identification of the hazardous event that may occur in a plant. For fire 
scenarios, hazardous areas are easily identified by the presence of flammable materials (Khakzad et al., 
2014). In the case of hazardous gas clouds, the zoning process involves a much more complex modelling 
for predicting the behaviour of released gases: a gas cloud may migrate from the release point to areas of 
the plant where such hazard is not normally present, extending the number of plant areas to be monitored. 
Despite the possibility of different scenarios in case of flammable gas clouds (flash-fire, vapour cloud 
explosion (VCE), safe dispersion), the VCE is usually considered as the reference hazard due to the 
severe consequences and the potential for domino effect. 
Depending on the features of the area and of the hazard scenario, different strategies are available to 
provide gas detection. The main options include ‘release source monitoring’, ‘volumetric monitoring’, ‘path 
of travel/target receptor monitoring’, and ‘perimeter monitoring’. A complete review is provided by CCPS 
(CCPS, 2009). Volumetric monitoring has become the standard approach for detection in offshore O&G 
facilities and is considered in the following for method development: as a matter of fact it is the strategy of 
choice for detecting clouds that can lead to VCEs in highly obstructed and congested areas. The 
volumetric monitoring approach uses a three-dimensional array of detectors (point, beam, or a 
combination thereof) to ensure that a gas cloud cannot exist in the monitored space without contacting a 
sensor. Volumetric monitoring does not consider small releases, which typically result in flash fires or 
minor explosions with no relevant consequences. In applying the volumetric approach, it is irrelevant 
whether the releases originate within or outside of the volume being monitored. 
Fire detection strategies typically rely on volumetric monitoring by flame detectors: these are directional 
devices which detect sufficiently intense flames only in their “field of view”. Heat detectors (e.g. fusible 
plugs) may be also used as a secondary detection technology. 
The effectiveness of a volumetric monitoring F&G system strongly depends on the detector coverage. Two 
definitions of coverage are adopted according to ISA Technical Report 84 (ISA, 2010): 

• Geographic Coverage: this is the fraction of the area, at a given elevation of interest, or the 
fraction of the volume, where a detector array can detect a given target fire or gas cloud. 

• Scenario Coverage: The fraction of all of the hazard scenarios (fires in the case of fire detection, 
and leaks in the case of gas detection) that a detector array can detect. 

Geographic coverage is easier to calculate from limited data, and is only a function of the geometrical 
features. Scenario coverage, on the other hand, requires a complete identification and a detailed 
assessment of the potential hazard scenarios, which may be extremely resource intensive. While scenario 
coverage allows individual detector ranking and optimization, geographic coverage is the only approach 
applicable to early design phases of a plant. Hence, geographic coverage has been considered in the 
development of the following mapping procedure. 
Fire & Gas systems are commonly designed to perform executive actions (e.g. emergency shut down) only 
upon voting of multiple detectors (usually 2ooN), whereas alarms are raised by the activation of only one 
detector (1ooN logic). Coverage targets are to be specified for each logic. Voting provides redundancy of 
the system and robustness against spurious events, thus enhancing system reliability. 

3. Proposed Methodology 

The present methodology provides guidelines for defining F&G coverage requirements and for assessing 
detector layouts. It applies to plant areas where the F&G system has been designed for volumetric 
monitoring (congested areas). The method provides a time-effective and robust way to achieve detector 
estimates in the FEED phase or sensor layout verification in the detail phase. 

3.1 Coverage Assessment for Flammable Gas Detectors  
The main steps of the assessment procedure for gas detectors are shown in Figure 1-(left). 
In the first step, the plant is divided into areas with similar characteristics (e.g. materials present, operative 
conditions, degree of congestion). Each plant area is characterized for hazard potential by calculating the 
consequences of worst case VCE. An estimation of the maximum peak overpressure, P0, of a VCE can be 
obtained by the GAME theory (Mercx et al., 1998), depending on the type of confinement of the area: 
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where VBR is the volume blockage ratio, D is the average obstacle diameter, Sl is the laminar burning 
velocity (material specific) and Lp is the flame path length, assumed equal to the greatest dimension of the 
area. Areas for which the calculated overpressure exceeds 150 mbar are considered hazardous and shall 
be assessed for volumetric detector coverage. The threshold of 150 mbar was assumed according to HSE 
(HSE, 1993) as the lower bound for structural damage from explosions. 
For each hazardous plant area, the risk volume is the volume to be protected by gas detectors; it is also 
the volume considered to assess detector coverage. The risk volume for a plant area is identified by the 
smaller of the following: (i) the volume envelope containing the equipment in the area, with an allowance, 
taken from the outer edges of the equipment, equal to the average separation distance of the units, or (ii) 
the geometric boundary of the area. In any case the vertical extent of the risk volume is determined 
considering the average equipment and structure height in the area and in the immediately neighbouring 
ones: in fact releases above this height disperse harmlessly and jet fires have no structures to impinge on. 
Specific features of the area (e.g. large open spaces) should be also accounted in the definition. 
The characteristic target cloud to be detected is evaluated for each area as the smallest spherical cloud, at 
uniform stoichiometric concentration, that could result in a VCE exceeding 150 mbar. The size of the target 
cloud is predominantly a function of the geometry of the area, since levels of obstruction and blockage 
ratios is well known to govern overpressure from VCEs. While specific studies (e.g. CFD simulations) may 
be required for some applications, the following general recommendations are suggested: (a) for highly 
congested or confined areas (VBR>0.3) consider a spherical cloud of 5m diameter (HSE, 1993); (b) for 
other areas, calculate cloud size by GAME relations (Eq(1) and (2)), assuming a 150 mbar maximum 
overpressure. Hence, a trial gas detector layout is defined considering a detector grid with spacing equal 
to the characteristic dimension of the target gas cloud. 
Risk reduction obtained through a F&G system strongly depends on the volume coverage provided by 
detectors (ISA, 2010), so that specifying a coverage target actually means setting a risk reduction 
objective (DeFriend et al., 2008). While from a theoretical standpoint targets can be specified to achieve 
any desired degree of risk reduction, in practice obtaining a reduction beyond one order of magnitude is 
limited by economic considerations, as evidenced by several authors (see e.g. Gruhn, 2007; Huser et al., 
2004; Wright, 2011). Target coverage can be calculated for a one order of magnitude risk reduction by 
event tree analysis (ISA, 2010). Mariotti (2013) carried out a detailed analysis for a typical O&G plant, 
accounting for factors such as differentiated voting logics for alarm and executive actions, probability of 
failure on demand of the equipment, and human error for manual activation upon alarm. 
Mapping can be practically defined as the calculation of the coverage achieved and the verification of the 
target coverage. For point-type gas detectors, the coverage of each detector is equivalent to a sphere of 
the size of the target cloud to be identified; thus the overall coverage is calculated by considering the 
combined effect of spheres positioned at the detector locations throughout the risk volume. The 1ooN co- 

 

Figure. 1. Flow Diagram of the Flammable Gas Coverage assessment (left panel) and of the Flammable 
Gas Coverage assessment (right panel) 
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average is calculated as the ratio of the volume included in the spheres to the total risk volume. MooN 
coverage is calculated as the ratio of the overlap between the volumes of M spheres to the total risk 
volume. Coverage delivered by open-path type detectors can be assessed in a similar way. 

3.2 Coverage Assessment for Fire Detectors 
The main steps of the assessment procedure for flame detectors are shown in figure 1-(right). There are 
several similarities with the procedure for gas detection. 
In this case, all areas where flammable materials are handled or stored are considered for volumetric 
protection by flame detectors. The project fire, or characteristic fire, to be considered for mapping is the 
smallest fire that can lead to escalation in the area. The following guidelines were identified for 
characteristic fire definition: for pool fires, consider the smaller fire which (a) causes a 37.5 kW/m2 radiative 
flux at a distance from the pool centre equal to half the average spacing between equipment in the area, or 
which (b) has a diameter equal to the average unit spacing; for jet-fires consider the smaller fire which (a) 
has a flame length equal to the average equipment spacing, or which (b) causes a 37.5 kW/m2 radiative 
flux at a distance from the release point equal to the average equipment spacing. The 37.5 kW/m2 value 
for radiation is deemed to be the threshold for escalation due to severe structural damage and failure; 
other referenced values can be used as well (Cozzani et al., 2013). 
Once the project fire has been determined and the most appropriate type of detector has been selected, 
the maximum distance between the fire and the detector can be calculated by the inverse square law, 
according to the method described in NFPA 72 standard (NFPA, 2013): 

2d
kPeS

dζ−

=  (3) 

where S is the radiant power reaching the detector (W), k is the proportionality constant for the detector, ζ 
is the extinction coefficient of air (0.001–0.1m-1), d is the distance between the fire and the detector and P 
is the radiant power emitted by the fire (W) (product of surface emissive power and radiant area of the 
flame). The minimum S for commercial detectors is usually known for fires burning a reference substance 
(e.g. n-heptane); caution should be exerted for generalization to other substances. 
The risk volume is defined for flame detection following the same method defined for gas detection. A trial 
detector layout is created into the volume, by making a hypothesis on the sensor number and position and 
by trying to maximize the floor coverage of the area. 
Target detector coverage is defined by risk-based approaches, as previously discussed for gas detection. 
Typical targets also in this case are equivalent to a one order of magnitude reduction of the risk. 
Coverage at any given point depends on whether there is a line-of-sight from flame surface to the detector 
and whether the fire is within the range of distance and the angle (cone of vision) of the detector itself. 3D 
mapping software performs the required geometric calculations. The desired coverage is achieved by 
iterative layout trial. The causes of poor coverage shall be investigated by analyzing view-cones (e.g. 
incorrect orientation, blockage due to piping and equipment, etc.) and different position of the detectors 
shall be considered. It is not practically possible to account for all possible obstructions in the 3D mapping 
study and detectors might need slight repositioning during the installation phase, though experience has 
shown that moderate repositioning does not invalidate mapping results. 

4. Case Study 

A case study is presented in order to better illustrate the developed procedure and to show its applicability. 
A section of a gas compression facility is considered. Processed streams contain simple hydrocarbons 
from C1 to C10. The plant can be divided into four areas with homogenous characteristics. However in the 
following, only the compressor K.O. drum area is discussed for sake of brevity. 

 

Figure 2: Coverage contour plot at 6m elevation: light grey, 1oo3 coverage; dark grey, 2oo3 coverage 
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4.1 Coverage Assessment for Flammable Gas Detectors 
The K.O. drum area has been first analyzed in order to identify a potential VCE hazard. Considering the 
composition of the reference stream and a VBR of 10 %, the GAME Eq.(1) yields a maximum peak 
overpressure of 227 mbar. Therefore the area is a possible location of VCEs having the potential to cause 
accident escalation and should be assessed for volume monitoring. 
Next, the risk volume for the area is defined drawing a box from the pipe-rack edge to the outermost points 
of the drums for a length of 3 meters, which is the average separation distance between the drum units 
(see Figure 2). The height of the box is equal to the highest of the drums (12 m). 
According to the defined procedure, the target gas cloud to be detected was determined using the GAME 
equation: Eq.(1) for P0 = 150 mbar yields a characteristic cloud diameter, Lp, of 18 m. Common practice for 
detector placement uses a regular grid with constant spacing. Given the characteristic cloud dimension, a 
first trial layout with horizontal spacing of 9 meters was proposed; only one layer of detectors is placed at 6 
m elevation, half the height of the volume. Eight point-source detectors were necessary. 
According to the study by Mariotti (2013) a 90 % target coverage is required for alarm, based on a 1ooN 
voting logic. Executive actions are instead activated on a 2ooN voting logic: the target coverage in order to 
achieve a risk reduction of one order of magnitude has been calculated as 85% for gas detectors. 
Gas Detector 3D mapping was performed by a specifically developed Matlab® code; the proposed layout 
provided a coverage of 100 % for 1oo8 logic and 92.1 % for 2oo8 logic. The trial layout is clearly 
oversized. Moreover spacing detectors on a grid pattern resulted in detectors inefficiently covering space 
outside the risk volume. Therefore a more efficient layout was considered: it relies on the combined use of 
open-path and point detectors (Figure 2). The new layout meets the coverage targets, by achieving a 99 % 
coverage for the 1oo3 logic and 85 % for the 2oo3 logic, while requiring a much lower number of detectors. 
It should be noted that this result was possible because of the relatively simple and small geometry of the 
area and the need to detect a relatively big cloud; meeting coverage targets is more complex and 
demanding in terms of detector number and layout optimization process for more complex process areas. 

4.2 Coverage Assessment for Flame Detectors 
The K.O. drum area handles flammable gases and liquids and should be considered for fire detection. Two 
target scenarios were identified according to the proposed procedure: (i) a three meter long horizontal jet-
fire, and (ii) a 1.4 m diameter pool fire, which causes a 37.5 kW/m2 radiative flux in a 3m circle. The flames 
were modelled by the Phast® code (DNV, 2013) obtaining the following radiant powers: 7.34 kW for the 
jet-fire and 838 kW for the poolfire. Type and model of the detector selected for the application influence 
detection distances and, consequently coverage mapping results. Considering a typical IR flame detector, 
the inverse square law yields characteristic fire view distances of 29 m for the target jet-fire and 39 m for 
the target pool fire. The cone of view of the considered detector has an angle of ±45°. 
Having performed gas mapping, the same reference risk volume previously isolated shall be kept for fire 
mapping as well. The definition of a trial layout for flame detectors is less direct than for gas detectors, 
since line of sight is an issue. The first trial layout was proposed by heuristically trying to maximize floor 
coverage (Figure 3-Left): it consists of 3 flame detectors placed at the upper vertices of the risk volume. 
According to the study by Mariotti (2013) a 90 % target coverage is required for alarm (1ooN voting logic), 
while a 75 % target coverage is set for fire detection on a 2ooN voting logic. For the trial layout, the 3D 
mapping by the developed Matlab® code yields a 93 % coverage for 1oo3 and a 73 % coverage for 2oo3. 
Proposed layout falls short on the 2oo3 requirement and layout optimization is needed. 
An alternative layout was defined relocating one of the detectors in order to obtain a better coverage of the 
area between the drums Figure 3-(right). This new layout resulted in an insufficient 2oo3 coverage (65 %), 
while the 1oo3 coverage was unnecessarily high (97 %). Several other layouts were tested for different 
arrangements of three detectors in the area; unfortunately no layout was able to meet the 2oo3 target. 
Therefore a four-device layout was considered, easily meeting the targets. 

 

Figure 3: Trial (left panel) and alternative (right panel) layout analyzed for fire detector layout (plot at 12m 
elevation). Black, 0ooN coverage; light grey area, 1ooN coverage; dark grey, 2ooN coverage 
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5. Conclusions 

The present study introduces a methodology developed for supporting F&G coverage mapping. The 
methodology is simple enough to be applicable in the Front End Engineering Design phase (FEED), where 
limited data is typically available. The step-by-step methodology considers all of the main aspects which 
define F&G system requirements and which have an impact on detector layout definition. It sets coverage 
targets for detection considering risk reduction goals. It guides the identification of the reference hazardous 
scenarios to be used in gas and flame detection. It provides heuristic criteria for risk volume definition. 
Integration with 3D mapping codes allows for swift coverage calculation, accounting for the voting logic 
considered for the activation of alarms and the mitigation of actions. 
A simplified case study provided a demonstration of the methodology: it was found to be easy and fast to 
apply, and proved itself a valid instrument to assist detector placement and layout assessment. 
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