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EXECUTIVE SUMMARY
Objectives
The Cullen Report into the Piper Alpha disaster (Cullen, 1990) recommended that a temporary
refuge (TR) should be provided on all offshore installations. The TR is required to have a
defined performance standard related to its survivability when exposed to a major accident that
includes, but is not limited to, ingress of smoke, flammable and toxic gas.
Current guidance on risk assessment for TRs focuses on the demonstration of TR integrity. This
can be interpreted as demonstrating that the TR will remain unimpaired for sufficient duration
as to allow corrective action and/or evacuation to be planned in the event of an accident.
A full TR integrity analysis will take into account all possible impairment sources, such as
smoke/gas ingress, thermal load and blast overpressure. The objective of the current project was
to implement a method of performing an impairment analysis for the first of these scenarios –
smoke or gas ingress. Using this method, and the leakage rate determined from pressure tests on
the TR, a dutyholder should be able to demonstrate that the TR integrity will be maintained for
a prescribed duration.
An objective of the project was that the method would be applied to a number of worked
examples and subject to a peer review. This was carried out in conjunction with MMI
Engineering who provided test cases and reviewed the document.
Main Findings
HSE HID Semi-permanent circular SPC/Tech/OSD/30 (“Indicative human vulnerability to the
hazardous agents present offshore for application in risk assessment of major accidents” – HSE,
2010a) provides guidance on the human vulnerability criteria for risk assessment when applied
by the offshore industry to the assessment of major accident hazards and the consequences of
acute exposure in terms of impairment and survivability of persons exposed. Vulnerability
needs to be assessed not only for fatal outcomes, but also where it could seriously affect the
mental or physical performance of personnel, reducing their ability to survive an incident
because of injury or reduced decision-making capability. For this reason the criteria provided in
SPC 30 is considered most appropriate for the evaluation of TR Integrity and endurance.
This report sets out a model for determining TR impairment times based upon leakage data from
pressure testing and using the methods set out in the supporting document to SPC 30 (HSE,
2010b). The method is a staged approach that uses established calculation methods to determine
the air change rate using the pressure test data, the infiltration of gases into the TR and the
physiological effects of these gases.
The method can be implemented in a spreadsheet, but for the purposes of this project was coded
in MATLAB. Verification was carried out on the MATLAB implementation and used to check
that the outputs from the computer model were in agreement with simplified analytical solutions
to the model equations.
A global sensitivity analysis was carried out on the model, to determine the relative sensitivity
of the predicted impairment times to each of the model input factors. The model was found to
be sensitive to factors that affect wind driven infiltration, in particular the wind speed and
direction. For the range of wind speeds tested, thermal or buoyancy effects were found to be
negligible and in practice could be neglected from an analysis. For analyses involving the
infiltration of combustion products, the carbon monoxide (CO) level was found to be influential
and, therefore, the model used to compute the physiological effects of carbon monoxide is
2

potentially important. Three different carbon monoxide models were compared and it was found
that a relatively simple model is adequate, providing that the breathing rate of the TR occupants
is taken into account.
Guidance on human impairment by combustion products also suggests that CO is the dominant
factor. One benefit of this is that the physiological effects are fairly well defined due to the
quantity of test data available from exposure tests. Therefore, impairment times due to CO
exposure should be well defined in comparison to those substances for which little toxicity data
are available, provided that infiltration is correctly predicted.
Analysis of the range of air change rates generated by the ventilation model using a realistic
range of inputs showed that values were typically between 0.1 and 5 air changes per hour, with
the most frequently occurring around 0.4 air changes per hour. Interestingly, the distribution of
air change rates matched the distribution of wind speeds, roughly following a lognormal profile,
confirming that wind driven infiltration dominates. A further analysis was carried out to
determine the range of impairment times obtained for a fixed range of air change rates. The air
change rate was found to be the dominant factor for high values of air change rate. At lower
values, other inputs become important. Low air change rates result in a wider variation of
impairment times than would be obtained at higher air change rates.
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1
1.1

INTRODUCTION

TEMPORARY REFUGE INTEGRITY

The Cullen Report into the Piper Alpha disaster (Cullen, 1990) recommended that a temporary
refuge (TR) should be provided on all offshore installations. TRs are a means of shelter in the
event of a major accident such as an explosion, fire or gas leak. The guide to the Offshore
Installations (Safety Case) Regulations (HSE, 1992) highlights the requirement that
arrangements must be made “for the protection of persons on the installation from hazards of
explosion, fire, heat, smoke, toxic gas or fumes during any period while they may need to
remain on the installation following an incident.” Provision must be made for “facilities within
the temporary refuge for the monitoring and control of the incident and for organising
evacuation.” The criteria for TR design is therefore to not only provide an environment in which
the occupants can survive, but to allow rational decisions to be made in terms of managing an
incident and, potentially, evacuation from the platform (Tam et al., 1996). Consideration of
these requirements forms the first stage in setting performance standards and impairment criteria
for the TR (HSE, 1994).
Initially, Temporary Refuge Impairment Frequency (TRIF) was established as a surrogate for
societal risk offshore, where the focus was on the frequency that impairment would occur.
Recently, the emphasis has changed and integrity demonstration is now driven by consequence
analysis, i.e. the TR must be shown to work for a specific duration. HSE Offshore Information
Sheet 3/2006 states “Previously, the first edition guidance to SCR92 set a quantitative criterion
for Temporary Refuge Impairment Frequency (TRIF) and this implied the need for QRA. This
has now been better aligned with HSE thinking on risk tolerability and the more focused
criterion of Temporary Refuge Integrity (TRI) has been established.”
Temporary Refuge Integrity is “a determination of the survivability of the TR in terms of its
ability to protect the occupants for a specific time period in such a way that they will remain
unimpaired until such a time that they determine a need to evacuate the installation or recover
following a hazardous event.” (HSE Offshore Information Sheet 3/2006). The term
“impairment” can therefore be viewed as a degradation of the atmosphere in the TR such that
personnel are unable to carry out safety related functions. The length of time the TR must
remain unimpaired is dependent on the installation and this is recognised in the regulations. This
must also be taken into account in the design of heating, ventilation and air-conditioning
systems and is set out in BS 15138. This standard recommends that the location and quantity of
air intakes must be set to maximise the availability of a source of breathable air during an
incident. This source of air may be the interior of the TR itself, implying that the most
appropriate action could well be to seal the TR completely.
1.2

IMPAIRMENT SOURCES

The dominant sources of impairment by smoke or gas are leaks and fires and these are
extensively documented in risk assessment guides such as Spouge (1999) and currently HSE
(2010b). Leaks and fires are broadly classified by Spouge (1999) as “hydrocarbon events”
arising from the following sources:



Blowouts – defined as an uncontrolled release of fluid from a well.
Riser/pipeline leaks – leaks in the sections of pipelines leading from the seabed to the
installation.
4



Process leaks – Any leak occurring in the production flow not covered in the above
categories.

Leaks arising outside the production flow are referred to as “non-process” leaks; these typically
involve fuels or lubricating oils. Generally, whatever the source, leaks result in exposure to
hydrocarbon vapours. Whilst these are not specified as toxic, exposure can result in narcosis and
ultimately death (HSE, 2010b) and therefore should be included in the risk assessment process.
Hydrocarbon vapours may present an accumulation problem, or act to displace oxygen resulting
in asphyxiation. Fires may result from the ignition of a process or non-process leak. Fires may
also arise in electrical apparatus or other machinery such as gas turbines. The main source of
impairment from combustion products is carbon monoxide, though other gases such as carbon
dioxide will need to be considered.
1.3

EFFECTS OF RELEASES ON THE TR

In the event of smoke detection, the TR heating, ventilation and air conditioning (HVAC)
dampers are designed to automatically close, leaving the TR as a sealed unit. In practice, it is
not possible to achieve complete air-tightness and various leakage paths exist in the TR fabric
through which contaminants can enter. TR impairment then results from the gradual infiltration
of contaminants and their effects on the occupants. The leakage paths in the shut-down TR can
be classified as either “purpose provided” or “adventitious” (Etheridge and Sandberg, 1996).
These terms are usually used in building ventilation but equally suited to the TR integrity.
Purpose-provided openings are those installed for ventilation and may include windows and air
ducts. They are characterised by having known geometry and dimensions, and therefore more
readily determined flow characteristics. Adventitious openings are all other openings not
purpose provided and can be divided into component openings and background openings
(Etheridge and Sandberg, 1996). Component openings are defined as the gaps in purposeprovided openings, for example around doors. Background openings are all other openings not
covered above and they include porous materials, cable and pipework glands, cracks in walls
etc. The main feature of adventitious openings is that their geometry is unknown and they are
not easily found by inspection. Adventitious openings tend to appear as a result of degradation
as the structure ages. Some of these, for example door seals and cable glands, are easily
remedied through replacement. Openings due to structural movement may be more difficult to
detect.
With the HVAC shut down and all purpose-provided openings closed, driving forces such as
wind and thermal (buoyancy) effects result in a flow through the adventitious openings. For a
given TR volume, V, the flow rate, Q through the openings results in an air change rate, Q/V
(usually expressed as air changes per hour, ACH). New TRs are constructed to a leakage
standard of 0.25 ACH (HSE Offshore Information Sheet 1/2006).
In addition to flow through adventitious openings, risk assessments may also consider the
possibility that the HVAC dampers do not fully close or that some of the external doors of the
TR may be left open. A study of this type was carried out by Deevy and Garrard (2006). Spouge
(1999) refers to several incidents in which doors were wedged open, leading to very high air
change rates despite the fact that the HVAC had shut down. This aspect will be covered as
much by good installation management practice as TR impairment studies.
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1.4

APPLICABLE REGULATIONS AND STANDARDS

HSE Offshore Information Sheet No 1/2006 lists the current regulations covering TR integrity.
These are:


Health and Safety at Work etc Act 1974 – general duties of employers to their
employees.



The Offshore Installations (Safety Case) Regulations 2005 - Management of health and
safety and control of major accident hazards.



Offshore Installations (Prevention of Fire and Explosion, and Emergency Response
Regulations 1995 -Reg. 13 (a & b) - Mitigation of Fires and Explosions; 14(1) - Muster
Areas, etc; Reg 19(1) -Suitability and Condition of Plant.

The dutyholder must be able to demonstrate, through the safety case, that a TR has sufficient
integrity to meet the above legislation (HSE Offshore Information Sheet No 2/2006). As
mentioned previously, this includes the requirement that the TR will remain unimpaired for a
prescribed time. Whilst the air change rate determines the rate at which contaminants are driven
into the TR, the legislation is not prescriptive of a limiting value. It is therefore necessary to be
able to determine an air change rate under shutdown conditions and use this to determine the
accumulation of contaminants.

1.5

REPORT LAYOUT

Section 2 of the report describes calculation methods used to meet the requirements set out in
the above regulations and standards.
Section 3 describes ways of determining a TR air change rate through both measurement and
calculation.
Section 4 sets out a method of calculating a TR impairment time for smoke or gas ingress and
verification exercises for the method.
Section 5 covers global sensitivity analysis of the TR impairment calculation method, which has
been used to identify important parameters in the model.
Appendix A provides example calculations for TR impairment analysis for several gas release
accidents on typical platforms.
Appendix B is a supporting document provided by MMI Engineering giving details of the leak
scenarios used in Appendix A.
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2

CALCULATION METHODS

A detailed risk assessment is used to define the necessary time for which TRI would be required
for those accident scenarios exposing it to levels of explosion overpressure, thermal radiation,
smoke, toxic gas etc. from which it would be required to provide adequate protection and
endurance. Such an assessment enables identification of the key protective systems required for
the TR and thus enables the appropriate performance standards to be set, maintained and
verified against compliance criteria. Current risk assessment best practice for TR integrity
against smoke and gas ingress uses a combination of pressure testing and modelling to
demonstrate compliance with the regulations. A typical approach is carried out in the following
stages (see Deevy and Garrard (2006) or OGP (2010b) for example):


Modelling of the contaminant source (e.g. fire)



Dispersion modelling to determine the transport of contaminant to the TR



Infiltration modelling to relate the interior accumulation of contaminant to the exterior
concentration



Toxic effects modelling to determine the physiological effects of the contaminant

This is shown schematically for a smoke ingress analysis in Figure 1. Fire modelling is used to
determine the composition and concentration of smoke at the source. A dispersion model is then
used to estimate the concentration of smoke over the exterior surfaces of the TR. In the current
project these first two stages are assumed to have been completed and the last two are of
interest, i.e. determining the interior concentration and its physiological effect.
Fire modelling

Determine source
smoke concentration

Smoke transport
model

Determine smoke
concentration
outside TR

TR porosity
Air change rate

Determine smoke
concentration inside
TR

Infiltration model

Physiological
response

Figure 1 Example of impairment analysis process
7

The interior concentration is determined using an infiltration model. The process of infiltration
has been studied extensively for application to building ventilation and many of the same
techniques can be employed to analyse TR integrity. Central to any infiltration model is the rate
at which contaminants are carried into the interior and this is characterised by the air change
rate. However, determining the air change rate is not trivial and has been the subject of
considerable research. The reason for this is that the two main contributors to the air change
rate, namely the TR porosity and the surrounding environmental conditions (wind and weather),
are both poorly defined.
Once the interior contaminant concentration has been estimated, the physiological effects can be
determined using toxicity modelling. The function of the toxicity model is to provide a link
between concentration of contaminant and time. Very often, this process is complicated by fact
that several contaminants are present, and their combined effects must be estimated. The
toxicity modelling in set out in this report is based upon that set out in HSE HID Semipermanent circular SPC/Tech/OSD/30 (“Indicative human vulnerability to the hazardous agents
present offshore for application in risk assessment of major accidents” – HSE, 2010a). This
provides guidance on the human vulnerability criteria for risk assessment when applied by the
offshore industry to the assessment of major accident hazards and the consequences of acute
exposure in terms of impairment and survivability of persons exposed. Vulnerability needs to
be assessed not only for fatal outcomes, but also where it could seriously affect the mental or
physical performance of personnel, reducing their ability to survive an incident because of
injury or reduced decision-making capability.
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3

DETERMINING THE AIR CHANGE RATE

Figure 2 (Liddament, 1986) shows alternative routes to obtaining the air change rate for a
building. Direct measurement techniques, such as tracer gas tests, are discussed in Section 3.3.
These measurements must be made over an extended time period to capture weather dependent
variations in air change rate. For this reason, calculation techniques are employed in which
leakage characteristics and weather data are used as input to predictive models. In building
ventilation, the leakage characteristics are often obtained from tabulated data for standard
fittings such as doors and windows. However, these characteristics may also be obtained from a
whole building pressurisation test and this technique is widely used for offshore modules. The
pressure test gives the air change rate under the test conditions only. The function of the
mathematical model is then to translate the air leakage characteristic under the pressure test
conditions to one that is governed by the weather and geometry of the module.
Calculation techniques
Weather and
terrain data

Air leakage
characteristics

Measurement
techniques
Mathematical
models

Tracer gas methods

Air change
rate

Figure 2 Methods of determining the air change rate, from Liddament (1986)

3.1

TESTING METHODS

At the design stage, building air tightness may be estimated from tabulated data for leakage
areas for various fittings and construction materials (see Liddament (1996) for example). For the
determination of air tightness of the actual fabricated building, however, it is necessary to carry
out some form of test. For a TR, testing is the only practical method due to the higher integrity
requirements over buildings. The most widely used test of air tightness is a pressure or “blower
door” test whereby a fan is used to pressurise an entire building. The blower door refers to the
method of mounting the fan and associated measuring apparatus in a replacement door.
Discussions of the origins of the technique are given in Sherman (1998) and Sherman and Chan
(2004) and HSE guidance on the method as applicable to TRs is given in HSE Offshore
Information Sheet 1/2006. A variation of the blower door test that may be used in a TR is the
“suck and blow” test whereby the air supply and extract system is used to provide the
pressurisation.
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The blower door method essentially involves using the door-mounted fan to set the TR to a
given reference pressure in its sealed-up state (i.e. the state the TR would be in during an
incident). At this reference pressure, the air flow rate through the fan is determined. For most
structures, the nature of the leakage paths means that the flow into and out of the structure may
not be the same for a given pressure, so the test is carried out for both positive and negative
relative pressures. The resulting flow rate at a reference pressure is then denoted, for example,
Q50 for a reference pressure of 50 Pa. The blower door method essentially provides the
relationship between flow rate and pressure, which has been shown to be a non-linear
relationship.
The value of reference pressure may vary according to the application and various values have
been adopted. Testing at higher pressures, for example 50 or 75 Pa, has the advantage that the
measurements are relatively independent of the weather conditions at the time of the test.
Higher pressures may also be representative of wind driven pressures encountered offshore.
Testing at lower pressures, for example 4 Pa, is generally considered closer to typical wind
driven pressures for onshore buildings. The actual test regime may involve testing at a number
of pressures.
3.2

USING BLOWER DOOR DATA

There are numerous ways of using the results of a blower door test. The two main uses are
either to extrapolate the high-pressure test data to other pressures, such as the 4 Pa mentioned
above, or to provide comparisons between structures (such as before/after modification). These
methods are summarised in Charlesworth (1988), Sherman (1998) and Sherman and Chan
(2004). The relationship between the measured flow, Q, and the pressure, P, is often
represented by a power law:

Q  KP n

(1)

where K is the flow coefficient and n is the flow exponent. This formula is not derived from
consideration of the fundamental physical flow behaviour but has been found to give a good
empirical description of the relationship between flow and pressure for houses (Sherman and
Chan, 2004). Other general relationships between flow and pressure have been adopted and are
discussed in Section 4.1.3. The power law may be fitted by making several sets of pressure and
flow measurements. This method allows an extrapolation to be made from pressure test data at
higher pressures to determine representative flow rates at the lower pressures.
An alternative approach to relate Q to P, which is derived from Bernoulli’s equation, makes
use of the Effective Leakage Area (ELA). The concept of ELA assumes that all the various
openings contributing to the total building leakage can be gathered together into a single sharp
edged orifice where the flow is given by:

Q  Cd ELA

2P



(2)

where Cd is the discharge coefficient (which is usually assumed to take a value of 0.6) and ρ is
the air density. By rearranging Equation 2, the ELA can be calculated from known values of P
and Q, and it has historically been evaluated at the reference pressure of 4 Pa. For cases where
the blower-door tests have been conducted at higher pressures, the flow rate can be extrapolated
to a pressure of 4 Pa using Equation 1, and the resulting value used to determine the ELA using
10

Equation 2. An important point is that an ELA calculated using a reference pressure of 4 Pa will
tend to be smaller than an ELA calculated using a reference pressure of 50 Pa. Therefore using
low reference pressures will tend to underestimate infiltration and potentially give nonconservative results.
It is worth noting that, when cast in the form of Equation 1, the flow coefficient K and exponent,
n, are:
0 .5

2
K  Cd ELA   , n = 0.5


(3)

In some cases (Sherman and Chan, 2004) the ELA is defined as the leakage area for unity
discharge coefficient, so that:

Q  ELA

2P



(4)

Alexander et al (1980) show that ELA depends on P and this is the limiting factor in its
usefulness. Despite this, the ELA is often used as a means of comparing air tightness.
An extension to the concept of ELA is the LBNL correction, which makes use of the model
described in Section 3.4.1. The LBNL correction is a means of modifying the measured
flowrate, Q, based upon wind and temperature (buoyancy or stack) effects. The simplified
format shown below is taken from the 2001 ASHRAE Handbook of Fundamentals (ASHRAE,
2001) and is also summarised in Deevy and Garrard (2006). An ELA is first calculated using
Equation 2 where ΔP is a 4 Pa reference pressure and Q is the flowrate at that pressure
(extrapolated from the test data). The modified flow rate, Q’, is then calculated from:

Q'  ELA C S T  CW U 2

(5)

where ΔT is the average indoor-outdoor temperature difference and U is the average local
windspeed. CS and CW are stack and wind coefficients related to the building height and local
sheltering, for which tabulated values are given in ASHRAE (2001). The main attraction of the
LBNL correction is its simplicity in accounting for stack and wind effects, and it has
consequently previously been used in TR ingress studies. However, it should be noted that the
approach was derived for application to housing ventilation, and the stack and wind effects may
differ on offshore modules.
3.3

TRACER GAS TESTS

Tracer gas tests offer a means of determining the air change rate in a building by direct
measurement. The method involves releasing a small amount of inert gas into the interior space
and measuring its concentration as a function of time. The change of tracer gas concentration is
given by:

V

dC
 F  QC
dt
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(6)

where V is the building volume, C is the concentration of tracer gas, F is the source flowrate and
Q is the ventilation air flowrate. Equation 6 can be solved to give the air change rate (Q/V) for
various injection configurations such as constant injection, constant concentration, and decay or
growth (ASHRAE, 2001). The tracer gas used is usually sulphur hexaflouride but other
substances may be considered (Johnson, 2002). Whilst tracer gas methods give a direct
measurement of the air change rate, the value obtained is valid only under the test conditions of
the day. Saunders and Ivings (2003) suggest some difficulty in obtaining reliable measurements
in offshore modules where complex flow paths may occur. However, the method is
straightforward to apply, needing very little apparatus but is not widely used due to the time
needed to carry out the test.
3.4

CALCULATING OR CORRECTING THE AIR CHANGE RATE

Sections 3.1 and 3.3 described two test methods for determining the air change rate and a means
of modifying the measured air change rate to account for wind and stack effects. The following
sections describe two methods of determining the air change rate by calculation. These may be
used as stand-alone techniques or may be supplemented with test data where it is available.
Liddament (1986, 1996) and the CIBSE guide (CIBSE, 2006) summarise these calculation
methods.
3.4.1

LBNL model

The LBNL model (Sherman and Grimsrud, 1980) was developed at the Lawrence Berkely
Laboratory as a means of directly calculating a total air flow rate through a building. The direct
method avoids the need to carry out iterative calculations and was therefore suited to the limited
availability of computing at the time of its development. The LBNL model was briefly
introduced in Section 3.2 as a means of correcting for wind and stack effects. The underlying
principle is that flows arising from wind and stack effects can be separately calculated and then
combined using a process of superposition i.e.:
2
2
QTotal  QWind
 QStack

(7)

Etheridge and Sandberg (1996) classify the LBNL model as a derivative of a purely empirical
model, because it does not involve the solution of the continuity equation. Instead, it is derived
using measurements of building ventilation. The relevance of this type of model is that it has
been shown to capture much of the physical behaviour found in building ventilation (Sherman,
1992). The LBNL model was originally developed to predict the impact of retrofit and other
changes in building envelope using the minimum number of model parameters and therefore
detail was sacrificed for ease of use and simplicity (Liddament, 1986). The LBNL model makes
use of pressure test data (Liddament, 1986) or can be used as a purely predictive tool.
3.4.2

Solving the flow equations directly (network methods)

The widespread availability of computers has made iterative calculation techniques feasible.
Therefore network methods can be employed with little extra effort over the LBNL model. The
method is based on constructing a network of all flow openings into a space and calculating the
flow through each opening based upon its geometry and the driving pressure. The driving
pressure for each opening, Pi, is composed of wind pressure and stack pressure:
12

Pi  Pwind  PStack

(8)

This is the main difference between the LBNL model and network models. In the LBNL model,
the flowrates due to wind and stack effects are added, whereas in network models, the driving
pressures are added. For each opening, the relationship between flow, Qi, and pressure, Pi,
must be determined:

Qi  f (Pi )

(9)

The internal pressure is then iteratively calculated so that the flows through all the openings sum
to zero (or equivalently, the flow in equals flow out):
j

Q
i 1

i

0

(10)

The relationship between flow rate and pressure is usually defined in terms of a flow coefficient
and exponent for each opening (see Equation 1). For building ventilation, tabulated values of
the coefficients and exponents are available for many standard components, e.g. windows and
doors. Network methods can be used for multiple rooms, provided that the flow characteristics
of the connections between the rooms are known. Alternatively, single zone network models
can be constructed in which the interior of the building is approximated as a single, well-mixed
space. Liddament (1996) gives a description of how a network model may be constructed for a
typical building. This method has been employed in the current TR infiltration model and is
described further in Section 4.1.
In calculating wind and stack effects, it is worth noting the approach suggested by British
Standard 5295 (BSI (1991): “a reasonable approximation can be made by calculating the flow
rates expected for the two conditions acting separately and taking the larger to apply to the
combined case.”

3.5

EXISTING INFILTRATION MODELS

AIDA (Air Infiltration Development Algorithm – Liddament, 1996) is a single zone network
model that follows the process described in the previous section. The user defines the number of
openings and provides the flow coefficient and exponent for each opening. If these are not
known for the specific openings, the user may refer to the widely available tabulated data for
standard components. AIDA then calculates an air change rate for the supplied weather
conditions. Deru and Burns (2003) presented a multizone infiltration model that incorporates
measurements of a building’s leakage from blower door tests and measured weather data. The
model uses a measured effective leakage area and the user divides this amongst the surfaces
enclosing each zone. COMIS (Conjunction of Multizone Infiltration Specialists – Feustel, 1998)
is a multizone network model arising from a joint research effort to develop a multizone
infiltration model. COMIS represents building as a number of nodes interconnected by flow
paths which may include purpose-provided and adventitious openings as well as mechanical
ventilation systems. In addition to the ventilation aspect, COMIS may be used to model
contaminant infiltration. Deevy and Garrard (2006) employed this aspect of COMIS in a TR
uncertainty and variability analysis.
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Liddament and Allen (1983) carried out a model validation task on ten infiltration models
ranging from simple single-zone models to more complex multizone models. Some of these
models were purely predictive and others made use of whole building pressurisation tests to
determine an overall leakage rate.
The Continuously Stirred Tank Reactor model (CSTR) is widely used to predict smoke
accumulation in TRs. The name arises from its origins in chemical engineering where it is used
to predict concentrations of species in process tank reactors and assumes uniform mixing. The
CSTR model is essentially Equation 6 – where the three terms account for accumulation,
generation and combined inflow and outflow. The model is not an infiltration model in the
sense that it does not predict the air change rate of a building, but it uses a predetermined air
change rate to determine the relationship between indoor and outdoor pollutant concentrations.
Deevy and Garrard (2006) compared the results from analysis using the fully mixed CSTR
model with multizone modelling using COMIS and multizone modelling using Computational
Fluid Dynamics (CFD). They concluded that the fully-mixed assumption might not be valid
when a TR has complex geometry involving many internal walls and doors.
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4

DEVELOPMENT OF METHOD

This chapter sets out a TR impairment model that describes the infiltration of an external
pollutant into a single-zone TR. The model then calculates an impairment time based upon the
effects of the pollutant on the occupants of the TR. Figure 3 is a schematic showing the stages
of the model and the corresponding sections of the report. The various stages of the model are
as follows:
1. A ventilation model: this uses data from a TR pressurisation test in conjunction with
geometry and weather information to estimate the air change rate for the TR under
shutdown conditions.
2. An infiltration model to determine the accumulation of pollutants over time as a
function of external concentration and the air change rate.
3. A toxicity model to determine the effects of pollutants on the occupants and hence the
impairment time.

Section 4.1

TR porosity

Air change rate

Ventilation model

Pressure test data
Wind effects
Stack effects

Section 4.2

Determine smoke
concentration inside
TR

Infiltration model

Section 4.3
Physiological
response

Toxicity model

Impairment time

Figure 3 Workbook schematic

4.1

VENTILATION MODEL

The ventilation model is a single-zone network model of the type described in Section 3.4.2.
The model assumes that the single zone is fully mixed and that the density within the TR varies
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only with temperature. The ventilation model is not a purely predictive model (such as AIDA)
because it allows for the incorporation of pressure test data. The first stage in constructing the
ventilation model is to obtain expressions for the driving pressures arising from stack
(buoyancy) and wind effects.
4.1.1

Stack effect

Figure 4 shows a representation of a portion of a wall dividing a TR interior and exterior. At
some height, zi, above the ground is an opening.
Exterior

TE
ρE

Interior

z

zi

PE0

TI
ρI

PI0

Figure 4 representation of buoyancy (stack) effects
For any height z, the exterior hydrostatic pressure is given by:

PE  PE 0   E gz

(11)

PI  PI 0   I gz

(12)

and interior:

If the interior is warmer than the exterior, the lower interior density means the exterior pressure
diminishes more rapidly with height than the interior pressure. Thus there is a pressure
difference given by:

P  PE  PI

(13)

For any opening, i, of height zi, the driving pressure is therefore:

Pi  PE  PI  PE 0  PI 0  gzi (  E   I )

(14)

This expression is commonly used to describe buoyancy-driven flows in ventilation networks
(see for example, CIBSE, 2005 and Etheridge and Sandberg,1996). If the interior temperature is
higher than the exterior temperature, the interior and exterior pressure gradients cross at a point
known as the neutral plane, where ΔP =0. The height of the neutral plane depends upon the
relative size of the openings in the flow network. Occasionally, Equation 14 is cast in terms of a
fixed neutral plane height (Feustel, 1998). This is usually done for the purpose of ventilation
system design to ensure outflow from all openings over a certain height.
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4.1.2

Wind effect

Relative to the external static pressure (PE), the pressure caused by wind impinging on a surface
is given by:

PWind 

1
C p  EU W2
2

(15)

where Uw is the local wind speed and Cp is a pressure coefficient. The pressure coefficient is a
geometrical factor to account for the fact that not all of the kinetic energy of the moving air is
converted into a pressure rise. The flow around buildings is complex due to separations over
corners, resulting in negative pressures on the sides and in the wake of the building. Pressure
coefficients have therefore been derived based upon wind-tunnel studies using standard building
geometries and these are often tabulated as average values for each building face for a given
wind direction. (see CIBSE, 2005 and Liddament, 1996). When wind effects are included, the
pressure for an opening becomes:

Pi  PE 0  PI 0  gzi (  E   I ) 

1
C p  EU W2
2

(16)

In some publications (for example, CIBSE, 2005), the wind pressure is given relative to a
reference pressure, Pref , so that:

PWind 

1
C p  EU W2  Pref
2

(17)

The reference pressure must then be subtracted to give:

1
Pi  PE 0  PI 0  Pref  gzi (  E   I )  C p  EU W2
2

(18)

Equation 16 gives the pressure across any opening on any face of a TR, provided that some
information is available on the geometry. This aspect is likely to pose the most difficulty in an
impairment study due to the complex geometries involved in offshore modules. For the purpose
of the sensitivity studies in Section 5, a method of determining pressure coefficients for a given
wind angle has been employed. This is set out in ASHRAE (2001) and shown schematically in
Figure 5. The wind angle, , is given normal to Face 1 and the pressure coefficients for each
face are then determined using Equation 19.



3
1

2
4

Figure 5 relationship of wind direction with simple geometry
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(19)

2

where
Cp(1) = pressure coefficient when wind is at 0
Cp(2) = pressure coefficient when wind is at 180
Cp(3) = pressure coefficient when wind is at 90
Cp(4) = pressure coefficient when wind is at 270
 = wind angle clockwise from normal to wall 1
This method is valid when the longest wall is less than three times the length of the shortest wall
and for low-rise buildings less than three storeys in height. Various modifications to the
pressure coefficients can be made to account for the proximity of the building to adjacent
structures through “sheltering” coefficients, an example of which is given by Allen (1984).
4.1.3

The relationship between flow rate and pressure.

The relationship between flow rate and pressure was introduced in Section 3.2 as a means of
extrapolating measured flow rate data at a test pressure to that at a given reference pressure. The
relationship is also needed to complete the flow network in the current model to calculate the
flow through adventitious and purpose-provided openings:


Adventitious openings: Pressure testing shows that there is a given flow rate at a given
pressure through an unknown number of openings of unknown geometry. These
adventitious openings individually contribute, but only the effect of their sum is known.
Some means is therefore required of apportioning the total leakage at a given pressure
amongst a specific number of openings distributed on the TR faces.



Purpose-provided openings: To account for the possibility that a purpose-provided
opening such as an HVAC damper may fail to operate, or that a door or a window is
broken/left open.

The relationship between flow rate and pressure for various types of openings has been studied
extensively due to its importance in building ventilation. The problem arises from the different
flow regimes in different types of openings and the effect of flowrate on the flow regime. Useful
discussion of the relative merits is given by Colliver et al, (1992) and Etheridge and Sandberg
(1996) as well as Walker et al, (1997).
The power law is a simple approximation, given by

Q  KP n
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(20)

K and n can be viewed as functions of regression only; however, a value of n close to 0.5
indicates turbulent flow through leaks and close to 1 represents laminar flow. The attraction of
the power law is that it has been found to fit test data over a wide range of flow rates. It is
therefore appealing to use when the dimensions of the cracks are not known. The power-law
equation is not dimensionally consistent in that the dimensions of K depend on the value of n
and therefore K is not a true constant. This may be less critical when the equation is used to
extrapolate the flow rate, but it can introduce problems if it is used in a model (for example
Equation 28 in the following Section) as disparate units can arise.
The orifice equation is derived from basic fluid mechanics and therefore has a physical
interpretation for sharp-edged openings with a defined area, A and discharge coefficient, Cd:

Q  Cd A

2P



(21)

The discharge coefficient assumes fully-turbulent flow and does not account for the losses
found in cracks. The application of loss coefficients is also limited to cases where the geometry
of the opening is known. The generalised case of the orifice equation is given in Etheridge and
Sandberg (1996) as:

P  KQ 2

(22)

A quadratic relationship aims to cover both the laminar and turbulent regimes in a single
equation:

P  AQ 2  BQ

(23)

or in terms of pressure (Walker et al. 1997):

Q

 A  A 2  4 BP
2B

(24)

The quadratic equation is a generalisation of the dimensionless crack flow equations described
in Colliver et al. (1992). Whether the power, quadratic or square laws are appropriate depends
on the flow regime and hence the pressure. Thus, it may be that any of the three may be
applicable depending on the conditions. The power law, or a derivative of it, is used by
numerous existing infiltration models such as AIDA, COMIS and several of the models
reviewed in Liddament and Allen (1983). This has led to tabulated values of the flow coefficient
and exponent being widely available for various standard building components (see Liddament
1996). Users can then enter the values for each flow opening for their particular case. The
British Gas VENT model (Liddament and Allen 1983) differs in that it uses an orifice flow
relationship for purpose provided openings and a crack flow type equation for background or
adventitious openings.
4.1.4

Adventitious openings

For the adventitious openings, only the total leakage flow is known from a pressure test (Figure
6) and this must be apportioned amongst a number of assumed adventitious openings distributed
on the faces of the TR. This may be considered as a system of parallel openings. For the
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adventitious openings, a pressure-flow relationship must be chosen which adequately describes
the flow through openings in parallel.

Qi

Qi

Qi

Qi

Qi

Figure 6 parallel outflow during pressure test
Etheridge and Sandberg (1996) noted that if a power-law equation is used for a single opening,
then flow through parallel openings is not generally given by a power law. Similarly, if a
quadratic expression is used for a single opening the combined expression for parallel openings
is not of the quadratic form. Some analysis of flow through cracks in series or parallel is
reported in Colliver et al, (1992) citing the electrical resistance analogy. For the power law:

 1
Q  KP n  
 Rtotal

 n
P


(25)

where Rtotal is the resistance to crack flow. For a parallel path a harmonic average can be
obtained:

1
Rtotal



1
Ri

(26)

were Ri is the flow resistance of an individual flow path. Hence:

K total   K i

(27)

The concept of a combined flow resistance in conjuction with the power law is used by the
Norwegian ENCORE model (Liddament and Allen, 1983). For that model, the overall leakage
is found from a pressure test and the results are apportioned over the various openings in the
building envelope. The flow resistance of each component is determined according to the
relative share of the total leakage passing through that component. Colliver et al. (1992) argue
that the definition of flow resistance being the inverse of the regression coefficient is not valid
and instead propose a resistance based upon the effective leakage area (ELA) as follows:

Rtotal 

1
ELAtotal
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(28)

Hence:

Qtotal 

1

2P

Rtotal



(29)

and

ELAtotal   ELAi

(30)

In other words, the total ELA is calculated and divided amongst the individual adventitious
openings. This approach has been adopted for use in determining the relationship between flow
and pressure for adventitious openings in the current model as follows.
A total ELA is determined from Equations 29 and 30:

ELAtotal 

Qtotal
2P

(31)


where Qtotal is the total flow rate at the reference pressure ΔP determined from the pressure test.
In the current model a reference pressure of 50 Pa has been used. The ELA for each opening is
then:

ELAi 

ELAtotal
n

(32)

where n is the total number of adventitious openings. Thus the total effective leakage area for
the adventitious openings can be apportioned among the various faces of the TR. The flow, Qi
through each adventitious opening (also taking the flow direction into account) is given by:

Qi  sgnP  ELAi

4.1.5

2 Pi



(33)

Purpose-provided openings

Purpose-provided openings are somewhat simpler and can be defined using Equation 21 as the
geometry can be relatively easily determined. Again, the flow direction is taken into account:

Qi  sgnP  Cd A

2 Pi



(34)

Thus a network of adventitious and non-adventitious openings can be assembled and solved for
an internal pressure (Equation 16 PIO) to give no net flow over all openings.
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4.2

INFILTRATION MODEL

The CSTR model was introduced in Section 3.5 as a simple means of calculating the
accumulation of a pollutant over time. However, multiple instances of the CSTR model can be
run with each instance representing a single component of a multi component mixture. The
effects of respiration can then be accounted for through the inclusion of source terms:

V

dC i
 QCe i  QC i  Source i
dt

(35)

Ci is the interior concentration of component i and Cei is the exterior concentration of
component i. Sourcei represents the addition or removal of component i, such as might occur
through respiration where oxygen is replaced with carbon dioxide. The calculation of Sourcei to
include the effects of respiration is covered in Section 4.3.2. The CSTR model is essentially a
mass balance and is commonly cast in the volumetric form above which assumes only small
density changes. This assumption is valid for relatively small pollutant concentrations such as
would cause TR impairment, where the largest proportion of the air is nitrogen.
In a simple model of the infiltration of smoke into a TR, the time to impairment may be
calculated based on exposure to a number of toxic components, including carbon monoxide
(CO) and carbon dioxide (CO2), in addition to the reduction in oxygen (O2) within the TR. In
the model presented below, it is assumed that the summation of the concentration of these
components (CO, CO2 and O2) and that of nitrogen (N2) is unity. In other words, the
concentration of nitrogen in the TR is given by:

C nitrogen  1   Ci ~ nitrogen

(36)

where the subscript i~nitrogen refers to all other components except nitrogen.
4.3

PHYSIOLOGICAL EFFECTS

The effects of smoke or gas ingress may be twofold. Aside from direct toxic effects, indirect
effects may also need to be taken into account. An example of this is carbon dioxide which at
low levels is not particularly toxic. However, it does stimulate breathing which can lead to an
increased uptake of other gases (Purser, 2002).
4.3.1

Breathing rate calculation

The effect of CO2 on respiratory mean volume (RMV) is given by Purser (2002) as:

RMV  exp(0.2496  %CO2  1.9086)

(37)

Where the RMV is usually defined as the volume in litres breathed per minute. This expression
may also be divided by the nominal RMV to give a multiplication factor (VCO2) for uptake of
other gases. A modified version is suggested by Purser (2002), including a slightly increased
nominal breathing rate:

VCO2 

exp(0.1903  %CO 2  2.0004)
7.1
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(38)

The main effect of CO2 is this enhancement of breathing rate and therefore, its main interaction
with other gases is that it increases their uptake rate. The multiplication factor, VCO2, may
therefore be employed in the calculation of the combined effects from exposure to other toxic
substances, and this is shown in Section 4.3.5. The above expressions have been adopted
assuming that ambient CO2 is the controlling factor in breathing rate within the TR.
4.3.2

Calculation of source terms

The source terms in Equation 35 can be determined from the exchange of O2 with CO2 by the
occupants. This exchange process is not straightforward due to the number of physiological
factors that control how O2 is used and CO2 is produced and therefore some simplifications are
required. The respiratory quotient (RQ) is defined as the molar (or volume) ratio of CO 2
exhaled to O2 consumed. It can therefore be used to determine the production of CO2 from an
assumed O2 consumption:

RQ 

CO2 exhaled
O2 consumed

(39)

ASHRAE (2001) suggests that a value of RQ = 0.83 is appropriate for light activity levels. The
amount of O2 consumed depends on a number of factors, but a typical value is given by Altman
and Dittmer (1971) as approximately 4% from an inhaled O2 concentration of 20.9%, giving an
exhaled concentration of 16.9% O2. The source of CO2 per occupant is then:

SourceCO 2  RMV  RQ  %O2 consumed

(40)

The source (or amount exhaled) of O2 is then:

SourceO2  RMV  %O2 inhaled  %O2 consumed 

(41)

Some care is needed using expressions such as Equations 40 and 41, as strictly speaking there
should be a corresponding CO2 reduction (sink) in proportion to the amount breathed in by the
occupants. In practice this can prove problematic, especially at high ambient CO2 concentrations
as the concentration of CO2 being exhaled is fixed. This leads to the occupants reducing the
ambient CO2, rather than adding to it. The approach taken in the current model is therefore to
ignore the CO2 sink so that the occupants always increase the ambient CO2 concentration. This
will tend to slightly overestimate CO2 concentration in the TR.
The sink term for O2 is:

SinkO2  RMV  %O2

(42)

The occupants only modify the proportions of O2 and CO2 in the TR. It is assumed that the
concentrations of other gases such as CO and N2 remain unchanged, as simple correlations for
the absorption of those gases are not available Equations 40 to 42 are then used to calculate the
total source term in Equation 35. Solution of Equation 35 results in a time history of the gases in
the TR and this can be used to determine the direct toxic effects of those gases.
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4.3.3

Toxicity

The effects of smoke and gas ingress are sometimes considered separately. This is due to heat
and visibility effects of smoke that are not present with other gases. However, the effects of
toxicity and oxygen depletion are common to both and can therefore be treated with the same
approaches. Several methods are available for relating the concentration of gases to an
impairment time and these are discussed in a number of documents (HSE, 2010b, OGP, 2010a,
Spouge, 1999). One of the main difficulties presented by assessment of toxic effects is the
uncertainty introduced by a lack of knowledge of dose/response relationships. This is further
complicated by the way in which different substances react within the body. For an irritant, it is
the concentration of that substance that is of most importance. On the other hand, for CO, the
accumulated concentration of carboxyhemoglobin is the limiting factor and this must be related
to an ambient CO concentration (Purser 2002). In many cases, the hazard does not arise from a
single substance but from a combination of substances and synergistic effects need to be taken
into account.
4.3.4

Methods for single substances

The IDLH (Immediately Dangerous To Life or Health) concept arose from setting criteria for
the selection of respirators in the US. The purpose of the IDLH value was to “determine a
concentration from which a worker could escape without injury or without irreversible health
effects in the event of respiratory protection equipment failure” IDLH concentrations are
available for a wide range of substances (see: http://www.cdc.gov/niosh/idlh/intridl4.html).
However, the method is not entirely suitable for use in a TR study as the values are based upon
a 30 minute escape time. At times greater than this, non-conservative results may be obtained.
On the other hand, the values appear significantly conservative when compared with probit or
SLOT approaches (HSE, 2010b).
A related system has recently been developed, primarily in the US, to define levels for rare or
once-in-a-lifetime exposures. The system defines Acute Exposure Guideline Levels (AEGLs)
for numerous chemicals for several intervals between 10 minutes and 8 hours. The system is
applicable to a cross section of society, including vulnerable groups. It could therefore be
argued that the values are overly conservative in comparison to those applicable to an offshore
population (HSE, 2010b).
4.3.4.1

Probit

Probits or “probability units” are a means of relating a fatality rate to a dose. They are
essentially determined by fitting a linear relationship to the logarithm of the concentration-time
(dose) curve:

Y  k1  k 2 ln(C n t )

(43)

where Y is the probit, k1 and k2 are constants and the dose is given by concentration, C raised to
an exponent, n, and multiplied by the exposure duration, t. Values of probits have been
determined corresponding to 1-99.9% fatality (HSE, 2010b). Probits have been widely used for
hazard analysis but it is worth noting that different values have been obtained for the same
hazard, depending on the probit equation fitted (HSE, 2010b).
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4.3.4.2

Toxic load

The toxicity of a given substance in air is influenced by the concentration, C, and exposure time,
t, so that a relationship known as the “Toxic Load” (TL) can be determined (HSE, 2008):

TL  C  t

(44)

Not all substances follow this rule, so the case can be extended to include the toxic exponent, n:

TL  C n  t

(45)

This expression can be generalised to:
T

~
TL   C n dt

(46)

0

~

where C is the instantaneous concentration and T is the total exposure duration. HSE has set
limits of TL, given as Specified Level of Toxicity (SLOT) or Significant Likelihood Of Death
(SLOD). SLOT represents the onset of fatality and is sometimes referred to as LD 1 (1%
fatality). SLOD represents a significantly higher level of toxicity that would typically result in
50% fatality (LD50). The toxic load concept is attractive as a means of relating impairment time
to concentration as it can accommodate time varying concentrations and limits have been set for
a wide range of substances (HSE, 2008). However, at the present time, no values are available
representing levels of toxicity equating to human impairment.
4.3.4.3

Carbon monoxide

Carbon monoxide can be accounted for in a TR impairment analysis using the methods
described above. SLOT, SLOD, Probit and toxic exponent values are available from the various
data sources. Purser (2002) suggests that carbon monoxide is particularly important because:




It is always present in fires, often at high concentrations.
It causes confusion and loss of consciousness.
It is the major ultimate cause of death in fires.

Haemoglobin in the blood has a greater affinity for carbon monoxide than oxygen and results in
the formation of carboxyhaemoglobin (COHb). This reduces the amount of oxygen carried
leading to toxic asphyxia. The accumulation of carboxyhaemoglobin can therefore be viewed as
the equivalent of the dose or Ct product (Purser, 2002). The uptake of CO and accumulation of
COHb is described by the Coburn-Forster-Kane (CFK) equation that was set out in full by
Purser (2002). This equation takes into account many physiological parameters that regulate CO
uptake and therefore has been shown to accurately predict COHb concentration. However,
Purser (2002) noted that the equation is complicated, in part because a cascade of other
equations is required to completely calculate all the input variables. Furthermore, the large
number of constants makes the equation cumbersome to use for one-off calculation purposes.
The equation also requires an iterative solution as some of the input variables also depend on
the COHb concentration being calculated.
Smith et al. (1996) described two derivations of the CFK equation that were aimed at
simplifying it by specifying standard values for some of its variables. The first was issued by the
U.S. National Institute for Occupational Safety and Health (NIOSH) in publication 73-11000
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(NIOSH, 1972). As well as assuming standard values for some of the variables, a further
simplification was made by grouping some of the other variables into two parameters “A” and
“B.” Tabulated values of A and B were then made available for different levels of human
activity (or work effort), to avoid the need to calculate the breathing rate. The U.S. army
adopted a version of the NIOSH equation using some of the assumptions and simplifications
and provided tabulated values for A and B for five different work levels. It is worth noting that
the NIOSH and U.S. army versions of the equations set out in Smith et al. (1996) use slightly
different derivations for A and B. Following findings that the COHb levels were not being
correctly predicted, the U.S. army reissued an updated version of the equation, with a revised
value of the conversion of CO concentration from ppm to mmHg partial pressure (ppm
CO/1403 replaced ppm CO/1316). This revised equation is given in Smith et al. (1996) along
with updated values for A and B as:

%COHb(t )  %COHb( 0) (e t / A )  218(1  e t / A )(

1 ppmCO

)
B
1403

(47)

where %COHb(t) is the COHb concentration at time, t (mins), %COHb(0) is the COHb
concentration at the beginning of the exposure and ppmCO is the ambient CO concentration in
ppm. A and B are constants depending on the activity level (or breathing rate) and are given in
Table 1.
Table 1 Work level coefficients for Equation 47
Work level
1
2
3
4
5

Work effort description
sedentary
light work
heavy work

A
425
241
175
134
109

B
806
1421
1958
2553
3144

For relatively short exposures to high CO concentrations, the relationship between inhaled CO
and COHb level has been found experimentally to follow an approximately linear relationship
(Purser, 2002). Stewart et al. (1973) carried out a series of experiments in which volunteers
were subjected to relatively high CO exposures to give the following relationship:

%COHb  (3.317  10 5 ppmCO 1.036  RMV  t )

(48)

This relationship was based upon durations between 45 seconds and 10 minutes and therefore,
for longer durations, the departure from the linear relationship may be significant.
The implications of using a particular CO uptake model may be significant in terms of time to
TR impairment, partly due to the influence of breathing rate. This can be illustrated in the
following examples where COHb level or dose have been determined for a 1 hour exposure,
using a number of different uptake models. The SLOT dangerous toxic load (DTL) is listed for
carbon monoxide as 40125 ppm.min and the toxic exponent is 1 (HSE, 2008). For a 60 minute
exposure, rearranging Equation 45 gives a concentration of 668.75 ppm and the toxic load for
this concentration over the duration is plotted in Figure 7. The CFK equation set out in Purser
(2002) was also solved, using a breathing rate of 6.8 L/min, corresponding to a sedentary
activity level. The solution is shown in Figure 7 as “CFK.” Two further solutions are shown in
Figure 7, these are: the Stewart equation (Equation 48), also using a breathing rate of 6.8 L/min
and Smith (Equation 47) using work level 1 from Table 1. The CFK equation predicts 10%
COHb from 668.75 ppm and this corresponds to the impairment value suggested by HSE
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(2010b). The Stewart equation predicts a slightly higher COHb concentration, though it is worth
noting that the duration is outside the 10 minutes used in its fitting. The Smith equation predicts
the highest COHb level at just under 14%, with 10% being achieved in 44 minutes. This is in
part due to the need to translate a breathing rate into suitable values for the work level and
therefore values for the constants A and B. In an escape situation, high breathing rates may be
encountered due to increased levels of stress and activity.
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The influence of breathing rate is illustrated in Figure 8. Here the Stewart and CFK equations
have been solved with a slightly increased resting breathing rate of 8.5 L/min and this brings the
result closer to the Smith equation using work level 1. The CFK equation has also been solved
using a breathing rate of 25 L/min corresponding to light work. At this work rate, 10 % COHb
is achieved in approximately 15 minutes – one third of the time compared to when the breathing
rate is 8.5 L/min. Despite its simplicity, the Stewart equation does provide a good
approximation to the full CFK equation. As Figure 8 illustrates, more substantial differences in
time to incapacitation occur through specification of different breathing rates than through the
choice of equation. Further analysis of the use of different CO uptake models is discussed in
Section 5.
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Figure 8 influence of breathing rate

4.3.4.4

Oxygen depletion

Ambient oxygen may be displaced or lost through combustion. This leads to a reduction in
arterial saturation of oxygen and hence symptoms of oxygen depletion, as described by HSE
(2010b). The level of impairment is determined from the concentration of saturated oxygen in
the blood, which is calculated as follows (HSE, 2010b):

SaO2  e (10.50.455%O2 )
where %O2 is the inhaled oxygen concentration, in molar percent.
4.3.5

(49)

Combined effects

Determining the combined effects of several different toxic substances is an area that remains
largely uncertain, due to a lack of information on interactions. Purser (2002) suggests that, for
combustion products, the main factor is incapacitation by CO. When carbon dioxide is present,
its main combined effect is that it stimulates breathing and hence increases uptake of other
gases. For this reason, the inclusion of breathing rate in the CO uptake model is important in
predictions for these two substances. However, the combined effect of other toxic agents is less
certain due to the differing effects on the body. HSE (2010b) and Purser (2002) suggest possible
approaches for combined toxic effects, one being the “fractional effective dose model” (FED),
(Hartzell and Emmons, 1988). In this model, the dose is calculated as a fraction of the limiting
dose for each material and the individual fractions are summed. Incapacitation is assumed to
occur when the sum of the fractional effective doses reaches a value of 1, i.e.
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j

FED  
i 1

TLi
, FED  1
SLOTi

(50)

where there are i substances, TLi is the toxic load for each substance and SLOTi is the limiting
value of toxic load for each substance.
An alternative approach to Equation 50 is to consider limiting concentrations rather than a timeintegrated dose:
j

FED  
i 1

Ci
, FED  1
Li

(51)

where Ci is a function of the concentration for each substance and Li is its limiting value. This
would allow for a single fractional calculation to include, for example, exposure to CO2 and CO,
and oxygen depletion. HSE (2010b) warns that the method can only be considered valid when
the harmful agents considered bring about the same end point, attack the same organ or have a
similar mode of action.
An adjustment to the calculation of FED can made to include the effects of enhanced uptake due
to CO2. Purser (2002) suggests that the multiplication factor, VCO2 (Equation 38) may be used
to multiply the fractional dose for gases whose uptake would increase with breathing. Clearly,
this would not need to be applied for the fractional calculation of COHb, oxygen depletion or
CO2.
4.3.6

Impairment criteria

The toxic effects of smoke and gas ingress are well documented, for example in HSE (2010b),
Spouge (1999), OGP (2010a) and Purser (2002). These sources provide tabulated values of
concentration/dose and effects for numerous substances including CO2, CO and O2-depletion. In
addition to this, an exhaustive list of SLOT/SLOD values is available from HSE (2008). For
substances such as CO, CO2 and O2-depletion, the deleterious effects of increasing levels are
reasonably well known and documented, thus it is possible to make a judgement on what would
constitute an impairment level. For other substances, such as H2S, less information is available,
in part due to the lack of test data. Therefore, there is a greater need to rely on SLOT or probit
values corresponding to 1% lethality and these will tend to be non-conservative in an
impairment analysis where lower limits are of interest.
4.4

SUMMARY OF MODEL EQUATIONS

Table 2 gives a summary of the model equations corresponding to the various stages of the
flowchart in Figure 3 and report Sections.
Table 2 Model equation summary
Stage
Determine air change rate
Determine concentration in
TR
Determine impairment time

Section
4.1
4.2

Equations
16, 28-34
35-36

4.3

37-51
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4.5

IMPLEMENTATION

The model equations set out above were implemented in MATLAB using a 4th order RungeKutta method to solve Equation 35 with 10 second time-steps. The approach taken was to solve
for the interior concentration of gases within the TR and then to calculate a fractional effective
dose and time to impairment. Input into the ventilation calculation was in the form of a
spreadsheet tabulating a basic TR with four walls, ceiling and floor. No flow was assumed to
take place through the ceiling and floor, so that the effect of wind angle was only to modify the
pressure coefficients on the four faces.
4.6

VERIFICATION

Verification is the process of checking that the computer implementation of a model matches its
mathematical basis. Roache (1998) suggests that verification and validation should be carried
out as separate activities and that verification should precede validation. The structure of the TR
impairment model lends itself to verification in three stages, namely; the ventilation aspect, the
CSTR infiltration model and the toxicity model.
4.6.1

Ventilation calculation

A number of simple checks can be used to test whether the ventilation model has been
programmed correctly, which are listed in Table 3. The first case is to specify an opening at the
base and top of the TR and set an internal temperature higher than ambient. Flow then occurs
inwards at the lower opening and out of the upper opening. Similarly, cases can be defined with
openings at the top only and base only. The interior pressure is then calculated from the
buoyancy effects, which depend upon the difference between the internal and external
temperatures. Finally, the effect of wind can be tested by specifying openings facing the wind
and setting the pressure coefficient on that face to be unity. The internal pressure should then
rise to the expected value of the dynamic pressure. The tests listed in Table 3 were carried out
and showed that the ventilation model had been programmed correctly.
Table 3 Verification tests on ventilation model
Wind
None

Temperature
T inside > T outside

None

T inside > T outside

Openings
Openings at base
and top
Opening at base

None

T inside > T outside

Opening at top

U

None

Openings facing wind

Result
Flow in at base and out at
top
Interior pressure > exterior
pressure
Interior pressure < exterior
pressure
Interior pressure =
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1
U 2
2

4.6.2

Infiltration calculation

The implementation of the CSTR infiltration model can be checked by comparing the numerical
solution from the model to an analytical solution for a simplified case. For a single component,
e.g. carbon dioxide only, the exterior concentration is set as ambient and the interior
concentration is set to zero. When there are no occupants (giving zero CO2 source terms), the
solution to Equation 35 becomes:

Ci  Ce (1  e

Qt
V

)

(52)

Similarly, if the external concentration is set to zero and the interior is set at ambient, the
solution to Equation 35 is:

Ci  Ci ( 0 ) e

 Qt
V

(53)

where Ci(0) is the interior concentration at t = 0. This solution is recognisable as the expression
for decay of a tracer gas in an enclosure (ASHRAE, 2001). Figures 9 and 10 are plots of the
solution to Equations 52 and 53 against the numerical solution of Equation 35. It can be seen
that the numerical and analytical solutions match. A further check on the infiltration model is to
set both the interior and exterior substance concentrations at ambient values (0 ppm CO, 385
ppm CO2, 790615 ppm N2 and 209000 ppm O2). For a case with no occupants, the concentration
of each substance should not change throughout the time period, as shown in Figure 11.

Figure 9 Numerical and analytical solution for infiltration of CO2
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Figure 10 Numerical and analytical solution for decay of CO2

Figure 11 Infiltration of air with the same conditions as within the TR

4.6.3

Toxicity model

The calculation of fractional effective dose can be verified analytically for the case of a single
component (e.g. carbon monoxide) using the toxic load model. Combining Equations 46 and 52
gives:
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t

TL  Ce  (1  e

 Qt
V

n

) dt

(54)

0

For a single component only, the fractional effective dose is given by:

FED 

TL
SLOT

(55)

combining Equations 54 and 55 gives:
t

FED 

C e  (1  e

 Qt
V

n

) dt

0

(56)

SLOT

For carbon monoxide, the toxic exponent, n, is one and Equation 56 reduces to:

FED 

Qt


Ve V
C e t 

Q


t




 0

(57)

SLOTCO

Calculation of FED using Equation 57 resulted in the same FED value as obtained by the
numerical solution.
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5

SENSITIVITY ANALYSIS

The TR impairment model set out in the previous sections relies on a number of input
parameters, each of which is subject to some uncertainty or variability. These individual input
uncertainties propagate through the model and lead to an overall uncertainty in model output.
One aim of sensitivity analysis is to determine how the uncertainty in model inputs affects the
overall uncertainty of the output, as described schematically in Figure 12. A second source of
uncertainty arises from within the model itself, from the fact that sub-models (e.g. for toxic
effects) may not correctly represent the underlying physical processes. A second aim is
therefore to understand how potential errors in the model affect the output.

Inputs with
uncertainties

Model

Output with
uncertainty

1
2
…
Figure 12 Schematic of sensitivity analysis
Studying how outputs vary with input variation can also provide an indication of the relative
importance of each input. This can be used to determine the level of precision that should be
attached to setting the value of each input, i.e. resources can be more effectively concentrated on
important inputs. This brings the possibility of model simplification – those inputs which are
deemed insignificant may be removed from an analysis altogether.
Performing a sensitivity analysis is an opportunity to gain further understanding of the
characteristics of a model as the analysis can involve using a model throughout its entire range
of input values. An added benefit of undertaking sensitivity analysis is that errors in a model or
its programming can be identified, because the results may not conform to expected
characteristics. The sensitivity analysis undertaken in the following sections has the benefit that
it can be extended to include the composition of the model itself. The analysis can be set up to
switch between different sub-models, to determine their effect on the overall output.
The type of sensitivity analysis appropriate to the TR impairment model is known as a global
sensitivity analysis. The output uncertainty is apportioned to the input factors, where the inputs
are described by probability distributions (Saltelli et al., 2000). In other words, by setting ranges
for each input, an overall picture of the effect of each input factor on the output is determined.
Monte Carlo methods are a means of generating random input samples and running a model
many times over the full range of conditions, giving a corresponding range in output. This
approach was used by Deevy and Garrard (2006) in a sensitivity analysis of a TR using the
multizone COMIS model. For models that can be executed fairly quickly, the advantage of this
approach is that the inputs are all varied simultaneously, allowing for a much more complete
picture to be gained than would otherwise be obtained by varying only one input parameter at a
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time. The interaction of model inputs with one-another can be assessed and effects can be
quantified by calculating sensitivity indices.
If a model is run many times with each of its inputs varied over a prescribed range, then the
total output variance, V, can be calculated, i.e. there is an overall variance in output Y arising
from variation of each input. The question then arising is: by how much would the total variance
be reduced if we could fix the value of one of the inputs? This implies that the uncertainty in
that input is removed. If input Px were fixed at its mid-point, px then the variance in output
would be:

V Y Px  p x 

(58)

i.e., a new output variance is computed by varying all inputs and fixing one at its mid-point.
However, because Px is, by its nature, uncertain, then it is not always possible to determine what
value it should be fixed at. One way to solve this is to fix Px at each value in its range and
compute a global average (expected) variance over all the values:

E V Y Px 

(59)

The total variance, Vy, can be shown (Saltelli et al, 2004) to be composed of two parts; the
above expected variance (known as the residual) and a main effect:

V y  V E Y Px   E V Y Px 

(60)

The main effect, when normalised by the total variance, results in a sensitivity parameter, Sx:

Sx 

V E Y Px 
Vy

(61)

Sx is referred to as the “first order sensitivity index” and is computed for each input parameter,
Px .The relative size of Sx gives an indication of the importance of each input factor. Not all of
the variance in the output can be accounted for by the individual input factors alone and this is
due to interactions between inputs. An example of this is with the equation for the pressure
difference across an opening (Equation 16). In that equation, one would expect to see some
degree of interaction between the wall pressure coefficient Cp and the wind speed because those
two inputs are multiplied.
The degree of interaction of each input can be obtained by computing the variance with all of
the inputs except for Px held at some fixed value, and Px varied within its range. Any remaining
variance when this is done must therefore be due to the interaction of Px with the other inputs. A
sensitivity measure based upon this is the “total sensitivity index” and is calculated from:
E V Y P x  V y  V E Y P x 

Vy
Vy
where P-x refers to the fact that every input except Px is fixed at some value.
STx 

(62)

Sensitivity indices Sx and STx can be computed using the Monte Carlo method. Sufficient
random samples must be generated for each input factor to adequately cover all of the
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permutations of fixed and varied parameters required by Equations 61 and 62. Consequently, an
extremely large number of model evaluations are required, such that the method is sometimes
referred to as a “brute force” approach. For the sensitivity analysis in the current project, a more
economical method has been adopted to compute Sx and STx.
The Winding Stairs method (Chan, 2000) is a Monte Carlo method that involves generating
random samples for each model input from prescribed ranges. Where the method differs from
that described above is that the inputs are sampled in a fixed, cyclic order in such a way that the
sensitivity indices can be computed from fewer input samples. Therefore fewer model
evaluations are required. The following sections describe the application of the Winding Stairs
method to the TR impairment model.
Not all of the model input parameters were included in the sensitivity analysis initially. The
value of some parameters was known with a good degree of confidence, and so their inclusion
was considered unnecessary. There are advantages in minimising the number of varying
parameters to reduce the overall number of model evaluations. For these reasons, the ambient
pressure and initial air composition within the TR were held at fixed values. Random samples
were generated for all other inputs, as described in Table 4.
Table 4 inputs to sensitivity analysis
Model input
Number of occupants (-)
Flow coefficient (-)
Flow exponent (-)
Wind speed (m/s)
Wind angle (degrees)
TR height (m)
TR floor area (m2)
External temperature (K)
Internal temperature (K)
Area of open damper (m2)
CO concentration in smoke (ppm)
CO2 concentration in smoke (ppm)

Distribution
uniform
uniform
uniform
lognormal
uniform
uniform
uniform
uniform
uniform
uniform
uniform
uniform

Values
1-100
0.01-0.03
0.5-1
see text
-90-90
3-7
10-100
263-283
283-303
0-1
400-31000
82000-118000

For the purposes of the sensitivity study, the TR was defined as a uniform box with equal sides
and with the porosity equally distributed over the four faces. The top and base were considered
sealed. The porosity was specified in the form of adventitious openings at the top and bottom of
each face to give a worst-case scenario for buoyancy driven ventilation. In addition to the
adventitious openings, a single non-adventitious opening was specified in the form of a square
edged opening with variable area on one face. This was added to represent a partially open
damper, with variable area between 0 and 1 m2.
The wind speed distribution was obtained from the wind rose of a typical North Sea platform. A
lognormal distribution (mean 1.97, standard deviation 0.65) was fitted to the wind speed and the
antilog of values drawn from this distribution was then input into the model.
Typical limiting smoke CO and CO2 concentrations were taken from Spouge (1999) for
ventilation- and fuel-controlled gas and liquid fires. Spouge (1999) noted that these values are
very uncertain, mainly due to the uncertainty in ventilation, but that the differences between
different hydrocarbons tends to be small. In all cases the oxygen concentration of the
combustion products was taken to be zero.
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Initially, the 12 inputs in Table 4 were varied. The Winding Stairs method involves setting up
an input matrix of random samples of (r+1) rows by k columns, where k is the number of model
inputs. The total number of model evaluations is r  k. Sufficient evaluations must be carried
out to reduce errors such as negative values of the sensitivity indices, and the necessary sample
size (i.e. the value of r) is selected by trial and error.
The results of the initial analysis are shown in Figure 13. Factors that affect the impairment time
the most are those that control the air change rate. This is expected, since the air change rate is
the rate at which contaminants infiltrate into the TR. Of these factors, the wind speed is the most
important as this dictates the overall flow through openings. The floor area of the TR is also
important as it contributes to the volume that directly affects the air change rate. Varying the TR
height, whilst it contributes to the volume, makes little difference overall in the range tested (3-7
m). Other factors that affect the air change rate are the flow coefficient and exponent, and the
wind angle. It is worth noting, however, that the wind angle will only affect results if the
openings in the TR are not equally distributed over its sides. Inputs that affect buoyancy-driven
ventilation have almost no influence at all. The temperature difference between the interior and
exterior, coupled with the height appear in Equation 19 but contribute very little to the overall
driving pressure in comparison to the wind. If the wind speed were set to very low values, one
might expect to see the buoyancy effects have greater influence. The influence of a damper
failing to close appears to have very little influence and, at first, this appears to be an erroneous
result. However, as the large opening is specified on only one face, it can be seen that very little
additional flow through the TR will take place and therefore its influence on ventilation is small.
The composition of the smoke has a fairly low influence, as does the number of occupants. The
fact that smoke CO level is more important than CO2 level suggests that CO is the dominating
effect, confirming the suggestion of Purser (2002) in Section 4.3.4.3 Adding more occupants
should, in principle, increase CO2 levels and therefore overall CO uptake, but this is likely to be
a higher order interaction and not significant.
The sensitivity analysis was repeated with those inputs deemed to have a small effect removed
and an additional input included in their place. This input was a choice of toxicity model for
carbon monoxide where Option 1 was the toxic load model (Equation 46), Option 2 was the
U.S. Army CFK model (Equation 47) and Option 3 was the Stewart model (Equation 48). The
limiting toxic load used was the SLOT value of 40125 ppm.min (HSE, 2008) and the limiting
value of COHb was 10 % for Options 2 and 3. A uniform probability distribution was used to
choose between the three CO models.
The results of the revised analysis are shown in Figure 14. A noticeable (and expected) change
in the results is that the influence of the wind direction is now insignificant. This is due to the
removal of the damper from one face of the TR in the new sensitivity tests. The porosity is
distributed evenly on all sides and so the wind direction has almost no effect on infiltration
rates. The choice of CO toxicity model has some effect, particularly in terms of its interactions
(total effect). This interaction is likely to be with the CO concentration and to some degree with
the breathing rate, which is governed by the CO2 concentration. Of the three CO models, the
toxic load model could be considered the least sophisticated. The sensitivity analysis was
therefore repeated with this choice removed, to leave the Stewart and U.S. Army CFK models,
with equal probability assigned to each. The results are shown in Figure 15 and the influence of
the CO model is noticeably smaller once the toxic load model option is removed, showing that
there is little difference between using the Stewart or U.S. Army CFK models, despite the fact
that the latter is specified with fixed work rate constants.
All of the input variables show a large degree of interaction (total sensitivities are significantly
greater than first-order sensitivities) and this is to be expected for a non-additive model. The
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wind angle shows an exception to this, where the first-order effect is larger than the total effect.
This is due to the numerical accuracy of the Winding Stairs method where total effects are
predicted more accurately than first-order effects and inputs with very low first-order effects can
be swamped.

Figure 13 initial sensitivity analysis results
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Figure 14 modified sensitivity analysis results using three alternative CO models
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Figure 15 modified sensitivity analysis results using two alternative CO models
As previously noted, the factors that affect the air change rate, such as the wind speed, flow
coefficient and exponent, are of high importance in the overall impairment calculation. A Monte
Carlo analysis was therefore carried out using just the ventilation model to determine the range
of air change rates predicted using the ranges of input factors in Table 4. Only adventitious
openings were considered so that the effect of an open damper was not included. The results for
1000 runs are shown in Figure 16. The ranges of inputs given in Table 4 resulted in a range of
air change rates between 0.1 and 5, with the most frequently occurring being around 0.4 air
changes per hour (ACH).
A further Monte Carlo analysis was carried out to determine a range of impairment times for a
fixed set of air change rates (a form of first-order or main-effect analysis). To do this, the
ventilation model was omitted and replaced with a series of air change rates ranging from 0.1
ACH to 3 ACH. At each air change rate, 1000 runs were carried out varying all other input
parameters. For these runs, a single CO impairment model was used (the Stewart model). The
results from this analysis are shown in Figure 17. The solid line shows the mean impairment
time over the 1000 runs at each air change rate and the error bars show the maximum and
minimum impairment times. The impairment time is mainly governed by air change rate for
higher values of air change rate and other inputs have lower influence. At lower air change
rates, the influence of other variables becomes important so that predicted impairment times
vary by approximately a factor of 3. The previous steps in the sensitivity analysis showed that
the TR floor area (and hence volume) is important and this directly influences the air change
rate (Q/V). However, this value could be considered to be fairly certain from measurement, and
therefore the analysis was repeated with a fixed TR volume of 300 m3. The results, shown in
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Figure 18, display lower spread at lower air change rates; impairment times vary by a factor of
approximately 3 at 0.1 ach. The results do serve to illustrate that, at low air change rates,
considerable variations in impairment time can result from uncertainty in remaining variables.
Therefore, a low air change rate does not always guarantee high impairment times.

Figure 16 Distribution of air change rates

Figure 17 Effect of air change rate on impairment time
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Figure 18 Effect of air change rate on impairment time (fixed TR volume)
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6

SUMMARY AND CONCLUSIONS

Current guidance on risk assessment for offshore temporary refuges focuses on the
demonstration of TR integrity rather than the determination of an impairment frequency. TR
integrity can be interpreted as demonstrating that the TR will remain unimpaired for sufficient
duration as to allow corrective action and/or evacuation to be planned in the event of an
accident.
Part of TR integrity demonstration is that a pressure test is carried out to give an indication of
the level of leakage of the TR. A limiting leakage rate is not prescribed other than for new build
TRs so that the function of the pressure test is to feed in to further analysis. Thus a dutyholder
should be able to demonstrate that a TR with a specific leakage rate is able to maintain integrity
for a prescribed duration.
This report sets out a model for determining TR impairment times based upon leakage data from
pressure testing and using the methods set out in the supporting document to SPC 30. The
method is a staged approach that uses established calculation methods to determine the air
change rate using the pressure test data, the infiltration of gases into the TR and the
physiological effects of these gases.
The first stage of the method is a natural ventilation model that can be used in conjunction with
measurements from the pressure test to give an air change rate for the TR which accounts for
wind and temperature effects. The calculated air change rate is used to determine the infiltration
of gases into the TR using the CSTR model that assumes the TR is a single zone and fully
mixed. Once the evolution of gas concentrations in the TR is known, this is used to determine
the physiological effects leading to a TR impairment time.
The method can be implemented in a spreadsheet, but for the purposes of this project was coded
in Matlab. Verification was carried out on the Matlab implementation and checks were
performed to ensure that the outputs from the computer model were in agreement with
simplified analytical solutions to the model equations.
A global sensitivity analysis was carried out on the model to determine the sensitivity of the
predicted impairment time to each of the model input factors. The model was found to be
sensitive to factors that affect wind-driven infiltration, in particular the wind speed and
direction. For the range of wind speeds tested, thermal or buoyancy effects were found to be
negligible and in practice could be neglected from an analysis. For analyses involving the
infiltration of combustion products, the carbon monoxide level is influential and, in addition, the
model used to compute the physiological effects of carbon monoxide is important. Three
different carbon monoxide models were compared and it was found that a relatively simple
model is adequate, providing that the breathing rate of the TR occupants is taken into account.
Guidance on human impairment from exposure to combustion products suggests that CO is the
dominant factor. However, one benefit of this is that the physiological effects are fairly well
defined due to the quantity of test data available from exposure tests. Therefore, impairment
times due to CO should be well defined in comparison to those substances for which little
toxicity data are available.
Analysis of the range of air change rates generated by the ventilation model showed that values
were typically between 0.1 and 5 air changes per hour, with the most frequently occurring
around 0.4 air changes per hour. Interestingly, the distribution of air change rates mirrored the
distribution of wind speeds, roughly following a log-normal profile, confirming that wind
driven infiltration dominates. A further analysis was carried out to determine the range of
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impairment times obtained for a fixed range of air change rates. The air change rate was found
to be the dominant factor for high values of air change rate. At lower values, other inputs
become important.
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APPENDIX A – CASE STUDIES

This Appendix describes the application of the TR impairment model to a number of test cases.
The test cases are taken from the document “Data Review for Input to TR Study” prepared by
MMI Engineering and included in full in Appendix B. The details of the installations are
repeated here for reference.
8.1

EXAMPLE INSTALLATION 1

This platform comprises a steel jacket with an integrated production, drilling and quarters
facility processing hydrocarbons from three fields. The process system includes separation, gas
dehydration, gas sweetening, gas compression and oil and gas export facilities. The maximum
personnel on board (POB) is currently 120. The Temporary Refuge on the installation does not
have a designated design ventilation rate within its performance standard and thus the operator
has adopted the ventilation rate of 0.35 ACH provided in HSE guidance. The approximate
volume of the TR is 21553 m3 consisting of an accommodation module, muster area, control
room, three other rooms and two stair towers.
8.2

EXAMPLE INSTALLATION 2

This platform is a single steel jacket structure and processes hydrocarbons from four fields. The
platform has facilities for separation, gas compression, gas dehydration and oil & gas export.
The maximum POB is currently 116 persons. The Temporary Refuge on the installation does
not have a designated design ventilation rate within its performance standard and thus the
ventilation rate of 0.35 ACH provided in HSE guidance has been adopted by the operator. The
gross volume of the TR is 6017.6 m3. This TR comprises of the majority of an accommodation
module, muster area, a control room and stair tower. The HVAC is self-contained with gas and
smoke detection at the intakes.
8.3

EXAMPLE INSTALLATION 3

This is a bridge linked installation with facilities for separation, gas compression, gas treatment
and oil and gas export. The current maximum POB is 120 persons. The temporary refuge
comprises of an accommodation module, a control room and several other rooms. The
approximate gross volume of the TR, taken from layout drawings is 22524 m3. The ventilation
rate of 0.35 ACH provided in HSE guidance is adopted for this installation.
8.4

EXAMPLE INSTALLATION 4

This installation is a Floating, Production, Storage and Offloading (FPSO) facility processing
oil from four fields. The current maximum POB is 130. The accommodation module and the
control room serve as the temporary refuge on this FPSO. The ventilation rate of 0.35 ACH
provided in HSE guidance is adopted for this installation. The approximate gross volume of the
TR, taken from layout drawings (without the application of a congestion factor), is 13979 m3.
8.5

MODEL APPLICATION – GAS RELEASES

Five test cases have been run, consisting of four methane releases and one methane and
hydrogen sulphide (H2S) release. In all cases, an air change rate has been provided or assumed
and this has been used to determine an initial impairment time. For the analysis, the ventilation
model (Section 4.1) was not therefore used. Each of the five test cases was firstly run for a range
of steady state fixed duration releases corresponding to a range of leak sizes. Cases 1, 2 and 3
were additionally run with time varying “pseudo transient” release rates.
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Equations 35 and 36 were used to model the infiltration of a multi-component mixture, using
the following initial conditions in the TR:

Table 5 Initial conditions in the TR
Substance Initial concentration (ppm)
O2

209000

CO2

385

CH4

0

N2

790615

Concentration and time histories for each period were then determined and used in the
calculation of the toxic effects and fractional effective dose. Methane is not considered
particularly toxic, and its main effect is to displace oxygen (HSE, 2010b). Therefore the
fractional effective dose (FED) for the methane releases was calculated using Equation 51 as
follows:

FED 

TLCO 2
Drop in SAO2

SLOTCO 2
10

(63)

where SLOTCO2 is 1.51040 ppm8.min and is used as the impairment level for CO2.
For the single case with both methane and hydrogen sulphide, the increased uptake of hydrogen
sulphide due to enhanced respiration (VCO2) has been included:

FED 

TLCO 2
TLH 2 S
Drop in SAO2

 VCO2 
SLOTCO 2 SLOTH 2 S
10

(64)

where SLOTH2S is 21012 ppm4.min.
In addition to the effects of toxicity and oxygen depletion, flammability needs to be taken into
account for ingress of methane. For this, a separate calculation has been used to compare the
methane concentration with a limiting value of 50% of the lower explosive limit (LEL):

FLEL 

%CH 4
0.5  LEL CH 4

(65)

The value of 50% LEL is suggested by HSE (2010b) and is usually used to account for
fluctuations in concentration within dispersing gas clouds (Webber, 2002). The value of 50%
LEL is likely to be conservative, as instantaneous fluctuations within the dispersing cloud will
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be damped to some extent by infiltration and mixing within the TR. Impairment occurs when
FED = 1, or when FLEL = 1.
For the pseudo transient releases, the time varying external conditions were accounted for by
solving Equations 35 and 40 to 42 for each time period, using the internal concentration values
as initial conditions for the next time period. The fractional effective dose and flammability
were then computed based on the summed internal concentration profiles.
Results of the five steady state analyses are shown in Figures 19 to 23. Internal gas
concentrations are shown on the left axis whilst FED and FLEL are shown on the right axis.
Results are shown for the minimum of 2 hours, or the release duration. In all cases, using the
supplied air change rates results in the TR remaining unimpaired throughout the release period.
The long duration methane releases from the small hole sizes are not of sufficient concentration
to cause significant oxygen depletion. A further factor is that the TR volume in all cases is fairly
large, so that sufficient oxygen remains to give a survivable atmosphere for a considerable time.
The single case containing hydrogen sulphide, although resulting in a higher fractional effective
dose, does not cause impairment over the release duration. The hazard of ignition is greater than
the effects of toxicity/oxygen depletion in case 3, for the 30 mm hole, due to high methane
concentration toward the end of the release period. Methane concentrations sufficient to cause
ignition do not necessarily result in sufficient oxygen depletion to cause asphyxiation.
Results for the pseudo transient cases are shown in Figures 24-26. In all cases, the internal gas
concentration rises sharply but does not rise to a level that would cause a flammability risk or
result in significant oxygen depletion. For the drilling gas compression release, the composition
of gas (Tables 10-12 in Appendix B) makes very little difference to the TR impairment
calculation.
The gas release cases do not result in CO2 levels being elevated far above ambient levels and
therefore, for these cases, impairment by CO2 is not a significant factor. If CO2 levels were of
concern it would be necessary to examine the application SLOT which could lead to nonconservative impairment times, as discussed in Section 4.3.6

8.6

MODEL APPLICATION – SMOKE CALCULATION

In addition to the gas releases described in the previous Section, a jet fire smoke ingress analysis
has also been performed for a worst case jet fire scenario set out in Section 7 of Appendix B. Jet
fire calculations were performed on four leak diameters giving smoke CO and CO2
concentrations at the TR. As before, internal concentration and time histories were calculated,
along with a fractional effective dose as follows:

FED 

TLCO 2
%COHb Drop in SAO2


SLOTCO 2
10
10

(66)

where %COHb has been evaluated using Equation 48 and the limiting value of 10% has been
taken from SPC 30 (HSE, 2010b). A first smoke ingress calculation was carried out in which
the smoke plume was assumed to have entrained ambient air. Therefore the proportion of the
plume not composed of CO and CO2 was taken to be 20.9% oxygen. In this case, shown in
Figure 27, none of the leaks caused impairment within two hours (or the leak duration if
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shorter). A second calculation was carried out where the proportion of the plume not composed
of CO and CO2 was assumed to contain no oxygen and the results are shown in Figure 28. It can
be seen that impairment occurs rapidly, and this is largely due to oxygen deficiency. Some care
needs to be taken in this case as the equation for saturated oxygen (Equation 49) will quickly
fall outside its limit of application and give extremely large fractional effective doses. The
required air change rate to give a time to impairment of 30 minutes was computed for this case,
giving 0.28 ach. The results are shown in Figure 29.
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Figure 19 Case 1, installation 1; hole in molecular sieve absorber
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Figure 20 Case 2, installation 1; hole in separator

54

Figure 21 Case 3, installation 2; hole in drilling gas compression unit

55

Figure 22 Case 4, installation 3; hole in mercury removal package and sweet gas KO drum

56

Figure 23 Case 5, installation 4; hole in gas dehydration package

57

Figure 24 Case 1, installation 1 transient release

Figure 25 Case 2, installation 1 transient release

58

Figure 26 Case 3, installation 2 transient release

59

Figure 27 Jet fire calculation smoke ingress – smoke plume containing oxygen

60

Figure 28 Jet fire calculation smoke ingress – smoke plume oxygen deficient

61

Figure 29 Jet fire calculation smoke ingress – smoke plume oxygen deficient with 0.28 ach.
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1.0 INTRODUCTION
The Health and Safety Laboratory (HSL) is currently developing a methodology for the Health and
Safety Executive (HSE) to determine an appropriate air change rate for Temporary Refuges on a
platform/hazard specific basis. MMI Engineering Ltd. (MMI) is acting as peer reviewer for the Health &
Safety Laboratory for this project and has the further role of providing industry expertise and data.
This technical note has been prepared by MMI following a review of currently held information in order
to provide the HSL with data to test their model.
This note provides the following information for some selected installations:


Current maximum personnel on board (POB)



Overall volume of the Temporary Refuge (TR)



TR design considerations



Hazards close to the TR including data on the inventories, pressures, leak frequencies and
distance to the TR



A PHAST calculation for each TR for an example inventory, using a composition of methane,
to show



o

typical gas concentrations at the exterior of the TR;

o

jet fire data including flame length and thermal radiation levels at the TR.

Additional PHAST calculations which provide the above data for the following compositions:
o

80% methane, 20% ethane by mass

o

50% methane, 50% butane by mass

In addition to this the note contains TR test data for several installations.

2.0 PEER REVIEW STATEMENT
2.1

Peer Review

MMI Engineering Ltd (MMI) has peer reviewed the work carried out by the Health and Safety
Laboratories (HSL) in this work for HSE on “Modelling smoke and gas ingress into offshore temporary
refuges”. The peer review has comprised a number of meetings between HSE/HSL/MMI:


to determine the scope and direction of the work;



to provide Oil & Gas industry context and data;



to review the methodologies and final report put forward by HSL; and



to ensure the methodologies produced by HSL are in agreement with a recently published
document from the Energy Institute to define a standard TR integrity test methodology.

From this peer review, MMI confirms that the methods put forward by HSL to model smoke and gas
ingress into offshore are appropriate and represent current practices in this area.

2.2

Energy Institute Guidance on TR Testing

MMI authored the Energy Institute (EI) document: “Guidance on Integrity Testing for Offshore
Installation Temporary Refuges” will be published in 20013 with ISBN number 085293 644 3. This
document defines a test method for offshore operators to determine the leakage air change rate and
hence the integrity of a TR. The peer review has ensured that the HSL modelling methodology and EI
test methodology provide complementary guidance.
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One important point to note however, is that the HSL report in Section 3.2 describes extrapolation of
air leakage rates measured at differential pressures of around ΔP = 50 Pa to determine leakage rates
at lower values, typically 4 Pa. This is not recommended in the EI document as it is typically applicable
to buildings which require a certain amount of leakage to maintain air quality, and not TRs, which in
general should have as little air leakage as possible.

2.3

Mitigating Model Sensitivity

The sensitivity tests described in Section 5 of the HSL document are important as they show that
factors determining the air change rate have the greatest significance to the model accuracy and
therefore the accuracy of the TR integrity and survivability assessment. Any approach in which the
dependence on a “modelled” or “assumed” value of air change rate is reduced would be valuable –
e.g. by measuring the air change rate rather than assuming it.
A robust approach for offshore duty holders to adopt would be as follows:


Carry out TR integrity test measurements following the EI guidance to determine the TR’s
actual air leakage rate.



Use the measured air leakage rate with the models described by HSL for infiltration (Section
4.2) and toxicity (Section 4.3) to determine the TR’s survivability with regard to the hazards
present on the particular installation.



Use the ventilation model (Section 4.1) only where there is no pre-existing measured data for
air change rate; for example when a TR is initially designed; or when modifications to the TR’s
fabric are proposed.

2.4

Data Scenarios

To assist HSL in developing and verifying the models, MMI provided sample data for hydrocarbon
leaks and jet fires on a range of offshore installations; this data is summarised in the following
Sections.
Note that the data has not included oil fires: in gas fires, combustion is often complete (dependent on
the amount of ventilation), but in oil fires this is not usually the case. Oil fires have the potential to
generate significantly larger amounts of CO with the consequent potential reduction in survivability
times. Hazards from oil fires should be taken into account by duty holders where appropriate.

2.5

Verification & Validation

MMI has not carried out any independent verification of the models developed by HSL. MMI has not
attempted to validate the HSL work.

3.0 METHODOLOGY
The following methodology was adopted to collect information:
1. Review of currently held information including safety cases, QRAs and performance standards
where available.
2. Extract and compile inventory data from selected installations. The installations were selected
with the aim of providing a variety of typical installations.
3. Calculation of the distance from the centre of each hazardous inventory to the centre of the
TR.
This was based upon equipment layout drawings and structural drawings and is a line of
sight distance. In the case that an isolatable inventory contained several pieces of
equipment a representative location was selected for the position of the leak.
4. PHAST modelling of an example inventory.
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The release was assumed to be a simple line-of sight release. That is, the gas
concentration was calculated from a jet release assuming no obstacles between the TR
and the release point. This assumption is likely to lead to conservative results as in reality
there will be obstacles in place which will impede the flow of gas to the TR.
5. Extract and compile temporary refuge test data for multiple installations (Note: This is not
necessarily taken from the same installations for which the inventory data was compiled).

4.0 DESCRIPTION OF SELECTED INSTALLATIONS
4.1

Example Installation 1

This platform comprises a steel jacket with an integrated production, drilling and quarters facility
processing hydrocarbons from three fields. The process system includes separation, gas dehydration,
gas sweetening, gas compression and oil and gas export facilities. The maximum POB is currently
120. The Temporary Refuge on the installation does not have a designated design ventilation rate
within its performance standard and thus the operator has adopted the ventilation rate of 0.35 ACH
3
provided in HSE guidance. The approximate volume of the TR is 21553 m consisting of an
accommodation module, muster area, control room, three other rooms and two stair towers.

4.2

Example Installation 2

This platform is a single steel jacket structure and processes hydrocarbons from four fields. The
platform has facilities for separation, gas compression, gas dehydration and oil & gas export. The
maximum POB is currently 116 persons. The Temporary Refuge on the installation does not have a
designated design ventilation rate within its performance standard and thus the ventilation rate of 0.35
ACH provided in HSE guidance has been adopted by the operator. The gross volume of the TR is
3
6017.6 m . This TR comprises of the majority of an accommodation module, muster area, a control
room and stair tower. The HVAC is self-contained with gas and smoke detection at the intakes.

4.3

Example Installation 3

This is a bridge linked installation with facilities for separation, gas compression, gas treatment and oil
and gas export. The current maximum POB is 120 persons. The temporary refuge comprises of an
accommodation module, a control room and several other rooms. The approximate gross volume of
3
the TR, taken from layout drawings is 22524 m . The ventilation rate of 0.35 ACH provided in HSE
guidance is adopted for this installation.

4.4

Example Installation 4

This installation is a Floating, Production, Storage and Offloading (FPSO) facility processing oil from
four fields. The current maximum POB is 130. The accommodation module and the control room
serve as the temporary refuge on this FPSO. The ventilation rate of 0.35 ACH provided in HSE
guidance is adopted for this installation. The approximate gross volume of the TR, taken from layout
3
drawings (without the application of a congestion factor), is 13979 m .
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5.0 INVENTORIES
This section details the process inventories nearest to the TR on each of the example installations. The distance is a direct line of sight distance from the
centre of the inventory to the centre of the TR.

5.1

Example Installation 1

Inventory

Operating
Pressure
(barg)

Amine Filter Separator

Leak Frequency by hole size

Temp
(°C)

Gas
Mass
(kg)

Gas
Volume
3
(m )

3 mm

10 mm

30 mm

100 mm

Total

Distance
to TR

43.3

46

83

1.55

4.00E-02

1.34E-02

6.07E-03

2.98E-03

6.25E-02

59

Amine Contactor

48

53

2132

41

4.00E-02

1.34E-02

6.07E-03

2.98E-03

6.25E-02

47

Dehydration Inlet Gas
KO Drum

112

29

170

1.13

2.69E-02

7.78E-03

4.77E-03

3.98E-03

4.35E-02

58

Dehydration Filter
Separator

112

29

168

1.11

2.69E-02

7.78E-03

4.77E-03

3.98E-03

4.35E-02

55

Molecular Sieve
Absorber

111.4

29.4

4073

27.59

4.00E-02

1.25E-02

6.63E-03

3.86E-03

6.30E-02

59

Molecular Sieve
Absorber

111.4

29.4

4073

27.59

4.00E-02

1.25E-02

6.63E-03

3.86E-03

6.30E-02

60

Turbo-Expander
Scrubber

107.2

-4.4

674

3.22

2.33E-02

6.41E-03

3.74E-03

3.24E-03

3.67E-02

48

Low Temperature
Separator

39.8

-39

364

7.21

2.14E-02

6.44E-03

4.14E-03

3.35E-03

3.53E-02

53

Demethaniser Column

2706

-47

550

16.02

2.48E-02

7.64E-03

4.57E-03

2.91E-03

3.99E-02

60
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Inventory

Operating
Pressure
(barg)

Amine Gas Contactor

Leak Frequency by hole size

Temp
(°C)

Gas
Mass
(kg)

Gas
Volume
3
(m )

3 mm

10 mm

30 mm

100 mm

Total

Distance
to TR

45.5

78

2625

51.42

4.00E-02

1.34E-02

6.07E-03

2.98E-03

6.25E-02

62

Inlet Filter Separator

46.4

43.9

63.7

1.06

3.24E-02

1.10E-02

4.11E-03

2.50E-03

5.00E-02

58

Separator

9.67

71

82

7.69

1.61E-02

5.32E-03

2.27E-03

4.67E-04

2.41E-02

40

Separator

9.67

71

389

43

1.35E-02

4.40E-03

1.96E-03

1.07E-03

2.10E-02

36

Separator

9.67

71

114

11

1.65E-02

5.44E-03

2.29E-03

5.36E-04

2.47E-02

40

Separator

123.1

65.6

30

3.05

-

-

-

-

-

56

1st Stage Suction
Drum

48.3

46

106

1.91

9.95E-02

3.48E-02

1.52E-02

9.32E-03

1.59E-01

45

2nd Stage Suction
Drum

45.2

26

343

6.61

1.01E-01

3.56E-02

1.56E-02

9.03E-03

1.62E-01

45

Amine KO Drum

47.8

52.6

375

7.21

4.00E-02

1.34E-02

6.07E-03

2.98E-03

6.25E-02

41

Fuel Gas Surge Drum

20.1

30

208

11.23

-

-

-

-

-

45

1st Stage Discharge
KO Drum

45.5

45.9

127.6

2.12

1.69E-02

4.95E-03

2.46E-03

1.82E-03

2.61E-02

50

2nd Stage Suction
Scrubber

55

80

115.7

2.2

1.01E-01

3.56E-02

1.56E-02

9.03E-03

1.62E-01

53

Slug Suppression
Vessel

11

67

130.9

10.54

2.27E-02

6.59E-03

4.08E-03

2.85E-03

3.63E-02

46

Table 1: Installation 1 Inventories
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5.2

Example Installation 2
Leak Frequency by hole size

Operating
Pressure
(barg)

Gas
Volume
3
(m )

3 mm

10 mm

30 mm

100 mm

Total

Train 1/2 to Gas Compression
(pipework)

17.7

1.1

1.10E-03

3.50E-04

1.90E-04

n/a

1.64E-03

29

Train 1/2

17.2

67.84

2.87E-02

8.60E-03

3.74E-03

2.27E-03

4.33E-02

29

Gas Dehydration

113

9.01

1.02E-02

3.30E-03

1.30E-03

5.49E-04

1.53E-02

51

Separator & HIPPS

56

4.99

1.51E-02

5.54E-03

2.01E-03

4.40E-04

2.31E-02

45

1st/2nd Stage Compression

4

1.93

0.00145

5.01E-04

2.35E-04

1.16E-04

2.30E-03

49

18

1.28

1.94E-03

6.75E-04

3.07E-04

1.16E-04

3.04E-03

49

Gas Dehydration

55

3.16

1.41E-02

4.78E-03

1.56E-03

4.01E-04

2.08E-02

48

Gas Dehydration

113

1.1

4.29E-03

1.59E-03

3.99E-04

1.88E-04

6.47E-03

41

Cold Separator

18.8

9.65

5.80E-02

1.60E-02

7.00E-03

2.20E-03

8.32E-02

26

Train 1/2 to Gas Compression
(pipework)

17.7

1.1

4.61E-03

1.53E-03

6.25E-04

2.10E-04

6.98E-03

24

Train 1/2

24.1

67.84

7.49E-02

2.50E-02

8.96E-03

4.21E-03

1.13E-01

16

Gas Dehydration

113

1.1

6.84E-03

2.38E-03

6.95E-04

4.07E-04

1.03E-02

23

Inventory

1st/2nd Stage Compression
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Gas Compression

36.6

85.34

8.80E-02

3.10E-02

1.03E-02

3.19E-03

1.32E-01

20

Gas Compression

38.3

85.34

9.30E-02

3.32E-02

1.14E-02

3.85E-03

1.41E-01

20

Gas Dehydration

112.1

9.01

1.72E-02

5.53E-03

2.36E-03

9.40E-04

2.60E-02

41

Separator & HIPPS

56

4.99

6.76E-03

2.42E-03

7.88E-04

1.94E-04

1.02E-02

44

1st/2nd Stage Compression

4

1.93

1.32E-02

5.26E-03

1.30E-03

7.94E-04

2.06E-02

47

1st/2nd Stage Compression

20

1.28

2.28E-02

8.98E-30

2.59E-03

1.37E-03

2.68E-02

47

Gas Dehydration

56

3.16

7.74E-03

2.35E-03

8.66E-04

2.17E-04

1.12E-02

47

1st/2nd Stage Compression

20

1.28

6.41E-04

1.59E-04

1.02E-04

7.10E-05

9.73E-04

47

Gas Dehydration

56

3.16

1.22E-03

4.39E-04

1.66E-04

2.46E-05

1.85E-03

47

Table 2: Installation 2 Inventories
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5.3

Example Installation 3
Leak Frequency by hole size

Operating
Pressure
(barg)

Temp
(°C)

Gas
Mass
(kg)

Gas
Phase
H2S
(ppmv)

5 mm

18 mm

50 mm

100 mm

Total

Production
Separator

14

85

1630

651

1.37E-01

2.87E-02

1.22E-02

1.15E-02

0.19

230

Test Separator

14

85

342

610

1.37E-01

2.87E-02

1.22E-02

1.15E-02

0.19

221

LP & MP
Compression

82

155

4059

5285

1.37E-01

2.87E-02

1.22E-02

1.15E-02

0.19

237

2nd Stage
Separator

4.3

84

759

942

1.37E-01

2.87E-02

1.22E-02

1.15E-02

0.19

215

Off Gas
Compression

8

162

137

8097

1.37E-01

2.87E-02

1.22E-02

1.15E-02

0.19

237

Mercury Removal
Package & Sweet
Gas KO Drum

80.2

36

1212
9

5161

3.00E-01

6.93E-02

2.30E-02

1.91E-02

0.41

241

HP Compression

167

180

2081

0

3.00E-01

6.93E-02

2.30E-02

1.91E-02

0.41

227

Acid Gas

1.3

80

132

35000

1.89E-01

3.87E-02

1.25E-02

1.10E-02

0.25

237

Inventory

Table 3: Installation 3 Inventories
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5.4

Example Installation 4
Inventory

Number

Operating
Pressure
(barg)

Temp
(°C)

Gas
Volume
(m3)

Gas
Mass
(kg)

Leak Frequency by hole size
10mm

20mm

35mm

70mm

Total

TR Impairment
Frequency

Distance
to TR (m)

Test Separator
gas release

1

9.5

55.24

29.9

205

1.55E-09

90

First Stage
Separator gas
release

4

9.5

55.24

121.9

835

1.23E-09

96

HP Flare KO
Drum gas release

16

3.9

93

16

50

3.93E-11

137

10

9.5

54.59

39.1

269

6.57E-10

85

12

69

40

27

1466

9.24E-10

146

13

35.5

37

22

621

6.67E-09

105

15

71.2

108.23

6

250

2.04E-08

136

16

180.8

120.76

2

180

7.23E-09

136

20

179.6

39.93

20

299

9.13E-07

57

20

179.6

39.93

20

3029

5.01E-08

57

Aquifer Water
Degasser gas
release
Gas Dehydration
Package gas
release
Fuel gas Package
gas release
Gas Compression
Skid (1st & 2nd
Stage) gas
release
Gas Compression
Skid (3rd Stage)
gas release
Riser - Gas Lift
gas release
Gas Lift Riser
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Temp
(°C)

21

Operating
Pressure
(barg)
179.6

39.93

Gas
Volume
(m3)
39

Gas
Mass
(kg)
5827

Gas Export Line
Riser

22

179.6

393.93

11

Gas Lift Riser

20

179.6

39.93

Gas Lift Manifold
gas release

24

179.6

39.93

Inventory

Number

Riser - Gas Well
Reinjection gas
release

TR Impairment
Frequency

Distance
to TR (m)

3.45E-08

57

1646

2.07E-07

57

0.4

56

9.46E-09

57

2.12

317

1.21E-06

57

Leak Frequency by hole size

Table 4: Installation 4 Inventories
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6.0 DISPERSION CALCULATION
6.1

Case Selection

To assess the potential concentration of gas which could reach the TR a release from one of the
inventories on each installation was modelled using PHAST v6.7. The gas concentration at the
distance of the TR was extracted from the dispersion results.
For the purpose of using the gas dispersion model, PHAST v6.7, each release was assumed to be a
simple line-of sight release. That is, the gas concentration was calculated from a jet release assuming
no obstacles between the TR and the release point and a moderate wind speed (5 m/s) aligned with
the release. This assumption is likely to lead to conservative results as in reality there will be obstacles
in place which will obstruct the flow of gas to the TR. .
The following inventories were selected for this assessment.
Inventory
Temp (°C)

Gas
Volume
(m3)

Gas Mass
(kg)

Gas
Phase
H2S
(ppmv)

Approximate
Distance to
the Centre of
TR (m)

No

Installation

Inventory

Operating
Pressure
(barg)

1

1

Molecular Sieve
Absorber

111.4

29.4

27.59

4073

-

60

2

1

Separator

9.67

71

43

389

-

36

3

2

Drilling Gas
Compression

38.3

201

85.34

Not
Available

-

20

4

3

Mercury
Removal
Package &
Sweet Gas KO
Drum

80.2

36

Not
Available

12129

5161

241

5

4

Gas Dehydration
Package Gas
Release

69

40

27

1466

-

146

Table 5: Inventories Selected for Modelling

Notes:
o

1. An inventory temperature of 20 C was assumed for modelling purposes as this data was not
available
2. Further assumptions used in the PHAST analysis are provided in Appendix A.

The following assumptions and settings were used for the PHAST calculations:









Ambient Temperature 20C;
Time Varying release;
Release elevation: 2m;
Distances for modelling dispersion equal to TR distance;
Horizontal release;
5m/s wind co-flowing with the release
Pasquill Stability Class D;
The gas is methane unless stated otherwise.
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6.2

Maximum Concentration at Temporary Refuge

The initial calculations carried out in PHAST for each of the isolated inventories over a range of hole
sizes to give the release duration. The maximum gas concentrations reported in Table 6 are
associated with the highest release rate, effectively at t = 0 seconds, for each of the calculations.
These releases assume a composition consisting of methane only. The H2S concentration in case 4
was calculated assuming a H2S content of 0.5% by volume in the gas phase, taken from the Safety
Case.

Case

1

2

3

4

5

Installation

1

1

2

3

4

Release
Duration
(seconds)

Gas
Concentration
at the TR
(ppm)

H2S
Concentration
at the TR
(ppm)

3

179916

815

-

10

16192

7056

-

30

1799

25811

-

100

162

86512

-

3

100090

148

-

10

9008

1181

-

30

1001

7161

-

100

90

22131

-

3

226869

936

-

10

20418

6798

-

30

2269

31029

-

100

204

101115

-

5

250474

172

86

18

19327

2864

15

50

2505

10455

53

100

626

22945

115

10

8522

1838

-

20

2131

5087

-

35

696

10177

-

70

172

20565

-

Hole
Size
(mm)

Inventory

Molecular
Sieve
Absorber

Separator

Drilling Gas
Compression

Mercury
Removal
Package &
Sweet Gas
KO Drum

Gas
Dehydration
Package Gas
Release

Table 6: Initial Gas Concentration at the TR
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The 30mm release from case 3 was modelled again using two different compositions to provide a
comparison. These compositions were:
 80% methane, 20% ethane by mass
 50% methane, 50% butane by mass
The results of this are presented below in Table 7.
Release
Duration
(seconds)

Gas
Concentration
at the TR
(ppm)

80% methane,
20% ethane

2418

31955

50% methane,
50% butane

3155

29151

Composition

Table 7: Maximum Gas Concentration at the TR
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6.3

Concentration Variation with Time

PHAST does not have the direct capability to model dispersion from a transient release. Instead, a
pseudo-transient release has been approximated by using the time varying release data for each
inventory. The pseudo-transient release is calculated by selecting a number of times within each
release and the associated mass flow rate for that time. A steady-state dispersion calculation is then
carried out with that release rate to determine the concentration at the TR. This has only been
completed for those releases which will decay relatively rapidly such that they would not otherwise be
better represented by the steady-state release rate.
The pseudo-transient release goes some way to demonstrate the gas concentration which would be
present outside the TR. However, a more detailed assessment using time varying gas build up would
be required to provide a more definitive answer.

6.3.1 Case 1: Installation 1 Molecular Sieve Absorber

Hole Size (mm)

Time (sec)

Predicted Mass Flow
Rate (kg/s)

Gas Concentration at
TR (ppm)

100mm

60

18.18

40928

120

4.32

20621

60

10.27

23205

120

8.38

22566

180

6.44

20933

240

5.40

19127

300

4.47

17271

600

1.92

10296

1200

0.50

3520

30mm

Table 8. Pseudo-transient releases from the molecular sieve absorber.

6.3.2 Case 2: Installation 1 Separator
Hole Size (mm)

Time (sec)

Predicted Mass Flow
Rate (kg/s)

Gas Concentration at
TR (ppm)

30mm

60

0.86

6516

120

0.72

5824

180

0.60

5165

240

0.51

4624

300

0.42

4014

600

0.18

1955

Table 9. Pseudo-transient releases from the Separator
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6.3.3 Case 3: Installation 2 Drilling Gas Compression
Hole Size (mm)

Time (sec)

Predicted Mass Flow
Rate (kg/s)

Gas Concentration at
TR (ppm)

100mm

60

7.33

7020

120

1.87

1702

60

3.81

30658

120

3.37

28047

180

2.97

26080

240

2.63

24293

300

2.33

22301

600

1.32

16095

1200

0.48

7765

1800

0.17

3368

30mm

Table 10. Pseudo-transient releases from the drilling gas compression methane release

Hole Size (mm)

Time (sec)

Predicted Mass Flow
Rate (kg/s)

Gas Concentration at
TR (ppm)

30mm

60

4.07

29903

120

3.62

27973

180

3.23

26190

240

2.88

24407

300

2.58

22604

600

1.51

16088

1200

0.57

6487

1800

0.23

3955

2400

0.01

0

Table 11: Pseudo-transient releases from the drilling gas compression 80% methane 20% ethane release

www.mmiengineering.com

Engineering a Safer World

P.5

MMU312-P01-TN-01
Issue 05
Data Review for Input to TR Study

Hole Size (mm)

Time (sec)

Predicted Mass Flow
Rate (kg/s)

Gas Concentration at
TR (ppm)

30mm

60

5.23

27689

120

4.80

26676

180

4.41

25070

240

4.06

23663

300

3.74

22470

600

2.51

17406

1200

1.15

6488

1800

0.55

5689

2400

0.26

3196

3000

0.05

1121

Table 12: Pseudo-transient releases from the drilling gas compression 50% methane 50% butane release
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6.3.4 Case 4: Installation 3 Mercury Removal Package & Sweet Gas KO Drum

Hole Size (mm)

Time (sec)

Predicted Mass
Flow Rate (kg/s)

Gas Concentration
at TR (ppm)

H2S
Concentration
at TR (ppm)

100mm

60

56.39

23939

120

120

33.87

19806

99

180

21.09

15030

75

240

13.81

11179

56

300

9.19

8258

41

600

0.56

341

2

60

21.48

11019

56

120

18.54

10103

51

180

16.11

9259

47

240

14.1

8550

43

300

12.27

7834

40

600

6.66

5274

27

1200

2.29

2275

12

1800

0.95

664

4

2400

0.14

84

1

50mm

Table 13. Pseudo-transient releases from the mercury removal package & sweet gas KO drum
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6.3.5 Case 5: Installation 4 Gas Dehydration Package Gas Release
Hole Size (mm)

Time (sec)

Predicted Mass
Flow Rate (kg/s)

Gas Concentration
at TR (ppm)

70mm

60

56.39

23939

120

33.87

19806

60

6.33

10385

120

4.05

8455

180

2.69

5953

240

1.81

4136

300

1.26

2895

600

0.05

74

35mm

Table 14. Pseudo-transient releases from the gas hydration package
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7.0 JET FIRE CALCULATION
To assess the potential consequences of an ignited release on the TR the cases selected during the
dispersion modelling, see Table 5, were modelled as jet fires using PHAST v6.7.
For the purpose of using the model, PHAST v6.7, each release was assumed to be a simple line-of
sight release. That is, the flame length was calculated from a jet release assuming no obstacles
between the TR and the release point. This assumption is likely to lead to conservative results as in
reality there will be obstacles in place which will obstruct the flame.

7.1.1 Case 1: Installation 1 Molecular Sieve Absorber
Hole Size (mm)

Jet Fire Length
(m)

Heat flux at the
TR Distance
2
(kW/m )

3

4.92

0

10

15.05

0.08

30

39.89

5.65

100

99.34

259.79

Table 15: Initial Flame Length and Heat Flux from a Molecular Sieve Absorber Release (Methane Only)

7.1.2 Case 2: Installation 1 Separator
Hole Size (mm)

Jet Fire Length
(m)

Heat flux at the
TR Distance
2
(kW/m )

3

1.62

0

10

4.66

0

30

12.88

0.19

100

37.78

56.13

Table 16: Initial Flame Length and Heat Flux from a Separator Release (Methane Only)

7.1.3 Case 3: Installation 2 Gas Compression
Hole Size (mm)

Jet Fire Length
(m)

Heat flux at the
TR Distance
2
(kW/m )

3

3.05

0

10

9.02

0.28

30

24.64

53.38

100

66.61

107.87

Table 17: Initial Flame Length and Heat Flux from a Gas Compression Release (Methane Only)
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Hole Size (mm)

Jet Fire Length
(m)

Heat flux at the
TR Distance
2
(kW/m )

3

3.05

0

10

8.99

0.3

30

24.59

56.44

100

66.77

112.94

Table 18: Initial Flame Length and Heat Flux from a Gas Compression Release (80% Methane 20% Ethane)

Hole Size (mm)

Jet Fire Length
(m)

Heat flux at the
TR Distance
2
(kW/m )

3

3.27

0

10

9.64

0.43

30

26.32

67.56

100

71.47

58.03

Table 19: Initial Flame Length and Heat Flux from a Gas Compression Release (50% Methane 50% Butane)

7.1.4 Case 4: Installation 3 Mercury Removal
Hole Size (mm)

Jet Fire Length
(m)

Heat flux at the
TR Distance
2
(kW/m )

5

6.59

0

18

21.63

0.01

50

51.94

0.16

100

86.8

1.12

Table 20: Initial Flame Length and Heat Flux from a Mercury Removal Release (Methane Only)
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7.1.5 Case 5: Installation 4 Gas Dehydration
Hole Size (mm)

Jet Fire Length
(m)

Heat flux at the
TR Distance
2
(kW/m )

10

11.73

0

20

22.04

0.03

35

36.10

0.17

70

62.96

1.44

Table 21: Initial Flame Length and Heat Flux from a Mercury Removal Release (Methane Only)
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8.0 JET FIRE SMOKE CALCULATION
To assess the potential consequences of smoke from a jet fire the smoke dispersion from the worst
case methane jet fire from Section 7.0 was modelled in PHAST v6.7. An equivalence ratio of 1.5 was
assumed to give the maximum amount of CO and CO 2 in the smoke to represent the worst case
scenario. The concentration was then taken 20m along the centreline (distance to TR). This
assumption is likely to lead to conservative results as the smoke is very buoyant due to its
temperature. These concentrations are shown in Table 22: Concentration of CO and CO2 at 20m
along Plume Centreline

Leak
Diameter
(mm)

Concentration 20m Along Centreline (ppm)
CO

CO2

3

44

321

10

192

1404

30

435

3186

100

932

6822

Table 22: Concentration of CO and CO2 at 20m along Plume Centreline
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Modelling smoke and gas ingress into
offshore temporary refuges
The Cullen report into the Piper Alpha disaster recommended
that a temporary refuge (TR) should be provided on all offshore
installations. The TR is required to have a defined performance
standard related to its survivability when exposed to a major
accident that includes, but is not limited to, ingress of smoke,
flammable and toxic gas.
Current guidance on risk assessment for TRs focuses on
the demonstration of TR integrity. This can be interpreted as
demonstrating that the TR will remain unimpaired for sufficient
duration as to allow corrective action and/or evacuation to be
planned in the event of an accident.
This report sets out a model for determining TR impairment
times arising from the ingress of smoke, flammable and toxic
gas. The method is based upon leakage data from pressure
testing and using the methods set out in the supporting
document to HSE HID Semi-permanent circular
SPC/Tech/OSD/30. The method is a staged approach that
uses established calculation methods to determine the air
change rate using the pressure test data, the infiltration of
gases into the TR and the physiological effects of these gases.
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