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1. Introduction

1.1 General context

Given the abundant worldwide resources of natural gas trapped in sedimentary shale rock
formations (“shale gas”), development of the shale gas resources presents the potential for
significantly boosting the countries’ economies during the transition from fossil-fuel to more
sustainable energy sources?. However, it is critically important that the design and
operation of shale gas facilities meet the required safety standards for minimising or
eliminating the risks to the environment and society3.

Work package WP9 is aimed at evaluation of the risks associated with the shale gas
extraction?, in particular focusing on the modelling of the risks of an accidental well blowout
and induced seismic/micro seismic activity.

While the induced seismicity caused by hydraulic fracturing has attracted wide public
attention, risks associated with the well failure typical of oil and gas operations have
received less attention. Review of the past accidents reported for conventional and
unconventional gas wells reveals that majority of the few reported well failures and
blowouts happened at the exploration stage during drilling into shale formations .

Due to low porosity of a shale rock, parts of the formation may include gas trapped at very
high pressure. Drilling into these areas may result in “pressure kicks”, propagating to the
wellhead and causing its blowout. To prevent this from happening, safety measures and
devises, such as Blow-Out Preventers (BOP), are commonly used in the wells /. However, in
the unlikely event of the failure of BOP, the resulting pressure kicks may result in
uncontrolled release of the gas from the formation, leading to release of the drilling mud
and the gas into atmosphere®, with the subsequent fire and explosion of the gas. Recent
examples of shale wells blowouts include, the Acadia Parish well blowout in Louisiana ?, the
Eagle Ford well failure in Texas © and most recently the Oklahoma Drilling Accident
(https://www.wsj.com/articles/oklahoma-blast-may-be-deadliest-since-start-of-u-s-shale-
boom-1516735845). The Acadia Parish well blowout in Louisiana caused fire, explosion and
releases of gas and salty water, resulting in evacuation of 40 residents within 1.5 miles from
the well and closure of a nearby power plant®. Figure 1 shows the fire resulting from
blowout of the Eagle Ford shale gas well'°. Such massive fires can cause significant harm to
people in close proximity of the well and the environment, and therefore measures should
be taken to minimise the risks of shale gas wells blowouts and mitigate the major accident
hazards associated with fires and explosions 1.
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Figure 1. A blowout from a well drilled into Eagle Ford shale in Texas *°.

In order to provide the basis for risk mitigation and emergency planning, Quantitative Risk
Assessment (QRA) is performed for all major hazards installations. This involves assessment
of safe distances to the facility based on modelling of thermal radiation contours from fires
and explosion overpressures for relevant failure scenarios. Such methodologies are applied
for safety assessment of gas transportation pipelines and storage tanks, and rely on
accurate prediction of the transient flowrate and thermodynamic properties of the fluid at
the discharge location!?. In our previous work, we have developed and validated outflow
models for simulating accidental releases from high-pressure pipelines transporting various
fluids, including hydrocarbons®®14, In this deliverable, the pipeline decompression model is
adopted to gas wells, and combined with the established fire and explosion models!>1® to
provide the basis for QRA of shale gas wells.

1.2 Deliverable objectives

The present report describes the methodology for evaluation of the consequences of
accidental blowout of a shale gas well, and its application to hypothetical scenarios of failure
of a realistic shale gas facility.

1.3 Structure of the report

The report is organised as follows. The methodology section describes the models adopted
in the present study for prediction of the transient outflow from a shale gas well following a
blowout, thermal radiation from the resulting jet fire and the explosion overpressure in the
event of a delayed ignition of the released gas.

Next the results obtained using the linked outflow, fire and explosion models based on their
application to an hypothetical scenario involving the accidental blowout of a shale gas
production well are presented and discussed. The pertinent data required for the modelling
are taken from an existing well in the UK for which the relevant design, operational and
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prevailing ambient data are available. The simulation model predictions are presented in the
form of 2D plots of thermal radiation and explosion over-pressure contours as a function of
distance and time following well blowout. This data in turn forms the basis for determining
the minimum safety distances taking into account defined thresholds for deferent severity
harm scenarios. Conclusions section summarises the main findings and provides a discussion
of the practical usefulness of the results in the context of risk assessment of shale wells.

2. Methodology

2.1 Well discharge model

Central to the assessment of the consequences associated with a well blowout is the
determination of the ensuing transient discharge rate and the fluid phase composition at
the wellhead. In order to predict accurately these properties, a model is constructed
accounting for all the important physical processes governing the well blowout process. In
particular, to describe the transient flow in a well, a one-dimensional model is adopted,
based on the mass, momentum and energy conservation equations *:

9 [ 9pu _ (1)
at ox
Opu opu?+p) _ fupu? 2)
at ox 9« =7
0pE  d(puE +up) fwp'® (3)
ot T ax PO T T Taw

where p, u, E and p are respectively the fluid density, velocity, total specific energy and
pressure, x the spatial coordinate along the well in the direction of discharge flow (from top
to bottom), t is the time, and D is the internal diameter of the pipe running along the well.
Furthermore, g, is the local projection of the gravity force on the x axis, gq,, is the heat flux at the
pipe wall, and f,, is the Fanning friction factor, which in the present study is calculated using
Chen’s correlation 7. The model accounts for variation in the inclination of the well with the
depth, and can be easily extended to account for the effects of thermal and mechanical
non-equilibrium between the fluid phases during the decompression process !, and
variation in the flow area along the well %8,

To enable numerical solution of the above equations, boundary conditions are specified at
the top and bottom of the well. In particular, at the bottom location the well is assumed to
be connected to an infinitely large reservoir with prescribed formation pressure. Aiming to
evaluate hazardous consequences of blowout of a shale gas well for the worst-case
scenarios, i.e. upon complete failure the BOP mechanism and full opening of the well to
atmosphere at the ground surface, a full-bore rupture boundary condition is used at the top
of the well.

PU Page 7 of 25 Version 1.0



SHALEXENVIRONMENT

Deliverable M9.1

Prior to the rupture, the fluid in the well is assumed to be stagnant at temperature equal to
the formation temperature with the fluid pressure varying along the well according to the
hydrostatic head.

The above governing equations, closed by the set of the initial and boundary conditions
along with the physical properties closure correlations, are solved numerically using the
finite-volume method %°.

2.2 Jet Fire modelling

In order to predict the flame shape and the subsequent incident thermal radiation following
the well blowout, the widely used well-established Chamberlain model °, ® for
hydrocarbon fires is employed. The model represents the flame as a frustum of a cone
(Figure 2), radiating as a solid body with a uniform surface emissive power. In order to
determine the geometry of the flame and surface emissive power as functions of the
ambient and discharge flow conditions, semi-empirical correlations are used, as described in
this section.

Vertical Release
direction direction ,’
/7

W,

Wind
Object direction

Release
point

Figure 2. Schematic of the frustum of a cone representing a jet fire in Chamberlain’s model °.

2.2.1 Jet flame geometry

As indicated in Figure 2, the jet flame is characterised by the following set of parameters: b
— the lift-off distance between the release point and the frustum base, W, and W, are the
diameters of the frustum base and top faces, respectively, R; is the visible flame length, L,
is the length of the flame measured from the release point and the tip of the flame. 8 is the
angle between the release direction and the vertical axis, and a is the tilt angle of the flame.
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The above geometric parameters are estimated through a series of semi-empirical
correlations *°, dependent on size and orientation of the exit orifice, gas composition and
wind speed including its direction and the ambient temperature. The remaining required
model source terms obtained from the transient discharge model described above are the
release temperature, flowrate, composition and velocity.

2.2.1 Surface emission model

The radiated heat flux by a receiver is determined from:
q=1t:VF-S, (4)

where VF is the view factor, describing the geometric relationship between the receiver
surface and the flame shape. S, is the average surface emissive power, and T is the
atmospheric transmissivity.

The average surface emissive power of the frustum S, (kW/ m?) is calculated from:
FQ
S = =< (5)
A

Where, A is the flame surface area derived from the flame shape (m?), F, is the fraction of
the combustion energy radiated, and Q is the flame heat intensity (kW). These parameters
are determined using the following models.

The frustum surface area, A (m?) is calculated knowing the diameters of the frustum at its
base and the top (Figure 2):

T T 27 VW1 2
A= (W +Wo?) + 2 (W + WZ)JRLZ + (u) (6)

Assuming adiabatic expansion and complete combustion, the radiated power, Q, is defined
as.

Q = mAH, (7)

Where, AH, (kl/kg) is the standard enthalpy of combustion of the gas, and m is the gas
discharge mass flow rate (kg/s).

For large flames, F; is approximately correlated with the gas jet velocity, u; 15,
F, = 0.21e7000323%j 4 0,11 (8)
Assuming the flame black body radiation temperature of 1500 K, and the atmospheric

transmissivity is due to absorption and re-radiation by CO, and H,O(g), the atmospheric
transmissivity is approximated as 2°:
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7 = 1.006 — 0.01171l0g,0X (H,0) — 0.02368(log10X (H,0))” — 0.03188l0g;oX(CO,) +
0.001164(log;0X (CO,))” ©)

where X(H,0) = Ry P, S, (288.65/T,;,), X(CO,) = P, (273 /T,ir), Ry is the relative humidity,
P, is the path length (m), T,;- is the ambient temperature (K) and S,,,,,, is the saturated water
vapour pressure in mmHg at the ambient temperature.

2.2.2 Safe distance calculations

The previous section described the methodology for the calculation of the spatial variation
of the thermal radiation heat flux, g with the distance to the flame as a function of time
following the well blowout. This information can in turn be used to determine the minimum
safe distances corresponding to the various defined thresholds for different degrees of harm
to people and steel structures?!.

2.2 Explosion modelling

In practice, the accidental blowout of shale gas wells will result in the escape of gas into a
space partially obstructed by equipment and constructions near the well pad during the
drilling and fracturing operations. The delayed ignition of the release gas will lead to an
explosion, creating a blast wave propagating away from the release point. The resulting
explosion overpressure associated with the blast wave may pose a significant safety hazard
to people and surrounding structures and should therefore be quantified as a part of the
safety assessment. For this purpose, the widely established and validated TNO Multi-Energy
Vapour Cloud Explosion Model*® is employed in the present study. Linked to the transient
well discharge model (section 2.1) as the source term, the model predicts the blast
overpressure at various distances away from the release point at different time intervals for
both un-obstructed and partially obstructed surroundings.

The peak overpressure, P; created by the blast wave at the ground level is determined
using empirical lookup tables provided in the TNO report® as a function of explosion blast
strength, P, = P,/P,, (here P, is the atmospheric pressure) and the dimensionless radial

distance to the explosion source, v’ =1 3/p,/E , (here r and E are respectively the radial
distance from the ignition source and the blast energy)

Conservatively, based on realistic tests, for unconfined vapour cloud explosions, the blast
strength, P/, is set to 3. In cases of partial or full confinement, the blast wave is assumed to
run only in obstructed regions'®, where P/ can be set to 10.

Furthermore, the blast source containing a combustible fuel-air mixture is modelled as a
hemi-sphere of radius, 7,(m):

3E

To = 2(E,xm)1/3 (10)
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where E,, (J/m?3) is the heat of combustion of the stoichiometric hydrocarbon-air mixture per
unit volume®®, and E (J) is the energy of the blast wave defined as:

E=E,V (11)

where V(m?3) is the volume of the cloud in specific region of interest. For fully or partially
confined explosions, V is set to the volume of confinement, V. (m3). For unconfined
explosions on the other hand, V corresponds to the volume of fully expanded cloud:

12)

V=V, =V

where V. (m3)is the volume of the released combustible gas cloud, which is calculated as:

— Qex
Ve= (13)
where p (kg/m3) is the cloud density, a, is the air-fuel stoichiometric concentration (vol%).
Q. (kg) is the amount of vapour released, as predicted using the well discharge model
presented in section 2.1.

2.3 Physical properties

Natural gas from shale formations is composed of mainly methane (usually >80%)?%%* mixed
with additional components, which vary in the nature and amount depending on the type
of formation. In most cases, these primarily include ethane, propane, and butane along with
heavier alkanes and non-combustibles such as N2, CO; and H,S. Given uncertainty of the
shale gas composition, the present study is performed for pure methane representing the
worst case scenario.

To obtain the physical properties of natural gas, PC-SAFT?> and Peng-Robinson (PR)%®
Equations of State (EoS) can be used. While PC-SAFT is claimed to produce accurate
description of the properties, including the vapour-liquid phase equilibrium data, our
investigations revealed that for the range of typical natural gas compositions (including pure
methane), temperatures and pressures (Figure 5) likely to be encountered in practice, the
Peng-Robinson equation provided close agreement. Given the significantly lower
computational run time afforded by the PR EoS once implemented in the well discharge
model as opposed to PC-SAFT, the former EoS was employed in the following investigations.
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3. Results and discussion

3.1 The case study

The hypothetical blowout of the shale gas well constructed by Cuadrilla Elswick Ltd in
Roseacre Wood, Lancashire, UK?’ leading to a fire or an explosion is used as a case study
involving the application of the transient blowout model developed in this work. The well
geometry, the site layout and meteorological data, as well as characteristics of the shale
formation at various depths is documented in several reports?’~?°. The relevant data
required for conducting the case study failure simulation is presented in the following.

Figure 3 shows schematically the dimensioned vertical and horizontal sections of four wells
drilled into the formation. All four wells are target the Bowland Shale and Hodder Mudstone
formations at the depths between 1500 m and 3000 m. All the wells, apart from a branch of
well 1, include 1000-2000 m long horizontal sections. Given that no details are available
about the actual inclination profile of the wells, the present study is performed for a vertical
well with the production liner of a nominal diameter of 114.3 mm and length of 4000 m.

WELL 2 j
i

wWELLY

WELL 2

WIELL 4

wELLY

Figure 3. Schematics of the shale gas exploration wells in the Roseacre Wood project %.

The gas pressure and temperature at the bottom of the well are prescribed based on the
data reported for the Lower Bowland shale formation; Figure 4. In particular, the shale gas
temperature is set to 343 K, while the gas pressure is varied between 200 and 600 bar; the
latter covering the range between hydrostatic and lithostatic pressures in the shale
formation. The lithostatic pressure gives an estimate of the maximum pressure that could
be encountered when drilling into the formation, e.g. resulting in a “gas kick”, potentially
leading to the well failure 3°.
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Figure 4. Variation of pressure (a) and temperature (b) with depth at the Rose Acre Wood site %,

In order to evaluate the hazard consequences for a worst case scenario of well blowout, the
unlikely full-bore rupture of the well is simulated.

The surrounding air is assumed to be at 20°C, and 50% humidity. Based on the
meteorological data?®, the wind speed at the ground surface on the site is taken as the
maximum value of 10 m/s. Furthermore, the release is assumed to be vertical, while the
heat exchange between the well and the formation is neglected. The main parameters for
the well blowout simulation case study are listed in Table 1.
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Table 1. Main characteristics of the well and the reservoir conditions for blowout simulation

Parameters Value

Well parameters

Overall length 4000 m
Material of construction Mild steel
Wall surface roughness 0.05 mm
Heat transfer coefficient 0 W/m?K (Adiabatic)
External diameter 127 mm
Internal diameter 114.4 mm
Wall thickness 6.2 mm
Orientation relative to horizontal 90 ° (vertical)
Reservoir parameters

Temperature 343 K
Pressure 200 bar

Application of the gas explosion model described in section 2.3 requires specification of the
local level of confinement. Figure 5 shows the Rose Acre Wood site layout with four wells
and drilling activities at one of the wells. F8u © gjyes is photograph as an example of on-site
installations at the drilling phase of shale gas exploration. The minimum area occupied by
equipment (e.g. drilling pumps) on the site near the well can be estimated to be ca 10 m?,
while the total area of the sites is ca 100 x 130 m?2. As such, for the purpose of the present
study, the volume of confinement, V,,., is varied in the range from 10 to 10* m>.

It should be noted that to protect the site during the drilling activities, provision is made for
two protection fences of 2.4 m and 4 m in height, and separated by distance ca 6.5 m,
surrounding the site area (Figure 5 and Figure 7). From Figure 7 the distance between the
fences and the wells can be estimated to be ca 30 m, while in Figure 5 the distance from the
well to the buildings within the site area varies between ca 40 and 80 m. While the
consequence modelling in the present study assumes no physical protection barriers around
the well, the study will provide independent evaluation of the safe distances, as the key
inputs for the design of emergency mitigation measures such as blast walls.
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Figure 5. The layout of the Roseacre Wood well pad site for the shale gas exploration drilling and testing
activities with the drilling rig surrounding one well, showing the various equipment and safeguarding
fences around the site®!. The site area is ca 100 m x 130 m.

Figure 6. Photograph of the Cuadrilla shale gas drilling rig in Preese Hall 32
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Figure 7. Example of safety and security barriers designed for the Rose Acre Wood shale gas exploration
project %7,

3.2 Jet fire simulation

In this section the results of calculations of thermal radiation and safe distances from jet
fires formed following accidental blowout of the shale well (Table 1) are presented and
discussed. The results are obtained for vertical flames in open space with no thermal
barriers. The failure simulations cover the well pressures of 200, 400 and 600 bar and the
wind speeds of 0 and 10 m/s.

Figure 8 shows the instantaneous incident heat flux radiation contours at the ground level
within +/- 200 m from the jet flame at 0.5, 2, 10 and 50 s after the well blowout. The results
correspond to zero wind speed and 200 bar formation pressure. It can be clearly seen that
the incident heat flux decreases with the distance from the centre of the jet and also decays
with the time, reaching its maximum of ca 3 kW/m? at ca 20 m distance from the well at
time interval of 30 s.
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Figure 8. Incident heat flux contours at the ground level around vertical flame formed from the wellhead
at (0;0), predicted at 0.5, 2, 10 and 50 s following blowout. Wind speed = 0 m/s.

Figure 9 shows the variation of the instantaneous incident heat flux as a function of distance
from the flame source at different time intervals of 10s and 50s under calm weather (no
wind) and 10 m/s wind speed conditions. While the data in the plots shows a small
variation of heat flux with the time, the thermal radiation is a strong function of both the
receiver distance and the wind speed.
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Figure 9. The incident radiation heat flux as a function of the receiver distance, predicted at 10 and 50 s
during the vertical well blowout for zero and 10 m/s wind speeds.

The severity of the thermal radiation hazard (the thermal radiation dose) depends on the

radiation intensity at a specific location and the receiver exposure time.

Error! Reference source not found. presents the durations of exposure to various levels of
heat radiation flux that may cause severe pain and the second degree burn for bare skin.

Table 2. Time for physiological effects on bare skin following exposure to various heat radiation flux

levels as a result of a fire 33,

Thermal radiation flux Ex;?osure time Expo.sure tin::
(kW/m?) Ieadlng.to severe leading to 2

pain (s) degree burn (s)

1 115 663

2 45 187

3 27 92

4 18 57

5 13 40

6 11 30

8 7 20

10 5 14

12 4 11

The results in Figure 9 followed by reference to Table 2, may be used to determine the
minimum safe distances where exposure to the well blowout fire for a various durations
may pose serious harm to people.
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The based on Figure 9, a heat radiation flux of 2 kW/m? is predicted at ca 50 m and 100 m
from the well for zero and 10 m/s wind speeds respectively. Based on the data in Error!
Reference source not found., exposure to this level of radiation for a period of 40 s may
result in severe pain, while exposure exceeding 187 s may cause second degree burn.

Based on the results of the calculations of the thermal radiation from the jet flame, those
locations where the incident heat flux drops below a certain hazardous threshold level, can
be determined. In particular, minimum safe distances to personnel and steel structures
where the incident heat flux reaches 3.5 and 36 kW/m?, respectively?! may be determined.

Figure 10 shows the simulated variations of the minimum safe distances to personnel (6.3
kW/m? threshold) and steel structures (35 kW/m? threshold) for jet fires formed following
well blowout for formation pressures of 200, 400 and 600 bar. A wind speed of 10 m/s is
assumed.

As it may be observed, at all the times the safe distances to the personnel are nearly 2 to 2.5
times larger than those required for the steel structures. Also, at any given formation
pressure, the minimum safe distance initially rapidly increases with time upon blowout,
consistent with the massive release. This trend is next followed by a much less marked
reduction in the minimum safe distance as the well gradually depressurises.

Longest safe distances in Figure 10 are predicted at the moment of release where the
discharge rate and the flame length are at their peak values. Based on this worst case
scenario, the minimum estimated safe distance for personnel is ca 140 m, while that for
steel structures is 40 m away from the well. The latter finding is consistent with the plant
layout shown in Figure 5 where offices, workshop and store houses are placed at ca 50 m
from the wells.

The results also show that the safe distance increased only slightly (by less than 1%), when

the presence of impurities is the natural gas is taken into account (C;He - 4.5mol%, C3Hs -
3.5mol%; CaH1o - 2mMol%).
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Figure 10. Safe distances to a vertical flame for personnel (outside the buildings and unprotected) and
steel structures, calculated for 200, 400 and 600 bar formation pressures for the baseline scenario (pure
methane) and natural gas containing 90 mol% of methane (CzHs - 4.5 mol%, CsHs - 3.5 mol%; CsH10 - 2
mol%). Wind speed 10 m/s. The terrain is assumed to be flat with no firewalls in place.

3.3 Explosions

In the following, the results of simulations of blast overpressures are presented and
discussed in the context of safe distances for personnel working at the well site. Given that
the site equipment and facilities represent partial obstruction to the explosion, to account
for these, the volume of confinement, V,, is varied between 10 and 10,000 m3. These are
representative, of one-storey buildings (3 m high) with the length and width ranging from ca
2to55m.

For the sake of example, the results are obtained for 200 bar formation pressure. Following
the TNO recommendations, the blast strengths are respectively set to 3 bar and 10 bar for
explosions in unconfined and partially spaces 6. An arbitrarily ignition delay of 1 s following
a well blowout is assumed.

Figure 11 shows the simulated variation of the peak overpressure as a function of distance

from the explosion source located at the well head following well blowout. The results are
plotted for various volumes of confinement, Vy. The two hazardous overpressure
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thresholds of 70 mbar 300 mbar relevant to personnel working in open space areas and in
buildings are also indicated in the same figure.
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Figure 11. Explosion overpressure predicted as a function of distance from the explosion source for
various levels of confinement.

The results of the explosion over-peak pressure calculations for the natural gas composed
by 90% of methane mixed with 4.5mol% of C2Hs, 3.5mol% of CsHg and 2mol% CsH1o showed
no practically noticeable difference with the results presented in Figure 12 for the baseline
case of pure methane.

Table 3. Potential damage and fatalities peak overpressure thresholds for people working in different

types of buildings 2.

Type of location Peak overpressure (mbar) | Potential damage
People in the 300 Eardrum rupture
open 1000 Picked up and thrown; likely fatality
. 70 - 250 Significant likelihood of fatality due
People in normal L
. to masonry collapse and projectiles,
buildings )
particularly glass
Blast resistant > 200 . .
buildings Some likely fatality
Blast proof > 1000 . .
buildings Some likely fatality
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Error! Reference source not found. shows peak overpressures corresponding to various
types of injuries for people working in different types of locations in the event of a vapour
cloud explosion. According to the data in Table 3, for people in open spaces, the blast
overpressures above 300 mbar can cause significant injuries such as eardrum rupture. The
results in Figure 12 show that explosion overpressures above 300 mbar can be expected to
be within ca 10 m to 50 m radius from the explosion centre for the confinement volumes
between 10 and 10,000 m? respectively.

For people inside normal buildings, Table 3 suggests 70 mbar as potentially fatal
overpressure threshold. From Figure 12 it can be seen that overpressures above 70 mbar
can be expected within ca 150 m radius from the explosion centre for highly-obstructed
regions (Vg = 10,000 m3) and less than 60 m for low-obstructed regions (V, = 100 m3).

As such, the simulated overpressure data indicate no risk of fatalities for people in normal
buildings located at more than 60 m away from an explosion originating at the drilling pad .
In this case, the maximum predicted explosion overpressure falls below the 70 mbar
threshold needed to cause a fatality. This finding is consistent with the plant layout shown
in Figure 6, where offices, stores, workshop and laboratories (apart from the cementing unit
office) are placed at more than 50 m away from the wells.

4. Conclusions and future steps

This deliverable described the development and application of a methodology for
determining the minimum safe distances to personnel and equipment in the unlikely event
of a blowout of shale gas wells.

This task involved the integration of a transient CFD outflow model, serving as the source
term, with established empirically based correlations for predicting the subsequent jet fire
incident heat flux, and in the event of a delayed ignition following the well blowout, the
resulting explosion over-pressures for both unconfined and partially confined surroundings.

The model’s testing is based on its application to hypothetical scenarios involving well
blowout at the Rose Acre shale gas exploration site in the UK. Worst case scenario
corresponding to a blowout during the drilling stage is assumed. The simulation results are
presented in the form of 2D plots of thermal radiation contours as a function of distance
and time and explosion over-pressure/distance profiles for an arbitrary 1 s delay in the
detonation of the released gas.

Parametric studies are conducted in order to demonstrate the impact of changes in the

formation pressure and wind speed on the resulting jet fire incident heat flux and explosion
over-pressure, the latter for different degrees of confinement.
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The minimum distances coinciding with various degrees of harm including 2" degree burns,
explosion injuries or fatalities are determined by reference to the relevant published fire
and explosion harm thresholds.

The well blowout simulation study indicates that fire and explosion hazard consequences
are minimal for personnel working in buildings located at distances of more than 60 m away
from the wellheads. These findings are qualitatively consistent with layout of the Rose Acre
Wood shale gas site where the buildings are sited over 60 m away from the wellhead.

In conclusion, the modelling and the methodology presented in this report is shown to serve

as a useful tool for quantitative risk assessment of shale gas facilities, to ensure safe design
layout and thereby minimising the consequences of a well blowout.
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