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Abstract

Carbon capture and storage (CCS) presents a short-term opti for signi -
cantly reducing the amount of carbon dioxide (C@) released into the atmo-
sphere. National Grid initiated the COOLTRANS research programe to
consider the CCS pipeline transportation of high-pressuense-phase CQ
including the development and application of a mathematidanodel for pre-
dicting the sonic near- eld dispersion of pure C@following pipeline venting
or failure. In Part | (Wareing et al. IJGGC 2015 doi:10.1016/jijggc.2015.01.020)
validation of this numerical model against experimental da was considered,
with reasonably good agreement quantitatively and qualitazely demon-
strated for a rupture of a 0.15 m external diameter pipelineln this second
part, the model is applied to the rupture of a 96 km pipeline wh a nominal

0.61 m external diameter, the same as that proposed in the Ddfalley CCS
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Project. In the base-case, six snapshots of the ow dispengi into dry air
are numerically simulated. Integrated mass and momentum xes exiting
the crater are calculated, with the intention that they can ke directly em-
ployed as source conditions for far- eld dispersion simulans. The amount
of solid CQO, deposited in the crater is estimated through particle tradkg

techniques and six sensitivity studies vary crater propeds.
The Don Valley CCS Project is co-financed by the European Urkomégpean Energy Programme for Recover

* The sole responsibility of this publication lies with the authors.
* The European Union is not responsible for any use that may be maédrdbtimation contained herein.

1. Introduction

Carbon capture and storage (CCS) refers to a set of technoleg designed
to reduce carbon dioxide (CQ) emissions from large industrial point sources
of emission, such as coal- red power stations, in order to tigate greenhouse
gas production. The technology involves capturing COand then storing it
in a reservoir, instead of allowing its release to the atmokpre, where it
contributes to climate change. Once captured, the CQs transported and
stored, typically underground, or used for processes suck anhanced oll
recovery.

National Grid initiated the TRANSportation of Liquid CO , research pro-
gramme (COOLTRANS) (Cooper, 2012) in order to address knowlgd gaps
relating to the safe design and operation of onshore pipeadis for transporting
dense-phase C@from industrial emitters in the UK to storage sites o shore.
This includes developing the capability for modelling theow-probability,
high-impact worst case - an accidental release from a burig@ipeline that
contains CQ, in the dense-phase. Learning from these studies can subse-

quently be combined with a range of other information to devep an ap-
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propriate quanti ed risk assessment (QRA) for a dense-phaseO, pipeline.
With regard to modelling the worst case, the programme inclweb theoret-
ical studies by University College London (UCL), the Universit of Leeds
and the University of Warwick, carried out in parallel to provde \state of
the art" numerical models for the pipeline out ow (UCL), near eld dis-

persion behaviour (University of Leeds) and far- eld dispeion (University
of Warwick) behaviour associated with below-ground COpipelines that are
ruptured or punctured. Experimental work and studies usingurrently avail-

able practical models for risk assessment are being carrieat by DNV GL

(Allason et al., 2012).

The University of Leeds mathematical model (Wareing et al.,®.3a) has
been previously validated for free releases into air (Woell et al., 2013;
Wareing et al., 2014a), small-scale laboratory releasesdadry ice particle
behaviour (Wareing et al., 2013b, 2015b) and punctures of bed pipelines
(Wareing et al., 2014b). In Wareing et al. (2015a) (hereafteeferred to as
Part 1), the model was applied to a rupture experiment involing a 0.15 m ex-
ternal diameter pipeline - nominally 1/4 of the scale of thefull-scale' 0.61 m
external diameter pipeline proposed in the Don Valley CCS Byect (Cooper,
2012; Cooper and Barnett, 2014). Numerical simulations weoempared to
experimental data, speci cally measurements of temperate on a plane 1 m
above the crater into which the release owed. The comparis@lemonstrated
reasonably good quantitative and qualitative agreement garding tempera-
tures and structures in the dispersion ow. Inconsistencgwere interpreted
as e ects of di erences between the ideal numerical initiadondition and the

real conditions in the experiment, only revealed through mb-experiment
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investigations. Speci cally the data-blind simulation asumed the two ows
into the symmetric crater were identical. Investigations reealed this was not
the case. Full details can be found in Part I. Here, in Part I, w consider the
near- eld ow in a full bore rupture of a buried full-scale ppeline. We de ne
the near- eld in this scenario as the region of the ow contaiing the sonic
multi-phase shock-containing expansion regions aroundyapipeline rupture
locations and interactions of ows in any crater formed by tlke rupture. The
aim of this work is to produce validated ows at the terminaton of the near-
eld region, ideally at the top of the crater (ground-level) that can act as a
thermodynamically accurate source condition for far- eldnodelling, de ned
as the regions of the ow outside and downstream of the neaeld. The
objective of this paper is to present these validated ows fofar- eld use.
Previous modelling of the near- and far- eld, discussed inethil in Part I,
has lacked such sonic ow and thermodynamic accuracy. Comgsent far- eld
dispersion in the COOLTRANS project has been modelled by the Urarsity
of Warwick and is not in the scope of this paper.

The rupture is modelled as a break at the mid-point along a 96Glametre
(km) length of below-ground transportation pipeline. The upture break is
modelled as if an entire 12 m section of the pipeline has unggd along the
pipeline direction, then unrolled across the pipeline diotion and separated
from the rest of the pipeline, forming the base of crater andeaving two
clean guillotine breaks in the pipeline at the locations whe this section pre-
viously joined to the rest of the pipeline. This creates twaentically-shaped
inlets into the crater, each a cross-section of the pipelineOne is on the

upstream side of the rupture, henceforth referred to as thepatream inlet,
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and one is on the downstream side of the rupture, hencefortbferred to as
the downstream inlet. This is commonly known as a "double-éded guillotine
break' in a pipeline. UCL have numerically modelled the pipeow assum-
ing instant removal of the section described above and prold a two-hour
out ow prediction detailing the upstream and downstream inét conditions.
We use this prediction to de ne conditions at the upstream ath downstream
pipe inlets into the crater. Since it has not been computatimlly possible to
simulate the entire out ow in su cient detail to accurately capture the near-
eld thermodynamics, a method of simulating a number of ingtnts in time,
or snapshots of the sequence of steady-states that the ow gs®s through,
with su cient resolution has been used to investigate the rpture ow. Inte-
grated mass and momentum ux through a horizontal plane at oabove the
crater (depending on the near- eld ow structure) has been aculated for
each snapshot. The size and shape of the crater remains canstbased on
craters observed in experimental studies, the details of wh were provided
from DNV GL through the COOLTRANS research programme. To test tle
e ect of di erent crater sizes and shapes on the dispersiorow through the
crater, a number of sensitivity studies are performed.

We reviewed relevant CQ dispersion work previously and refer the reader
to our recent publications in this area, specically to Partl, to Wareing
et al. (2014a) and to Wareing et al. (2014b). The work hereinepresents
the rst application of an accurate near- eld model to an aciental rupture
scenario involving a time-dependent decompression from w@llfscale buried
CCS pipeline. Other recent work in this area has been limitetb above-

ground free venting releases, or has used a similar neardehodel to that
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described herein, but considered a constant crater sourcendition for the
far- eld modelling (Woolley et al., 2014).

In the next Section we review our mathematical model and numieal
method. In Section 3 we present our methodology, includingimerical tech-
niques, initial conditions, sensitivity studies and partile tracking methods.
The base-case numerical predictions are presented in Sewté4 with the re-
sults of the sensitivity study presented in Section 5. Final] the limits of
applicability of these simulations are discussed in Seatid®, followed by the
conclusions and possibilities for future developments anthprovements in

Section 7.

2. Mathematical model and numerical method

The numerical approach is essentially the same as that adegt and val-
idated in our earlier papers, discussed in detail in Part |. Wreproduce the

necessary details below.

2.1. Reynolds-averaged Navier-Stokes model

The Reynolds-averaged Navier-Stokes (RANS) equations, cldseith a

compressibility-corrected k- turbulence model, employed in this work are:

2t (w=0 ®

Eher (cuyr (ro=o @
%+r (W)+rP r =0 3)
ST IEP U 11 (1TrS)=0 @
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%‘H (ku) 1 (1 k)= s (5)
%;r(u)r (r)=s 6)

where the variables have their usual meanings and are de nadthe Notation
section, noting that the vector velocity is expressed in bdlasu and S is the

entropy per unit mass. The turbulent di usion coe cients are

k2
T = C —, (7)
and
T
= —: 8
1:3 ®)
with C = 0.09. The turbulence production term is

_ _ Gu ou @y 2 _
Pi= 1 @x @?(+ @x 3" u(k + 1r u); 9)

where the summation convention has been assumed. Tke&ource term is
s = P (10)

whilst the source term is
s = (CP Cp ) (1)

with C; = 1.4 and C, = 1.94. The turbulent stress tensor, , is

2
= g—;}g—}‘j 25Car ut k) (12)

The k- turbulence model described here is coupled to a compressipi

dissipation rate correction proposed by Sarkar et al. (1981Comparisons of
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model predictions with this correction and experimental da have shown sig-
ni cant improvements over results derived using the standd k- approach
for moderately and highly under-expanded jets of the type wer considera-
tion here (Cumber et al., 1994, 1995).

2.2. Equation of state

For CO,, the composite equation of state described in Wareing et al.
(2013a) is employed. This composite method predicts the ttreophysical
properties of the three phases of COfor the range of temperatures of rele-
vance to CQ dispersion from releases at sonic velocities, of interest the
CCS industry. This equation of state has been developed incdua way that
is convenient for computational uid dynamic applications the gas phase is
computed from the Peng-Robinson equation of state (Peng ariRobinson,
1976), and the liquid and condensed phases from tabulatedtdayenerated
with the Span & Wagner equation of state (Span and Wagner, 169and the
DIPPRF* Project 801 database (http://www.aiche.org/dippr/), academic ac-
cess to which can be gained through the Knovel library (httgdwhy.knovel.com).
Pressure, gas and condensed phase densities, sound spegdhé&rnal energy
have all been tabulated against temperature on the saturain line between
100K and the critical temperature, providing the basis for dully functional
form for di erentiation, interpolation and extrapolation in numerical simu-

lations. Air is modelled via an ideal gas equation of state wit , = 7=5.

2.3. Homogeneous equilibrium model

In previous work considering dense-phase G@eleases from small nozzles

and punctures (Wareing et al., 2014a,b), particles of soli@O, do not reach
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equilibrium with the CO, gas ow in the initial expansion due to the short
distance between release point and Mach shock when compatedarticle
thermal and dynamic relaxation times and velocities (Wareqg et al., 2013b).
There a relaxation model was applied to the movement of the rdensed
phase. In this work, where the distance between the releaseim and Mach
shock is an order of magnitude or more times greater than thelaxation
distances (dictated by the particle velocities and thermadnd dynamic relax-
ation times (Wareing et al., 2013b, 2015b)) we assume that ehcondensed
phase is in equilibrium with the vapour phase and no relaxatiomodel is

used.

2.4. Implementation

The composite equation of state is implemented within this¢tmogeneous
equilibrium model into MG, an adaptive mesh re nement (AMR) RANS hy-
drodynamic code (Falle, 1991). The code employs an upwindynservative
shock-capturing scheme and is able to employ multiple prassors through
parallelisation with the message passing interface (MPljbrary. Integration
in time proceeds according to a second-order accurate Godurmethod (Go-
dunov, 1959). In this case, a Harten Lax van-Leer (van Leer, 1B; Harten
et al., 1983) (HLL) Riemann solver was employed to aid the impientation
of complex equations of state. The disadvantage of the HLL sef is that it
is more di usive for contact discontinuities; this is not inportant here since
the contact discontinuities are in any case di used by the drcial viscos-
ity. The arti cial viscosity is required to ensure shocks tavel at the correct
speed in all directions and is at a very low level, decreasipgoportionally

with increasing resolution.
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2.5. Adaptive meshing strategy

The AMR method (Falle, 2005) employs an unstructured grid appach,
requiring an order of magnitude less memory and giving an cedof magni-
tude shorter computation times than structured grid AMR. Thetwo coarsest
levels (0O and 1) cover the whole computational domain; nerrgls need not
do so. Re nement or dere nement depends on a given tolerancaVhere
there are steep gradients of variable magnitudes such as aw boundaries
or discontinuities such as at the Mach disc, this automated eshing strategy
allows the mesh to be more re ned than in areas of the free st in the
surrounding uid. Each layer is generated from its predecesr by doubling
the number of computational cells in each spatial directionThis technique
enables the generation of ne grids in regions of high spakiand temporal
variation, and conversely, relatively coarse grids whera¢ ow eld is numer-
ically smooth. Defragmentation of the AMR grid in hardware mmory was
performed at every time-step, gaining further speed imprewents for neg-
ligible cost through reallocation of cells into consecutermemory locations.
The simulations presented below employed 5 levels of AMR andiite a low
level of arti cial viscosity. A grid resolution control hasbeen imposed in the
AMR, allowing for the full resolution of the sonic decompres&sn and Mach
shock near the inlet pipes and also the larger scale of the g extending
a few metres above and to the sides of the crater, in order totaslish the
ow out of the crater on a plane above the near- eld of the relese. This was
required to achieve reasonable computational executiomtes (on average

100,000 CPU hours per run, more for higher resolution congemnce tests).
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3. Methodology

3.1. Quasi-steady-state ows

Quasi-steady-state ows were achieved by integrating thersulations un-
til the ow out of the top of the crater did not change and the irtegrated
mass- ux leaving the crater through a horizontal plane at omabove ground-
level matched the integrated mass- ux into the crater from he combined
pipe inlets. These are henceforth referred to as steady®’ ows. Steady-
state ows were typically achieved in a physical time of lesthan 1 second.
They are convergent, tests with higher resolutions, a sirgsymmetry and no
symmetry boundaries having shown that the ow structure is galitatively
and quantitatively closely similar to the results present# here. It should also
be noted that small variations in pressure, temperature andelocity at the
inlets do not greatly a ect the steady-state ow structure, shifting only the
position and width of the Mach shock very slightly, with little to no e ect
on the post-shock ow conditions, although if these variatins unbalance the
inlet conditions between upstream and downstream pipes,rige e ects can
be observed, moving the ow out of the crater away from the cér of the

crater as shown later in this work.

3.2. Pipeline inlet conditions

The full-scale rupture modelled is a double ended guillotnbreak at the
mid-point along a 96 km length of below-ground transportatin pipeline, with
external diameter (d) of 0.61 m and pipeline wall thicknessfd9.4 mm. It
is henceforth referred to as the "base-case'. A single 12 ot of pipeline

has ruptured, in e ect unzipping, attening and dropping to form the base

11
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of the crater as previously described. The pipeline has a 1n2 depth of
soil cover. Valves are located 8 km upstream and 8 km downsdra of this
break. Valve closure begins after 900 s and the valve closuime is 30 s.
At the time of the break, the pipeline is assumed to be lled wh stationary
dense-phase C@at an initial pressure at the upstream end of the pipeline of
150 barg and temperature of 303 K. We employ predictions of eéhpipeline
out ow calculated by UCL and provided through the COOLTRANS regarch
programme. This model has recently been applied to the motieg of CO,
discharge following full-bore rupture of pipelines (Browrt al., 2013) where
it was shown to produce reasonable agreement in comparisoithwavailable
experimental data.

The inlet pressure at each pipe end predicted by UCL is shown kigure
1. As can be seen from this gure, the variation of inlet presse with time is
slow compared to the thermal and dynamical relaxation time this decom-
pression, which are fractions of a second (Wareing et al.,138b, 2015b). The
variation of the other inlet conditions is also slow i.e. temmerature, velocity,
mass- ow and condensed phase fraction. The velocities inemear- eld are
high (greater than 50 ms?) with ow times across the crater and into the
plume consequently short (less than 0.5 s). The decompressiow there-
fore passes through a sequence of steady states, as the stesidte ow out
of the crater is achieved in typically less than a second, csiderably faster
than the variation of inlet conditions a ects the near- eld. Hence, as it not
computationally possible to simulate the entirety of the deompression (due
to hardware and time constraints), it is entirely reasonald to simulate a

number of representative steady states, or “snapshots’, gieci c times that

12
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Figure 1: Prediction of the variation of the in ow pressure with time i n the base case

(Mahgerefteh, private communication) and the points chosen for snapshosimulations.

represent or bracket points of interest in the decompressipas is frequently
done in performing such pipeline risk assessments. Furthenough snapshots
had to be modelled such that a reconstructed extrapolated »xfor the entire
duration would represent the smooth variation of the ow, tobe presented in
a future publication. In discussion with DNV GL through the COOLTRANS
research programme, these snapshots were specied a 30 s, 100 s, 250 s,
600 s, 1000 s and 1150 s for the base case. Complete presonptof the inlet
boundary conditions at these times at the upstream and dowttream pipe in-

lets into the crater are shown in Table 1. The snapshots at 3000 and 250 s

13
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cover the duration of the decompression where the upstreamdadownstream
pipeline inlet conditions are identical - they are "balanck Given the range
of pressures (and hence saturated temperatures), theseghrsnapshots were
chosen to cover the initial high pressure, high mass- ow ped. Although
the pressures were higher earlier than 30 s, it was concludiwt the rst
seconds of the rupture may be heavily a ected by the clearae®f overlying
soil and the formation of the crater, so no earlier snapshotgere computed.
The snapshots at 1000s and 1150s were chosen in order to beatke time
at which the valve closure has an e ect on the ow into the cragr, shown
in Figure 1. A nal snapshot at 600 s was chosen in order to charrise
the period of unbalanced ow (where the upstream and downstam inlet
conditions di er) before the e ect of the valve closure beaae apparent on
the inlet conditions. Beyond 1150s, the downstream pipe iow rate drops
below the triple point. Given that the ow rates have decreasd considerably
compared to their initial values in the rst 10 s of the rupture and questions
arise over the multiphase ow behaviour below the triple pait, we do not
to model any snapshots beyond 1150 s at this time. The impact tiese

assumptions is discussed in Section 6.

3.3. Crater geometry

The geometry of the crater is illustrated in Figure 2. It is assmed that
the crater is shaped like a "bath tub', with a horizontal reangular section
at its base of length L' and width W'. The length of the at section is
assumed to be equal to the fracture length of a complete siegection and its
width is assumed to be equal to the circumference of the piped, centered

on the original position of the pipeline, as if a section of th pipeline has

14
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(a) Parallel to the pipe A (b) Perpendicular to the pipe along plane A$
1 +7 w

(c) Plan view

NOT TO SCALE
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L = crater length, W = crater width, /Y OHQJWK RI IODW EDVH o
D = crater depth, = wall angle, A=semPDMRU D[LV RI EDVH HOO

Figure 2: Details of the crater used in the full-scale rupture simuétions (Cleaver, private

communication).

unzipped and then unrolled, leaving the neighbouring seofis in tact. The
at base is at the maximum crater depth, D. The dimensions of ta crater
have been estimated using the DNV GL COOLTRANS crater formation
predictive model, based on real craters generated in incids. The values
that have been obtained are given in Table 2 for the base-casgture As
a rst order modelling scenario, this represents the worstase failure of a
pipeline reasonably well. Other failure scenarios will rek in lower, less

collimated, ow rates.

15
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3.4. Numerical mesh and initial domain conditions

In computationally simulating this crater release, a threalimensional
Cartesian coordinate grid mesh has been employed. The inlednditions
at the upstream and downstream inlet pipes in the crater, asswn in Table
1, are enforced on every timestep of the simulation. The gl state of the
uid in the rest of the domain consists entirely of stationaryair at atmo-
spheric pressure and a temperature of 283 K. The surface okthrater has
been de ned using ellipses. The two ends of the at base aret&llipses.
The method for joining the at section of the crater to the crder rim in a
smooth manner is based on ellipses calculated from the dinseans and wall
angle of the crater, ensuring a smooth change of depth and anstant crater
wall angle perpendicular to the pipeline at all positions ahg the rim. Below
this “surface’, in the ground, no numerical integration isarried out and the
ground is considered solid.

Symmetry boundaries were used where possible in these sitions.
Speci cally, as the inlet pipe ows are balanced for the 30 s100 s and 250
s snapshots as indicated by the overlapping upstream and dastream pre-
dictions in Figure 1, two symmetry boundaries were used in oedto reduce
the computational e ort and achieve steady state with mininmm execution
time. The symmetry boundaries were imposed vertically at = 0 m, parallel
to the pipeline through the centre of the pipeline, and vertally at y = 0
m, perpendicular to the pipeline through the centre of the eter. A quarter
crater was hence simulated on the domairx(y, z) (0, O, -3.5) m to (15, 10,
11.5) m. The single pipeline inlet is semi-circular in thisamain and located

on the x-z plane aty = 6 m, with the centre located at (0, 6, -1.2), with a

16
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radius of 0.3 m. A solid pipeline was modelled for > 6 m. For the 600 s,
1000 s and 1150 s snapshots, where the upstream and downstrgaedic-
tions do not overlap in Figure 1, only a single symmetry boundg was used
as the inlet pipe ows are unbalanced, speci cally at thex = 0 m bound-
ary parallel to the pipeline and through its centre. A half cater was hence
simulated on the domain &, vy, z) (0, -10, -3.5) m to (15, 10, 11.5) m. The
upstream and downstream pipeline inlets are semi-circulan this domain
and located onx-z planes at constanty. The upstream inlet is aty = 6 m
with the centre of circle located at (0, 6, -1.2), and a radiug x-z plane of
0.3 m. The downstream inlet is aty = 6 m with the centre located at (0,
-6, -1.2), and a radius inx-z plane of 0.3 m. Solid pipelines were modelled
fory> 6 mandy < 6 m. The remaining boundaries were set to free- ow,
only allowing the in- ow of air with the initial atmospheric condition when
in- ow was detected e.g. air dragged in from behind the pipeniets. In all
cases, the coarsest grid cell size (on AMR level 0) wa50 0:5 0:5 m. The
nest grid cell size (on the AMR level 4) was 3125 10 2 m on a side. This
is equivalent to a xed grid resolution of 480 480 320 cells for the quarter
crater simulations and equivalent to a xed grid resolutiorof 480 480 640
cells for the half crater simulations.

As symmetry axes were used, cross-winds were not modelledhe tases
presented here. Four test simulations were performed to abtish the validity
of this approach, considering a quarter-crater (with two symetry axes), a
half-crater (with one symmetry axis along the pipeline), auil crater (with
no symmetries) but with still air and nally a full crater wit h a cross-wind

of 2 ms . A comparison of the results showed that at the crater rim or
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a9 just above it, the ow out of the crater is fast enough (on the ader of 100
0 Ms 1) not to be aected by the cross-wind and hence it has been igresl
a1 in these near- eld simulations. Further, the possibility & reentrainment of
a2 @ cooled CQ and air mixture, rather than just ambient air, has not been
us  considered, as to do this accurately would require a couplegar and far-
as  eld computation, beyond the immediate capability of this nodel. These
aus  assumptions and limitations are discussed in the penultinesection of this

as article, Section 6.

a7 3.5. Sensitivity studies

a8 The sensitivity studies consider variations of crater sizand shape only,
us  Keeping the pipe inlet conditions the same as in the base-easipture. De-
0 tails of the sensitivity study variations are speci ed in Tdble 2. Numerical
1 domains were extended by increasing numbers of cells as ssitated by the
52 variation of crater size, but the base resolution as above w&ept constant. A
3 Single snapshot (at = 250 s) is simulated for each study, unless unexpected
s behaviour or features become apparent, or there is specimdustrial interest

s IN the case, detailed later.

s 3.6. Integrated uxes

357 During establishment of a steady-state ow in the near- eld uxes are
s monitored through a horizontal plane in the simulation, eter at or just
0 above ground level depending on how far the shock expansia@me protrudes
w0 out of the crater above ground level. The C® mass ow, or ux, into

1 the simulation domain from the upstream and downstream pipi@e inlets

2 1S de ned in the initial condition and it is to this total input CO, mass
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ux that the CO , mass ux through the plane is compared. The mass ux
is calculated by integration of the mass owing through thisplane, for the
total mass, CO, mass and solid C@ mass. Momentum ux is calculated
by a similar integration for the total momentum, CO, momentum and solid
CO, momentum. Simple velocities are inferred by dividing the tegrated

momentum by the integrated mass.

3.7. Particle deposition

In order to estimate particle deposition in the crater, a Lagangian par-
ticle tracking method has been one-way coupled to the uidow model and
used to inject and track the movement of particles through té crater. This
method has been proved successful in modelling particle bglour in below-
ground pipeline puncture modelling (Wareing et al., 2014kgnd also in small-
scale laboratory releases (Wareing et al., 2013b, 2015b). #és previous
work has shown that the CQ particles are in equilibrium with the ow for
large-scale releases they are injected in the inlet regionthvihe same ini-
tial velocity vector magnitude and direction as the CQ uid. They have
a radius of 2 10 ® m and are given a density appropriate to solid phase
CO; at the sublimation temperature, based on properties meased in our
recent laboratory scale experiments (Wareing et al., 2018bThe movement
of the particles is then computed, including drag e ects, tfough a one-way
coupling where the uid in uences the particles and not vicerersa, until the
particles begin to leave the simulation domain. Any particke that have hit
the crater walls and stuck there are assumed to have been dsjped in the
crater and counted. This number is converted to a percenta@é the original

number of particles inserted into the ow and then scaled tohe solid mass
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s UX into the crater post Mach shock in order to obtain a rate ofsolid CO,

3

o]

80  Mass deposition into the crater.

s 4. Numerical results for the base-case rupture

301 In this section, Figures 3 to 9 are either shown on vertical oronizontal
w2 planes through the numerical domain. Speci cally, the veital y-z plane
w3 IS always through the centre of the crater at the midpoint of he pipeline
a4 rupture, parallel to the initial velocity vectors and the x = 0 m boundary.
s The position of the horizontalx-y plane varies inz from z = 0 m (ground-
w6 level) to z =2 m. Each gure shows (a) temperature, (b) CQ fraction, (c)

a7 Solid CO, fraction, (d) velocity and (e) density.

s 4.1. Simulated ow 30 seconds after rupture

399 Figure 3 shows the predicted steady state ow on the verticallgne at
w0 t=30s. The expansion zone as the C{exits the pipeline is clearly visible
w1 INn temperature, velocity and density. In this region, the lavest temperatures
«2 are reached, passing below the triple point and freezing tlhemaining liquid
w03 CO, into the solid phase. Just before the Mach shock at the termitian of
w04 this zone, the highest velocities and lowest pressures aeached. Beyond the
w5 Mach shock, the temperature is at the sublimation temperate as both solid
«s and gas phase C@are present, enforced by the homogeneous equilibrium
w7 model for pure CQ. The overall uid (CO, and air) temperature drops
ws Slowly as air is mixed into the jet and the plume exits the crar. The solid
w0 fraction just beyond the Mach shock is around 0.35 and this gnbegins to
a0 drop outside the crater, indicating sublimation only begis to occur as the

a1 jet leaves the crater. The core and sheath nature of the sonjet is clear
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Figure 3: Vertical plane through the crater at t=30 s.
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s also spreads out perpendicular to the pipeline axis. This gading lateral
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Figure 4: Horizontal plane 2 m above the crater at t=30 s.

Figure 4 shows the ow on the horizontal plane 2m above the crat.
This is the lowest height at which the horizontal plane doesat intersect the
near- eld expansion zone terminated by the Mach shock and ¢hassociated
high-velocity jet structure and hence is the lowest plane avhich data can
be passed to a far- eld simulation. The highest densities dnCO, fractions
are in a jet directed upwards in the centre of the crater (at ta origin (0,0)
of the numerical grid) and in the lateral spread of the ow tuned upwards
by interaction with the crater at x =5 m to x = 7 m on the x axis. The
peak velocities are between these two regions, but this regiis less dense
and hence carries less momentum. The jet still contains up &pproximately

25% solid CQ at this height and hence the temperature in this equilibrium
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model is below the sublimation temperature in C@®and air mixture. Whilst
the peak velocity is up to 188 mst, the average velocity is less than half
this. Integrated mass and momentum uxes on this plane are skwn in Table
3.

4.2. Simulated ow 100 seconds after rupture

287 1.0 0.27

(a) Temperature (K) l (b) CO, fraction I (c) Solid Fraction I
10 10 1

0.0

0.0 _—

0.0 50 x 100 150 0.0 50 x 10.0 15.o| 00 50 x 100 15-_0|
165 0.0
128.5 3.557 0.0
(d) Velocity (m st) | (e) Density (kg n¥)
10.0 10.
y | y |
0. e . |
0.0 50 x 100 150 0.0 50 x 100  15.0

1.265
0.0

Figure 5: Horizontal plane 2 m above the crater at t=100 s.

In this case, the expansion zone is smaller (as the pressutetltee pipe
inlet is lower). Compared to the steady-state ow att = 30 s, the structure is
somewhat smoother and more collimated into a fan shape out tbie centre
of the crater perpendicular to the pipeline. Figure 5 shows & ow on a

horizontal plane 2m above the crater. Even though the inletnessure is lower,
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this is still the lowest height at which the horizontal planedoes not intersect
the near- eld expansion zone terminated by the Mach shock drassociated
high-velocity jet structure, and hence is the lowest planetavhich data can
be passed to a far- eld simulation. The highest densities, @, fractions
and highest velocities are in the fan perpendicular to the peline directed
upwards in the centre of the crater (at the origin (0,0,0) of e numerical
grid), laterally spreading along thex axis. The cloud expanding towards
positive y away from the x-axis in Figure 5 at aroundx = 7:5 is a result
of the ow from the interacting jets in the centre of the crate running up
the crater wall below this plane and then spreading upwardsd backwards
toward the pipeline. The integrated upwards mass and momanh uxes on

this plane are shown in Table 3.

4.3. Simulated ow 250 seconds after rupture

The expansion zone is smaller than at = 100 s due to the lower inlet
pressure. Compared to the ow att = 100 s, the width of the jet in the
crater and the resulting upwards plume are smaller and cating less CQ,
although the solid fraction is still the same. The velocitie in the jet are on
an identical range to those noted in the earlier base-casepture snapshots.
The expansion zone at the end of the pipe is now almost entiydbelow the
ground level. The structure of the ow on a plane 1m above therater, as
this is now the lowest plane that can be considered withoutt@rference from
the near- eld expansion zone, is quantitatively and qualdtively similar to
that at t = 100 s. The highest densities and C©fractions are now in an oval
cold plume moving directly upwards (toward positivez) form the centre of

the crater at around at 80 to 100 ms!. The integrated upwards mass and
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w6 Momentum uxes on this plane are shown in Table 3.

w7 4.4, Simulated ow 600 seconds after rupture

287 _ 1.0 _ _
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Figure 6: Vertical plane through the crater at t=600 s.

468 Figure 6 shows the predicted steady state ow at = 600 s on the vertical
w0 Slice described previously. The ows out of the pipes into #hcrater are now
a0 unbalanced i.e. the upstream and downstream inlet conditis are di erent
«n and the predictions no longer overlap in Figure 1. The highergssure of the
a2 Upstream inlet ow has pushed the exit plume over toward thedwer pressure
a3 downstream in ow. Compared to previous snapshots, as exped with lower
a inlet pressures, the expansion zones are now smaller. Thaction of CG, in

a5 the solid phase is still the same at the crater rim.
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Figure 7: Horizontal plane 1 m above the crater at t=600 s.

Figure 7 shows the ow on a horizontal plane 1m above the cratemhis is
the lowest height at which the horizontal plane does not intsect the near-
eld expansion zone terminated by the Mach shock and assotgd high-
velocity jet structure and hence is the lowest plane at whicllata can be
passed to a far- eld simulation. The ow out of the crater is h the form of a
thin fan directed upwards from the interaction region, whib in this steady-
state snapshot is moved from the centre of the crater towardhé downstream
pipe. Compared to previous snapshots with balanced inlethe ow out of
the crater is still narrow in the centre of the crater above th pipeline axis,
but widened by the crater walls and unbalanced inlets towargositive x. It

should be noted that this simulation, with only one plane ofygmmetry at
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x = 0 m, shows the same fan jet structure emerging from the cratas the
previous three snapshots, albeit shifted toward the downstam pipe. The
integrated upwards mass and momentum uxes on this plane ashown in
Table 3.

4.5. Simulated ow 1000 seconds after rupture

(a) Temperature (K) 287 (b) CG, fraction 1.0 _(c) Solid fraction 0.57

- =

10 | 107

0.C 1

100 y 00  -100f 100 y 00 -10.o:| 100 y 00 -1o.d|
UpS[ream DOWnS[reanl65
0.0 0

(d) Velocity (m st) 449 e) Log (Density) (kg ) 163

Figure 8: Vertical plane through the crater at t=1000 s.

Figure 8 shows the predicted steady state ow at = 1000 s. The up-
stream and downstream pipe ows into the crater are unbalaed and the
fan jet leaving the crater is now close to the upstream Mach sbhk. The
velocity plot shows the downstream jet remains fairly colthated across the

whole crater. The lower pressure at the downstream pipe inlessults in a
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smaller diameter Mach shock and a smaller jet diameter pobtach-shock.
It is apparent that the jet from the downstream inlet has beerable to split
the upstream jet. Whilst it is possible that this result is a numerical issue,
this is unlikely given the behaviour observed in the sensiiity studies and at
other times, where stable jets form and the location of the @gnation point is
stable. It is also possible to speculate whether this e echsuld have shown
up at earlier simulation times but for the use of symmetry plaes. The cross-
wind tests using quarter, half and full craters have shown nmovement of
the stagnation point. The simulation has also been advanced time to ex-
amine whether the near- eld has not yet reached structuralteady-state. No
shift away from the current position was observed. The C{fraction is lower
in the plume, rapidly dropping to 50% by a few metres above therater,
although the fraction of CQ, in the solid phase is on the same order as all
previous snapshots.

Figure 9 shows the ow on a horizontal plane 1m above the crateirhis
is the lowest height at which the horizontal plane does not iersect the
near- eld expansion zone terminated by the Mach shock and ssciated high-
velocity jet structure and hence is the lowest plane at whicdata could be
passed to a far- eld simulation. The ow out of the crater is h the form of a
thin fan directed upwards from the interaction region, whik in this snapshot
is moved toward the upstream pipe and bent toward the downstam pipe as
a result of the air in ow into the crater behind that pipe which is forcing the
upwards plume fan to bend over toward the downstream pipe. s worth
noting that the upwards ow is still vertical and una ected by the air in ow

for the rst few metres. As the air is owing into the crater at velocities
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Figure 9: Horizontal plane 1 m above the crater at t=1000 s.

on the order of tens of metres per second, this further suppgsithe previous
tests that show cross-winds of a few metres per second do not¢ch the

initial vertical ow out of the crater, and hence the use of sgnmetry planes
is justied. The integrated mass and momentum uxes on this [ane are

shown in Table 3.

4.6. Simulated ow 1150 seconds after rupture

The upstream and downstream inlet conditions remain unbateed. As
in the previous snapshot at = 1000 s, the downstream jet has pushed the
interaction region back to the Mach shock of the upstream cter inlet, with
the upwards plume close to the upstream Mach shock. The batanis still

towards the momentum of the downstream jet with a smaller css-sectional
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area. The ow on a plane above the crater is very similar to thapredicted
at t = 1000 s, in the form of a thin fan directed upwards from the irgraction
region in the crater, with lateral spreading from material owing up the crater
wall. The integrated mass and momentum uxes on this plane arshown in
Table 3.

4.7. Particle deposition

Figure 10 shows the patrticle locations after the particles ka been allowed
to evolve through the ow until one or more have left the comptational
domain. In the rst three snapshots (panels (a), (b) and (c)) at times when
the ow from the upstream and downstream pipelines is balawec, we nd no
particles embed into the crater walls and hence no solid ispigsited into the
crater. At t = 600 s, 1.5% of the particles introduced have been deposited
into the crater walls, primarily through the ow coming from downstream
inlet pipe ow split by the upstream ow. At t =1000 s, 1% of the patrticles
introduced have been de ected into the base of the crater, itime near the
upstream pipe rupture; the same occurs dt= 1150 s.

An important question in the quanti ed risk assessment of ths rupture
scenario is how much solid is deposited in the crater. We nownsider two
particle deposition scenarios. First, the more extreme casehere we average
across the entire duration of the release and estimate thapproximately 1%
of particles released during a full-scale pipeline rupturend up embedded
in the base of the crater. Based on this, a total of 14,000 kg eblid CO,
could be deposited over the 1150s before the pressure at thmvdstream
rupture reaches the triple point. This is equivalent to 10 doic metres of

solid CO, spread around the base of the crater. covering the base to a
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Figure 10: Vertical planes through each of the base-case snapshots with piedles. Panels
(a), (b) and (c) only show half the slice through the crater as they werequarter crater
simulations. Onto each plane are collapsed all the locations of the parties in the entire
three-dimensional simulation, marked by red squares. Particles caidered to be deposited

in the walls are shown as the red squares inside the black solid walls.

depth of approximately 0.4m. Secondly, we assume that wtikhe pipe ows
are balanced up to 250 s, there is no particle deposition indhcrater. An

integration from 250 s to 1150 s reveals that approximately580 kg of solid
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CO; could be deposited in that time - 40% less than in the rst scerio.

5. Sensitivity studies

For reference, details of the sensitivity studies are summsed in Table 2.
Unless speci cally detailed, the initial conditions were idntical to the base

case.

5.1. Sensitivity study 1 - a longer fracture

In the rst sensitivity study (S1), the pipeline fracture length is doubled
to 24m and the crater size changed according to Table 2. The tivation for
this study is to examine the consequences of constructingetpipeline from 24
m sections, rather than 12 m in the base case. All six equivatesnapshots of
the ow have been simulated in this case. The integrated upwds mass and
momentum uxes are presented in Table 4. The e ect of changinfracture
length appears to smooth and balance the ow from the centrd ¢he crater,
and leading to lower CQ and solid CG, fractions in the plume out of the
crater. The e ect on the ow out of the crater compared to the lase case
is due to the greater distance between the upstream and dovream pipes,
which gives a greater distance before the two jets interactyhich in turn
results in a more collimated ow out of the crater.

As a result, the plume out of the crater has a very similar shapand
position in the centre of the crater at all six times consided. The ow on
a horizontal plane above the crater is shown in Figure 11(b). He upwards
ow is very symmetric with a thin fan perpendicular to the pipeline in the
centre of the crater at all times, with lateral spreading oflte cloud caused by

interaction with the crater wall as the ow moves outward fron the pipeline

32



Temp

100 (a) Base case

0.0
0.0 10.0

0.0 © 100

10.0

0.0

-10.0

15.0 20.

0.0

0

-10.0 0.0 10.0 0 50 100

Figure 11: Steady-state ow on horizontal planes above the crater comparinghe base

case (a) and the six sensitivity studies (b-g) at 250 s after the ruptue.
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axis at the centre of the crater. At later time the ow was not $ifted
toward either upstream or downstream inlet pipe. The integri@d uxes are
presented in Table 4. At early times, the integrated ow is vey similar to
that of the equivalent time base case snapshots. At later ties, CQ fraction
and solid fraction linearly decrease, rather than remain ogtant as in the

base case.

5.2. Sensitivity study 2 - a deeper pipeline

In this second sensitivity study (S2), the depth of cover ofhe pipe is
increased from having 1.2 m of soil cover to 2 m of soil covercathe crater
depth changed according to Table 2. The motivation for thistady is to
examine the consequences of a deeper amount of soil coverthaslevel of
cover is expected to vary along a pipeline as it encounterscld geography.
A single snapshot att = 250 s was considered for comparison to the base
case. The integrated ux on a plane above the crater is preded in Table
5. The e ect on the ow out of the crater is minimal. The ow is smooth
and has the same structure as the base case snapshot at 250sssheown in

Figure 11.

5.3. Sensitivity study 3 - a shallower crater

In the third sensitivity study (S3), reducing the crater wal angle is con-
sidered - generating a shallower walled crater as detailenl Table 2. The
motivation for this study is to examine possible consequees of di erent soll
cover varieties. A single snapshot at= 250 s was simulated for comparison
to the base case. The crater wall anglewas decreased from 750 64 . The

e ect of changing crater wall angle appears only to increaske width of the

34



609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

cloud, allowing for more lateral spreading, as shown in Figeirl1l, but this is
not where the majority of the mass- ux and momentum is locat and hence
the e ect on the plume is minimal. The integrated uxes are pesented in
Table 5. The CG; fraction and solid fraction are slightly less than the = 250
s results for the base case. Velocity and temperature are yesimilar to the

base case.

5.4. Sensitivity study 4 - a 72 m fracture

In the fourth sensitivity study (S4), modelling of a large cater is per-
formed, detailed in Table 2. The motivation for this study isto examine the
consequences of an unarrested pipeline crack creating a 7&acture length
(L") and associated elongated crater. As this is a consideigldi erent sce-
nario to the base case, all six snapshots of the ow have beemslated in
this case. The ow is considerably di erent, as shown in Figwe 11 and in
order to establish integrated pro les, slices are higher ale the crater than
for the base case. The e ect is to reduce the GCiraction going upwards
in the plume and considerably reduce the solid fraction. Matities are also
lower, as detailed in Table 6. The e ect of the extended fraate length is
to allow the ow out of each pipe to have a considerable distae to expand
and to de ect o the crater base (approximately 36m, rather han 6m in the
base case) before meeting in the interaction region in thentee of the crater.
Hence much more air is mixed in and C®levels are lower with less solid
present. In order to nd a plane above the crater that is abovehis interac-
tion region, it has to be considerably higher than in the basease. On this
plane, the plume out of the crater is moving predominantly saight upwards.

As the time increases, the C®fraction decreases, the solid fraction decreases
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and the velocity drops on this plane, as shown in the integratl mass and
momentum uxes in Table 6. The net result is a slower, less coentrated,
wider but more collimated ow compared to the base case, as®hn in Figure
11.

5.5. Sensitivity study 5 - misaligned pipes

In this sensitivity study (S5), modelling the e ect of upstream and down-
stream pipe inlet misalignment on the ow out of the crater isconsidered.
The misalignment considered, 10outwards in the horizontal plane, with the
“anchor' point for the pipeline coincident with the crater dge, is anextreme
case in order to bracket potential real world scenarios. The simulations re-
vealed considerable e ects on the ow and all six snapshot$ the ow have
been simulated in this case. The pipes were misaligned as waiahe crater
length L was increased to 22 m and the width W to 14.9 m. The stoture
of the ow is considerably di erent to the base case and the tegrated pro-
les show larger fractions of CQ and larger solid fractions, but comparable
velocities and temperatures. Given the nature of the ow, ampwards ow
through a plane is of questionable validity here in represeng this extreme
case. The general crater shape is not changed, although iality the crater
shape will almost certainly be distorted away from the symntiec “bath-tub’
used throughout in this work. The interaction region betwee the two jets
is still in the centre of the crater, although it is now twistel and leads to
a upwards ow of CO, out of the crater as before, as well as a new ow
which consists of the jets from each pipe end partially de éiog 0 one an-
other, into the opposing crater wall, up the wall and then oubf the crater.

The shape of the crater strongly a ects these new de ected ws. With this
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crater shape, the ow is de ected upwards out of the crater athe crater wall
angle, whilst also carrying momentum in the horizontal pla@, resulting in a
“fountain’ over opposite edges of the crater, as well as theime in the middle
of the crater, as shown in Figure 11. At early stages, the jetsoin each pipe
and the interaction region dominate, forming a complex plusy but moving
predominantly upwards with comparable CQ fractions and solid fractions
to previous sensitivity studies (as shown in Table 7). The §{g do not de-
ect and there is minimal sideways ow perpendicular and awa from the
pipeline. Byt = 250 s into the release, the jets are narrow enough that
the major interaction consists of a de ection as the jets paseach other and
hence the ow out of the crater is dominated by the crater shag opposite
the pipe rupture as the jets hit the opposite walls (see Figurgl. As these
ows are complex, the integrated uxes have been calculatedt the crater

rim and are shown in Table 7.

5.6. Sensitivity study 6 - sandy soil crater

In this nal sensitivity study (S6), the motivation is to stu dy variation
in the type of soil cover. Instead of clay, this case considesandy soil and
hence a much wider and longer crater with a shallower wall aleg A single
snapshot att = 250 s is presented for comparison to the base case in Figure
11. The crater length L was increased to 33.9 m, the width W to628 m and
the crater wall angle decreased to 4Q as detailed in Table 2. The e ect
on the upwards plume in the centre of the crater is minimal, #iough the
lateral spreading of the plume at ground level is considerigbwidened by the
larger crater and shallower wall angle, as shown in Figure 1As the depth

and fracture length remain the same, there is minimal e ectfosoil type on
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the plume going upwards from the centre of the crater. This #he region of
the ow carrying the greatest amount of material at the highst velocities.
The key e ect is as a result of the widening of the crater. Theateral spread
of the cloud from the central interaction region is less fosged around the
crater as the crater wall angle is considerably far less thameviously which
means the ow more easily runs up and over the lip of the cratdneading
perpendicularly away from the pipeline. The velocities inhis lateral cloud
are very low though. The integrated uxes presented in Tabl® show that
the CO, fraction and solid fraction are slightly less than those inbet = 250

s snapshot for the base case. Velocity and temperature arawasimilar to

the base casé = 250 s snapshot.

6. Discussion

The validation of the pipeline rupture model presented in Ra |, and
comparisons to experimental data published elsewhere (Wey et al., 2013;
Wareing et al., 2013b, 2014a,b), have shown that in gener#his dispersion
model can predict the characteristics of high pressure rakes of CQ from
reservoir conditions similar to those under consideratian the CCS industry,
including releases directly to air (as in venting operatia), punctures and
ruptures of below-ground pipelines.

These predictions have required a complex equation of statéhich ac-
counts not only for accurate behaviour in the gas phase, bulsa, because of
the temperature range from the release point into the far- e, for accurate
behaviour in the liquid and solid phases and the transitiona the solid phase.

The method used here has modelled steady-state snapshotaatumber
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of points in the decompression of the pipeline. Based on shdynamic and
thermal relaxation times, the short ow-crossing time of tle near- eld and
the slow variation of the ruptured pipe inlet conditions, tte pipeline goes
through a sequence of steady-states during the decompressi The choice
of only examining a number of these, limited by the high compational ex-
penses of accurately modelling the near- eld thermodynars and ensuring
resolution of the near- eld shock structures is thereforeugti ed. However,
it should be noted that by taking such snapshots of the ow atnstants in
time, the precludes any e ect on the steady state snapshot iuestion of the
earlier evolution of the ow, theoretically minimal as it may be. Future soft-
ware and hardware developments may allow the investigatiasf a complete
depressurisation of a full-scale pipeline, with the necesg accuracy and re-
solve any questions over the transient nature of the dispésa ow and the
assumption that it has no ‘'memory"'.

Water vapour in the atmosphere will also a ect the ow, but have limited
bearing on the true near- eld. Predictions indicate that a ffee jet is entirely
CO, until approximately 40 release diameters downstream fronh¢ release
point. Any water vapour in the air cannot a ect the core whilstit is 100%
CO,, so itis unlikely to have an e ect on the true near- eld arourd the Mach
shock as that is always within 10 diameters of the release pbi Given the
likely size of craters formed in pipeline ruptures, it is umiely to strongly
a ect the ow in the crater of a full-scale rupture. Once air does begin to
mix into the core, water ice will form in the low temperature avironment
and since water has a latent heat of fusion greater than thatf €O,, it will

be an energy sink and the C@jet itself will not be as cold as a consequence.
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Also, the jet formed will be more buoyant. Water droplets conensed by the
cold jet will also de ne the visual extent of the jet. This is tue throughout
the jet, but requires air to mix into the jet, which initially in the near- eld

happens at very low levels. Following the interaction regimin the crater,

water vapour condensing when the temperature drops beloweldew point
will visually de ne the outer extent of the jet.

Re-entrainment of CQ back into a crater has been considered in two
ways. Taking far- eld predictions, a mixture containing 186 CO, and 85%
air by mass was allowed to ow into the simulation domain in pevious punc-
ture studies (Wareing et al., 2014b), at ambient temperatws and pressures
as predicted by the far- eld simulation. This appeared to hee no e ect on
the crater out ow. In the second examination, a simpli ed two dimensional
simulation of a stalling plume was considered, as the fullrsulation is not
possible with a near- eld model alone. The results have shawhat plume
height is a ected - it drops by one third as the cold cloud is rentrained into
the ow. Further full far- eld simulations modelling the cr ater and employ-
ing near- eld predictions, just past the Mach shock but befi@ the interaction
region in the crater, as input could be used to explore thissge further. It
is possible to conclude from the tests conducted that in thesscenarios, re-
entrainment of ambient temperature, low concentration digersing CQ into
the crater has little e ect on a crater out ow, but re-entrainment of a stalling
plume, containing high concentration, cold C@ does have an e ect on the
plume, leading to a lower stalling height and di erent dispesion properties.

A homogeneous equilibrium model has also been used throughthe

simulations presented here. In the case of ruptures, thisastirely applicable,
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as discussed in detail elsewhere (Wareing et al., 2013byc& the particles
will be in equilibrium with the ow and follow the ow streaml ines.

The choice of turbulence model has a bearing on the prediat® These
simulations have employed the turbulence model with a compressibil-
ity correction required by the decompression of the highlynderexpanded
pipeline ow. We have shown previously that this model is cable of mod-
elling free releases into air (Wareing et al., 2014a). To ame compatibility
within the COOLTRANS research programme, we continued to emgy this
model for the below-ground releases, with good results founctures com-
pared to experimental data (Wareing et al., 2014b). Howeveg Reynolds-
stress turbulence model would be more appropriate for thesguations. Even
with such a second-moment turbulence closure, it is not palske to capture
the true transient turbulent nature of these releases with ® ANS model, as
the model istime-averagedoredicting a time-averaged structure. Large eddy
simulation could be advantageously employed, but questisithen have to be
answered as to how this would link with pipe- ow and near- el models and
feed into the RANS methods common in industry.

Further simulations of complex particle interactions willprovide more
clarity, especially when considered in combination with faeld dispersion
calculations to estimate rain-out of solid C@, as the heaviest agglomerates
are probably formed in the interaction region in the middle bthe crater.
Given the assumptions above about where particles deposihese should
be considered upper limit estimates based on the method andadysis ap-
plied. However, it is di cult to apply these general assumptons. Given the

behaviour in the case of releases from pipeline punctures §Wing et al.,
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2014b), the simulations indicate that deposition could adtr the pro le of the
crater in such a way as to provide a 'smooth’ ow path and inhiib further
deposition. It would be fair to say then that the 1% estimates a "peak’ rate
of deposition and that once signi cant accumulation of sadi occurs in the
crater, the ow may adapt to reduce this rate, thereby reducig the estimates
of total deposition made above considerably further.

In previous work (Wareing et al., 2014b), we have estimatedhpticle de-
position rates for punctures of buried pipelines. Predicteparticle behaviour
and deposition was seen in the experiments. There exists ngdence to
support or contradict the level of particle deposition esthated here - hor-
izontal venting experiments in CO2PIPETRANS have shown pilesf solid
CO; under impact plates and deposition has been seen in both thanzture
experiments mentioned above and in the quarter scale ruptrexperiment
used for validation of this method in Part I, so we have reasable con dence
in saying there will certainly be some patrticle depositionScaling up punc-
ture and quarter scale rupture experiments indicate it may & a considerable
amount, not entirely di erent to the amounts calculated abae. Particle
collision and agglomeration, not included, may also be sigrant in these
rupture ows.

Whatever the amount of CQ in or around the crater, it should be sepa-
rately considered for further risk analysis as a secondamgusce of a dispersing
gas cloud after a rupture event, separate to the dispersiori the gas cloud
as a result of the rupture itself. It should also be noted thathese are very
simple estimates that can be changed considerably by smatlanges in as-

sumptions, e.g. assuming 0.5% deposition and the quantiteposited drops
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by a factor two. Without further re nement, and possibly testing of di erent
ways of introducing particles and capturing their behavioy they should be
used with extreme caution in any future work. Further expemental data is
required to re ne these predictions.

The sensitivity study of the base case has shown how di eremrater
parameters aect the ow out of the crater. It is reasonable v say that
the greatest e ect comes from mis-aligning the pipes in Setigity study 5,
although the case considered is an extreme one and furtheudies would
be required to investigate the impact of, and correspondinghanges to, the
crater geometry as a results of jet impingement on the cratavalls. Other-
wise, a much increased fracture length (on the order of 72mlsa has a large
e ect on the ow structure, but not that much of an e ect on the integrated
pro les. Changing the pipe depth, pipe section length, crar wall angle or
soil type have e ects on the ow structure that can be understod in terms of
the parameter change, but are relatively minimal, especlglwhen consider-
ing the integrated uxes. It should be safe to assume that inlbcases, except
the pipe mis-alignment case, a maximum of 1% of the particlesleased end
up in the base of the crater. The above results could also beearpreted to
mean that during balanced ow, all particles ow out of the crater, but this
would seem to be the other extreme of the scale and would igeany possi-
bility of particle collisions in the interaction region tha would drive particles
into the crater base. In the case of mis-aligned pipe inletspnsiderably more
solid CO, may stay in the crater as the ows are de ected into the crater
walls, where particles will embed. However, the bath-tub ctar shape used

is in fact unlikely to be the shape of the crater in such a misligned release
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and hence this result should again be used with caution. Fimér numerical

and experimental testing is required to elucidate this isgu

7. Conclusions

This article has presented the application of a novel methoidr simulat-
ing sonic high pressure releases of dense-phase @Dthe realistic scenario
of a rupture of a buried pipeline. The pipeline rupture proaeds through
a sequence of steady-states, or snapshots. Due to compudaél time con-
straints, only a number of these snapshots have been modelldntegrated
uxes have been produced for the ow out of the crater, provishg signi -
cantly novel initial conditions beyond the shock-contaimg thermodynamically-
complex near- eld. Future far- eld dispersion simulatiors can now employ
these integrated uxes as source conditions and avoid theerto accurately
model the near- eld conditions.

A set of six sensitivity studies has also been presented, exaing the
e ect of varying crater parameters on the ow out of the crate. Integrated
uxes are also presented for each of these sensitivity stedi. All these near-
eld predictions have required a three-phase accurate edin of state, that
also accounts for the latent heat of fusion.

Extrapolations of the integrated uxes to the full transiert decompression
will now also be considered. Further experimental data at lblo laboratory-
scale and larger scales is required to further validate theadel and shed
light on the behaviour of solid CQ in and around the crater, although we
have used Lagrangian particle tracking methods and apprdpte conditions

derived from laboratory-scale experiments to estimate piécle deposition
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rates into the crater in this work.
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Notation

Roman letters:

-4 »n -~ =~ - 3 X~ Mo a O o0 T o

c

Cc

model parameter

model parameter

adiabatic sound speed

speci ¢ heat

non-dimensional nozzle diameter
total energy per unit volume
Helmholtz free energy
turbulence kinetic energy
mass

pressure

non-dimensional radial location
universal gas constant

time

entropy

temperature

magnitude of velocity

internal energy per unit mass
molar volume

molecular weight

non-dimensional axial location
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Greek letters:
condensed phase fraction
total mass fraction of CO,
Peng-Robinson equation of state parameter
dissipation rate of k
ratio of speci c heats
molecular viscosity
density
relaxation time

! acentric factor of the species

Subscripts:

0 reference state
a air

c condensed phase
crit critical point

g gas

[ initial

mix mixture

S saturation

trip triple point

% vapour
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Table 1: Initial upstream and downstream pipe out ow conditions for the rupture cases

(Mahgerefteh, private communication).

Time Stream  Pressure Temp. C@ Liquid Velocity Mass-ow

S direction 10 Pa K % % ms?! kgs !

30 Up 1.971 253.3 100.0 69.0 98.19 3773
30 Down 1.971 253.3 100.0 69.0 98.19 3773
100 Up 1.403 242.8 100.0 64.0 108.5 2661
100 Down 1.403 242.8 100.0 64.0 108.5 2661
250 Up 1.060 234.8 100.0 61.0 114.0 1992
250 Down 1.060 234.8 100.0 61.0 114.0 1992
600 Up 8.12 227.7 100.0 58.0 1194 1506
600 Down 7.55 225.8 100.0 58.0 120.1 1402
1000 Up 7.14 224.4 100.0 57.0 121.5 1334
1000 Down 5.98 220.1 100.0 56.0 123.3 1118
1150 Up 6.42 221.8 100.0 57.0 122.2 1205
1150 Down 5.16 216.6 100.0 55.0 124.2 971.0
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Table 2: Crater parameters for the base rupture case and the range of sensity studies

considered.

Case Fracture Crater Description

Length Width Depth Wall

# Length angle
L'(m) L(m) W(m) D(m)

Base 12 Clay soil, 1.2m depth 18.5 11.4 3.2 75
S1 24 Longer pipeline fracture 30.5 114 3.2 75
S2 12 Pipe top at 2m depth 19.4 12.3 4.0 75
S3 12 Shallower wall angle 18.5 11.4 3.2 64
S4 72 Longer fracture 78.5 114 3.2 75
S5 12 Pipes misaligned by 10 22.0 14.9 3.2 75

S6 12 Sandy soil crater 33.9 26.8 3.2 40
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Table 3: Snapshot integrated uxes above the crater in the base rupturecase.

Time (s) 30 100 250 600 1000 1150

Plane at: 2m 2m Im Im Im 1m

Mass-ow  (kgs 1)

Total up 12700 9830 6990 5290 4330 4080

Total down 1030 1710 1960 1190 1150 1360
COz up 7550 5810 4320 2990 2600 2370
CO, down 15.8 43.8 48.9 134 200 145
Solid up 1440 1010 801 455 443 502
Solid down 0.020 0.064 0.006 0.197 1.54 0.404

Momentum (kgms 2)

Total up 914000 637000 415000 233000 171000 155000

Total down 4388 11900 18500 19500 9350 8740
CO, up 600000 444000 290000 142000 107000 94400
CO, down 824 239 243 1460 1210 972
Solid up 126000 93200 62000 25600 20000 21200
Solid down 0.111 0.307 0.004 2190 8.018 2.386
Velocity (ms 1)

Up 72.1 64.9 59.3 44.1 39.5 37.9
CO, up 79.5 76.4 67.1 47.7 41.3 39.8
Solid up 87.1 91.9 77.4 56.3 45.2 42.3
Peak 188 129 164 150 141 134
Temp. 192 K 188 K 189K 186K 188K 187K
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Table 4: Snapshot integrated uxes above the crater for Sensitivity Study 1.

Time (s) 30 100 250 600 1000 1150
Plane height: 2m 2m 2m 1m 1m im
Mass- ow (kgs 1)

Total up 11900 9230 7350 5890 5510 5050
Total down 3440 3080 2870 2820 2840 2610
CO, up 7540 5280 3840 2960 2520 2340
CO; down 78.8 49.3 35.1 53.4 33.5 57.9
Solid up 1440 859 518 386 292 323
Solid down 9.37 2.80 0.870 1.09 0.133 0.208

Momentum  (kgms 2)

Total up 873000 651000 457000 333000 286000 226000
Total down 34600 28900 24700 26700 32300 25600
CO, up 597000 410000 268000 192000 154000 117000
CO, down 290 228 183 291 201 597
Solid up 125000 76900 44600 31300 22700 20000
Solid down 16.3 2.52 0.585 1.32 0.226 0.725
Velocity (ms 1)

Upwards 73.6 70.6 62.2 56.6 52.0 44.7
CO, up 79.2 7.7 69.7 64.8 60.9 50.2
Solid up 86.5 89.5 86.1 81.3 7.7 61.9
Peak 169 156 149 155 153 142
Temp. (K) 188 188 188 188 191 188
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Table 5: Integrated uxes for the snapshots att = 250 s Sensitivity Studies 2, 3 and 6.

Sensitivity study S2 S3 S3
Plane height (m) 0 2 1
Mass- ow (kgs 1)

Total up 6530 7170 7090
Total down 2500 2080 3090
CO, up 4020 3910 3830
CO, down 144 231 78.7
Solid up 735 578 584
Solid down 0.380 6.76 6.38

Momentum (kgm's ?)

Total up 482000 373000 362000
Total down 9320 18800 18100
CO, up 324000 241000 240000
CO, down 1470 1580 108
Solid up 66500 45700 48600
Solid down 2.13 53.6 10.7
Velocity (ms 1)

Inferred up 73.8 52.1 51.0
Inferred CO, up 80.7 61.5 62.7
Inferred solid up 90.5 79.1 83.3

Flow-weighted temp. (K) 188 188 190
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Table 6: Snapshot integrated uxes above the crater for Sensitivity Sudy 4.

Time (s) 30 100 250 600 1000 1150
Plane height: 6m 5.5m 6m 6m 5m 6m
Mass- ow (kgs 1)

Total up 14800 11700 9540 7700 6850 6500
Total down 4150 4180 3550 2830 2860 2680
CO, up 7540 5320 3980 2910 2440 2180
CO; down 3.79 5.52 1.11 1.06 5.09 0.85
Solid up 934 461 238 819 30.1 113
Solid down 0.0 0.0 0.0 0.0 0.0 0.0
Momentum (kgms ?)

Total up 391000 267000 164000 93800 72700 61700
Total down 26200 26400 18600 12600 12800 11800
CO, up 209000 128000 70800 36000 26200 20800
CO, down 16.3 20.8 3.0 2.6 146 22
Solid up 7070 12400 4600 1010 307 1060
Solid down 0.0 0.0 0.0 0.0 0.0 0.0
Velocity (ms 1)

Inferred up 26.3 22.9 17.2 122 106 95
Inferred CO, up  27.7 24.0 17.8 124 10.7 9.6
Inferred solid up 7.6 26.9 19.3 123 102 94
Peak 50.6 42.0 29.8 239 266 216
Temp. (K) 186 186 186 188 190 187
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Table 7: Snapshot integrated uxes above the crater for Sensitivity Study 5.

Time (s) 30 100 250 600 1000 1150
Plane height: Om Om Om Om Om Om
Mass- ow (kgs 1)

Total up 11000 7820 6360 4970 4290 3580
Total down 4230 2490 2350 1870 1650 1480
CO, up 7720 5400 4030 2980 2510 2120
CO; down 570 53.2 150 125 152 166
Solid up 1730 1160 755 510 408 418
Solid down 1.73 0.06 0.22 0.39 0.86 8.88

Momentum  (kgms 2)

Total up 496000 369000 276000 162000 119000 85100
Total down 134000 30200 30700 19000 16400 12600
CO, up 378000 273000 185000 102000 72800 53400
CO, down 17800 433 2030 1270 1860 1670
Solid up 89600 62200 38000 18900 12800 11200
Solid down 28.3 0.41 2.19 1.76 5.20 76.7
Velocity (ms 1)

Upwards 45.2 47.2 43.4 32.6 27.6 23.7
CO, up 49.0 50.6 45.9 34.2 29.0 25.2
Solid up 51.9 53.7 50.3 37.1 31.3 26.7
Peak 245 207 162 140 109 83.6
Temp. (K) 191 190 188 187 186 186
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