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ABSTRACT

The deployment of a complete carbcepture and storage chain requires a focus upon the
hazards posed by the operation of pipelit@ssporting carbon dioxide (GPat high
pressure in a deng®ase(supercritical or liquidstatg. The consequences af intentional or
accidental releasffom such pipelines must be considered as an integral part of the design
process.There are a number of unique challenges to modethiege releasegdue tothe
unusual phas#ansition behaviouof CO,. Additionally, few experimental observations
largescale CQ releasefave been made, and the physics and thermochenmgtiyed ae

not fully understood.This work provides an overviewof elements ofthe EC FP7
CO2PipeHaz projecwhose overallaim is to addressheseimportant andpressingissues,

andto develop and validatmathematicaimodels formultiphasedischarge and dispersion
from CQO, pipelines.Theseare demonstrated heogon a fullscale pipeline release scenario

in which densgphase CQis released from a futhore 36inch pipeline rupture into a crater,

and the resultingnultiphaseCO, plume disperses over cofep terrain, featuring hills and
valleys. This demonstration case is specifically designed to illustrate the integration of

different models for the pipeline outflow, near-field andffald dispersion

KEYWORDS

CCS,CO;,, multi-phase flow, experimental measurememithematical modellingipeline

depressurition



1. INTRODUCTION

Carbon capture andosage(CCS)is a set of technologies designed to redG€® emissions

from large pointsources oproductionsuch ascoatfired power stationand other industrial
facilities. It involvesthe captue of CO, andits storagen suitable semrapermanenteservoirs

such as naturally formed saline aquifers or depleted oil wells, instead of allowing its release
to the atmosphere where it contributes to climate chamgemost of the planned CCS
projects, the C@ is transported from the capture to th@rage sites in highpressure
pipelines, typically operating gbressures abov80 bar, wherethe CQ is in either a
supercritical or liquid state depending upon whether it is above or below the critical
temperature 0804.19 K.

Whilst the physicsof highpressure releaseof substancesuch asatural gas angropanes
relatively well understoodCowley and Tam, 198 Richardson and Saville, 1996CGO;
possesses some unusual physical properties which make its release behaviour more
challenging to predictAs pure CQ, its triplepoint pressure and temgatureare 518 bar

and 2165 K respectively, and at atmospheric pressure, @gists in either a solid or
gaseous state, with a sublimation temperaturkE9df25 K.This means that there is likely to

be complex phasgansition when C@decompressefsom an inital densephase state the

pipeline (i.e.as asupercritical or liquid fluid) into a solid and gaseous statatmospheric
pressureThe work undertaken in tHeC FP7CO2PipeHazproject 009)has beeipivotal to
improving the understanding of this complex pha@aasition behaviour and providing more

accurate predictions of tlt®wnsequence associated with Qgfpelinereleases.

CO, is a colourless and odourlegasunder ambient conditionandis toxic if inhaled in air
at concentrations around 5%, and likely to be fatal at concentratfi@ansund 10%{NIOSH,
1996. Liquid CO, has a density approximately 50mss than that of water, but has a
viscosity of magnitude more frequently associated with gases, and this pnoyédes/ the
transport of CQ an economically viable andteactive proposition. However, preliminary
calculations and experimental evidence indicate, ttha¢ to it possessing a relatively high
JouleThomson expansion coefficiethe rapid expansion of an accidenigliid release may
reach temperatures below 180 Rwue to this effect, solid formation following a pipeline
puncture or rupture is to be expected, anbssequentlyat atmospheric pressure, the solid
CO, will sublimeinto gas In assessing the hazards posed by releas€S, it is important

to take account of the fathat theCO, gas will be muchdenser than aimjue to both its



higher molecular weighdind very low temperature. This could lead tgravity-driven flow
of high CQ-concentration gaswhich would tend to flow down slopes and accumulate in

low-lying areas.

The modelling of outflovand subsequematmospheridispersiorfollowing pipeline failure is
especially challenging given the large number of complex and often interactingspsoce
governing thephenomena involvedThe rupture of the pipeline results in a series of
expansion waves that propagate into the undistuitb&tlin the pipetowards the intact end

of the pipeline. These waves result in the acceleration of the fluid particles in the opposite
direction and hence outflow. The precise tracking of these expansion waves and their
propagation as a function of time and distance along the pipeline is necessheatmurate
prediction ofthe outflow, as well asny propagating fractes within the pipeline material

This involves detailed consideration of several processes including heat and mass transfer,
unsteadyfluid flow and thermodyamics(Mahgerefteh et al., 2012additionally, given that

the transportation of COwill undoubtedlyoccur at high pressuréhis means that the near
isentropic expansion resulting from a pipelfadure will likely inducetwo-phase flow.The
modelling of the subsequent dispersmnCO, in the atmosphere also poses a number of
difficulties due to the complex interaction of a numieérphysical and thermodynamic
phenomenancluding the formation o$tationary shockell structure, phasetransition, and

the behaviour of mulphase systems. In the case of a-ldte rupture, this will inevitably
occur within the confines of a crater excavated by the-pighsure release and the geometry

of this crater will invariably déct the neafield dispersion of the release. Hence, this must
be considered if suitable source terms are to be provided to tfieldadispersion models.
Finally, the farfield atmospheric dispersion phenomena can only truly be understood if the
fluid dynamics of the release are evaluated using a realistic t@mraihich the effects of
gravitational acceleratiorhuoyancy, wind turbulence,and the behaviour of thdifferent

phasesreconsidered.

This paper describes the development of novel rpblise pipeline discharge and dispersion
models applicable talensephase CO, pipelines and their validation against recently
obtained experimental dat&he accidental releaseonsidered wasf pure CQ, initially at

150 bar and 283 Krom a pipeline 217 km in length dmwith an internal diameter @914

m (36 inche¥. A full-bore guillotine rupture was modelled, which was assumed to take place
84 km from the fee@nd of the pipelineTerraindataobtained from the UK Ordnance Survey

datdbase(2013 was incorporated into the modelling to represent a realistic release scenario.



2. VALIDATORY EXPERIMENTAL WORK

Although it is clearly not possible to validate the overall model whitdgrages pipe-flow,
pipetelease, nedield and farfield dispersion modellinghe accuracy of certain elemgmf

the modelsvas assessed against laggale data acquired as part of the project.

Figure 1shows a schematic of the rignd the sensor arrayssed at INERIS for the
experimental studies ¢drgescale CQ releasesThe rig was used to acquire data regarding
mass flowrates, and nedreld temperatureand concentratioulistributions in a number of
different release scenarios of varying nozzle sizedratial pressures. These data hdeen
used in the validation of the-pipe, neaifield, and farfield dispersionmodels, andurther
details can be found in the literatydamois et al., 20)3Part of this validation is discussed
below, but further informatiobe found in recent CO2PipeHaz project rep(ftarweather et
al., 2011 Martynov, 2013Narasimhamurthy et al., 2013).

In the flow field, the instrumentation consistedf twentysix, radially distributed
thermocouplesand sixoxygen depletiorsensordglistributed along the centtme axis of the

jet. The region used for theearfield dispersion-modeValidation extendetbb 5m from the
release planeThis choiceof the modelling domain size wakie tothe nearfield model
developmentsn this paper beingconcerned with the accurate representation of under
expanded, shoeladen, multiphase jets, and the structure of thmiitial expansion to
atmospheric condition®By 5 m downstream of the release poitite jet has become self
similar in its properties, and has been at atmospheric pressure for a considerabde.distan

Hence, the modelling of the féield region does not require such specialist treatment.

Figure 2is a schematic of the release vessel, supported by photographs of th#blgsse
including the release valve, stop valves, and the discharge offfiee2 nt spherical
pressure vesselas thermally insulated, and can contain up to 1000 kg of &@ maximum
operating pressure anénuperature of 200 bar amtl’3 K, respectively. It is equipped
internallywith 6 thermocouples and 2 high-precision pressure gauges,aarmbnnected to a
discharge line of 50 mm inner diameter, with no internal restrictions. In total, the line is 9 m
long including a bend inside the vessel, plunging to thioloin order to ensure that it wa

fully submersed in liquid C@® Three ball valves were installed in the pipe. Twaewne
positioned close to the vessel and the third near to the orifice holderr§thalve closest to

the spheraevas a manual safety valve, atite two others we remotely actuated\ll valves

were full-bore ball valves, sized appropriately for the pipe section.



The vessel wa supported byfour Mettler 0745 Aload cells enabling a continuous
measurement of the GOcontentwith an uncertainty of plus or minus 0.5 kg. The
detemination of themass flowrate wa performed within an accuracy of approximately
10%, mainly due to the noise presdntthe measurement signal during the release. These
obtained measurements have been used to assing validation of the pipe ofiew models

In the sphere, the pressuresnaeasured using a Piezoresistiyge KISTLER 4045 A 200
sensor with a range of 0 to 200 lzend an accuracy of plus or minus 0.1%. This senser wa
mountel directly to tke flange of the sphereas shown irFigure 3 AnotherPiezoresstive
type KISTLER 4045 A 500 sensawjth a range of 0 to 500 hawas connected tohe sphere
and servd as a backup. The internal temperatofehe vesselas measured at 6 points on
the vertical axis of the sphere using 1mm sheathed, tyfpeihocoupleswith an accuracy

of plus or minus @5 K. Temperature immediately upstream of the orifice was similarly
measuredThe static pressure immediately upstreaomf the orificewas measuredising a
KULITE 0-350 bar instrument with an accuracy of +0.5%he vessel instrumentatids

shown in Figure 3.

Various orificeswere used at the exit plane of the discharge pigech were drilled into a
large screwed flang&igure 4is a schematic of such, whehetthickness of this fland&) is
9 mm for the 6mm orifice and 15 mior the 25 mm orificeThe diameter of the orificéD)
is constant over a length of 5 mm or 10 n@ and then exparsdwith an angle of 45°

towards the exterior.



3. IN-PIPE AND RELEASE-CONDITION M ODELLING

3.1  Modelling Approach

To date, the majority of the pipeline outflow models reported enliterature have utilised

the romogeneous equilibrium odel (HEM) (Mahgerefteh et al., 199Mahgerefteh and

Wong, 1999 Popescu, 20Q9Webber et al., 1999where the constituent fluid phases are
assumed to remain thermal and mechanical equilibrium during the decompression groces

In contrast to the HEM, the homogeneous relaxation model (HRM) accounts for the delay in
vaporisation during the decompression process using an empirical relaxatiboretprahe

mass fraction of vapour phase, while assuming that the constituent phases are in mechanical
equilibrium, i.e.that theymove at the same velocity. In the HRM, thmass, momentum,
energy and vapour quality conservation equations are respectively giv@rdoyn et al.,

2013):

P12 (pu)=0 (1)
%(pu)+%(pu2+ p)=—fW%NJ2 2)
%(pE)+%(u(E+ pH= ufw%wz 3)
%(pa)+%(pUq)=pamT_a (4)

wherep, u, p, d, f,, a,andr are respectively the mixture density, velocity, pressure,

pipeline dianeter,Fanning friction factorcalculated using Chen’s correlatig@hen, 1979

the dynamic vapour quality and a relaxation time accounting for the delay in the phase
change transition as functions of timie and spacex. E represents the total mixture energy
defined as:

E=p(e+%u2) (5)

where e is specific internal energy of the mixture:

e=ae, (p)+(1-a)e, (6)



and p is the mixture density given by:

__a (l—a)

1
P Py(P) pu(pey)

(7)

In equations (6) and (7), the subscrigtsand ml respectively refer to the saturated vapour

and metastable liquid phasesyhich may be at different temperatures.

Based on experimental data on steady flow of,Gfrough a nozzle, the following

correlation for the relaxation time was proposed (Angielczyk et al., 2010):

-054 -1.76
r=2.15¢ 10’ [ail Ps(Tn)-P ©
Ps, P, — Py (Tin)

where, T is the feed temperaturep, p, p,, p, and p, are respectively the mixture

density, fluid pressure, critical pressure, saturated vapour density avémepgessure and

the saturation pssure at the given temperature.

In order to close the above model, an equation of state is required to predhabe
equilibria and thermodynamic properties of £@ number of common cubic equations of
state, e.g. the SoaRredlichKwong (SRK) (Soave, 1972 and the Pendgrobinson (PR)
(Peng and Robinson, 1976équations of state wemmployed for this purpose in melling
pipeline decompressioiMahgerefteh et al., 2012Mahgerefteh et al., 2012Munkejord et

al., 2010. However, given the importance of accurate predictions of the thermodynamic
properties, a highly accurateermodynamic model based on the Perturbed C8itistical
Associating Fluid Theory(PGSAFT) equation of state, described further below, was
developed by NCSRDemokritosas part of the CO2PipeHaz proje@iamantonis and
Economou, 2011 To investigate the impact of the choice of the equation of statiee
modelling of the CQ releases considered in this work, the two cumciations ofstate
mentioned earlier and the PRAFT equationare usedherein validation studiesThis is
conducted by the integration ¢fie Physical Properties Library (PPL) software package
incorporatingthe various equations of state, with the outflow model. Taapling is
undertaken using an interface developed by the CO2PipeHaz partners att¢@®BRritos

and further discussed in Section 4.



The HRM has recently been applied to the modelling of @&charge following fulbore
rupture of pipelines(Brown et al., 2018 where it was shown to produce reasonable
agreement in comparison with available experimental data. further validationthis model

has beenapplied to predict outflow from pipelines with small diameter punctures. For
modelling purposes pipeline with an orifice at the release end is considasedepicted in
Figure 5.

Given that the model described by equations (1) to (4) can only be sulveetically, an
operator splitting method is usédeVeque, 2002) This method breaks the solution down
into two steps: firstly the conservative Ketindside of equations (1) to (4) are solved using
an upwind, flux differencing scheme based onHiaeten, Lax, van LeegfHLL) approximate
Riemann solvefHarten et al., 1983 Secondly, this solution is updated by solving a system
of ordinary differential equations incorporating the expressions on thehagihiside of
equations (1) to (4). Full details of the algorithm are describ8dawn et al. (2013).

3.2 Validation, Results and Discussion

The model described aboveas beenapplied to the simulation offlow through the
experimental apparatus described in Section 2. Taldenimarises the conditions of two
tests chosen for the model validation in gnesent work. As can be seeom this table the
tests were performed using release orifices of two different diasretertwo different initial
vessel pressures and temperatu@@sen that the focus of this studyas to replicate the
steady release through a puncture pipeling the vessel initial pressurgsere assumed to

be constant and simulatiom®re run untila steady release rat@s obtained.

Table 2 shows the mass flow rate, pressiiop from the reservqgitemperature and density

of the CQ fluid at the release orifice, as predicted by dbélow model using the PR, SRK
and PCSAFT equations of stateespectively for Test 2, as well as the measured mass flow
rate.It can be seen thalhe results obtainedsing the PRequationare the most conforming
with experimental observation with respecptediction of themassflow rate, while both the
SRK andPG-SAFT equationsslightly underpredict the experimental valsieSimilarly, a
lower release pressure is obtained with the PR as compared to the SRK -&#&FPC

equations while the SRK predicts a markedly lower density. Interestingly, all predsction



indicate that the C®remains liqudl within the pipe section, witfilashing subsequently
occurring athe orifice.

Table 3 shows botthe predicted release properties and the measuredodatest 8. In this

case only the PR and SRé&quationswere used as the larger diameter caused stability
problems when using tHeG-SAFT equation of stateSimilarly to the discussion in respect to

the predictions and data presented in Table 2, the PR equation of state givestthe bes
agreement with experimentdata, although it does slightly ovpredict the measured mass

flow-rate.

3.3  Hypothetical Pipeline Release with Realistic Terrain

The hypotheticalcase considered involgehe full-bore guillotine rupturet 84 km from the

feed endof a914.4 m(36 inch) internal diameteR17 km pipeline transportingure CQ at

150 bar and 283 KAlong the pipeline length there were assumed to be two emergency
shutdown valves placed at 23 km and 127 km from the feed end of the pipeline respectively,
which are activated at 800s following the failure at a rate of 2.56 crRwsthermore, the
simplifying assumption was made that prior to the release theflGi@ was stagnant in the
pipeline. In simulations the closeshd boundary conditions were applied at both ends of the
pipeline. It should be noted that the due to the length of the pipelindhamibsure time of

the valves used, the interaction of the flow with boundary conditions is expectasl to

minimal.

Two sets of outbw calculations were performagsing the PRequation of stateThe first
caseaccounted for a realistic topography of the pipeline as showigure 6,while in the
second casa horizontal pipeline indicating a flat terravas modelledFigure 7shows a
comparative plot of the depressurisatiortdng in terms of the pressure at the release point,
for both the casestudiedfor the upstream section of the pipeline. As can be sien,
resulting outflow predictionsare relatively insensitve to the differences in pipeline
inclination. Thereare onlyminor differencs in the release presssrpredictedin the initial
stages, although theskfferences becomenore significant towards the end of the simulation.
Figure 8 shows the variation of predictetease pressure for the downstream section for both
the above case#gain, there is no significant difference in the ggare histories for both

cases which indicates the insignificance of the inclinations on the release data. For both cases



the predicted release pressure is approximately 7bgahe end of the simulatiorkinally,
Figure 9shows thetotal predicted dischrge rate variationfrom both ends of the pipeline,
plotted againstime for both cases.he flow rate predicted fahe two cases is coincidental
over much of the simulation duratioihis result indicates that for the given terrdime
variation of thepipeline inclination has a small effect on the reledgs lack of impactis
explained bytherelatively small contribution athe hydrostatic head to the total pressure in

the pipeline during the initial period of its depressurisation.



4. THERMODYNAMIC PROPER TY MODELLING

Accurate and efficient prediction of thermodynamic properties of pure&®@ its mixtures

with noncondensable gases of interest to CCS is key to successful modelling of accidental
CO, releass from pressurised transportation pipelines. The/sklal Properties Library
(PPL) (Tsangaris et al., 20)3leveloped by NCSR Demokritencapsulates a variety of
thermodynamic methods capaldkepredictingthese properties as functions of temperature,
pressure and composition. Existing models applicable tp t@&@sportation conditions have
been recentlyeviewed by Diamantonis et §2013. ThePPL can predict properties suah
density, fugacity, enthalpy, andscosity using empirical, sereimpirical and theoretical
models available in the literature cecently developed for C@ within the scope of this

work.

Thermodynamic models for pure components and mixtures are often based on pure
component constants suas molecular weight, critical properti@s an acentric factorThe

PPL has an internal database that sttresepure compoant values and model parameters,
and hence physical properties of pure components such as liquid deeaitgapacity, speed

of sound, andouleThompson coefficient can be calculatedédbgumber of different models
available in the literatureThe PPL syports the most populanodelsavailable including
equations of state and empirical equationsldb supportgshe predictionof CO, mixture
properties using popular models. €8b includecubic euations ofstate such asRedlich

Kwong (RK), SoaveRedlichKwong, and PengRobinson, specialized equations of s&ieh

as GERGand advanced equations of siieh as SAFTRCGSAFT, and tPCPSAFT.

For CQO, and CQ mixtures, thé®PLcan be used to obtain the following properties:

e Volumetric (density, compressibility)

e Energy related (enthalpy, entropy, heat capacity)
e Free energy (Gibbs, fugacity)

e Derivative (Joule-Thomson, speed of sound)

e Transport (viscosity, diffusivity, thermal conductivity)
and the equilibrium properties can be obtained using the following methods:

e Cubic equations of state (RK, SRK, PR)
e Specializecequations oftate (GERG)



e Advanced equations ofae(SAFT/PGSAFT/tPGPSAFT)

e Empirical and sersempirical models

The end user can seldghe desired method of calculatiand the physical property of intetes
through appropriate library ‘calls’ and ‘optionas described in theublished Advanced
Progranming Interfacg(Tsangaris et al., 20).3

4.1 SAFT and PGSAFT Equations of State

The focus of this work has been the development of accurate thermodynamic moplets for
CO, and its mixtures with nenondensable gasésx the temperature range of interdsised
upon theSAFT family of equationsof state These equations of state combareincrease in
accuracy compared the cubic methodgndareduced computational otreead compared to
specialized formulationsuch as GERCA brief description of SAFT followdt is written as

a summation ofesidual Helmholtz free energy terms that occur due to different types of

molecular interactions in the system undensiderationThis can be expressed as:

AR :(Ahs+ Adisp)+ Achajn + Aam (9)
where:

hs _ 2

A-_4n 32 is the haresphere term (Carnaha8tarling) (20)
RT  (1-n)

Adlsp 4 9 u i nJ he d d

= D.|—||— is the dispersion term (Adler equation 11

230,52 p (Adier equation)  (11)

chain _

AT - m)In 0'5? is the chain term (Wertheim) (12)
RT (@-n)

il ~ XA 1 : - :

and —_—= INXA-—"—|+=M is the association term (Wertheim) (13)

with n=zomv° = zpmv® (1— C exr{— ?ILUT D (14)



U £(1+ 3) (15)

K kU KT
1
X A i — (16)
1+ > pX°A

AM = g(d)™ [ex;{‘gAB j—l}(a‘s’xm) (17)

g9(d)™ ~g(d)* =—=%5 (18)

where X* is the fraction of molecules that have not formed a hydrogen bond at position A,

A*® is a function describing the strength of the hydrogen bond that forms between points A

seg

of a molecule and the position B of another molecae] g(d) is the radial distribution

function of hard spheresn is the number of spherical segments in a moleauid).74048,

C=0.12, D; are theglobal constants of the Adler equatiorf; the characteristic volume of

a molecule segmengnd M is thetotal number of positions on a molecule for hydrogen

bond formation

The difference between the SAFT and-8&FT equations of state is the dispersion term,
which for PCSAFT is expressed as:

AdiSp

—— —27pl,(n,mm?*sc® — zpmC, 1, (n, mm?s?c> (19)
hc
where C, = [1+ Z™+p oz J (20)
op
6 6 4
L(n,m)=>"a (m and ,(n,m)=>"b (m)n’ (21)
i=0 i=0

while a andb are functions of the chain length given as:

m-1 m-1m-2
alml=a, + S+ a, 22
|( ) Qi m all m m 2i ( )




(23)

and Z™ is the compressilify factor of hard spheregigure 10s a graphical depiction of the

molecular elements of the method.

The parameters used in SAFT and-8&FT arethree for normal compoungdand two more
for associating. Also there is one binary mixture coefficient that is used to correlate data and
calculationsfor mixtures.Pressure and chemical potential occur as analytical derivatives of

the residual Helmholtzreergy from the previous equation set.

In SAFT and PESAFT, the haresphere, chainand association terms can be extended to
mixtures using the standard methodology. Thus, mixing rules are only required for the

dispersion term. A mixing rule for the segment numiveis given by the expression:
mzlzzxixj(mierj) (24)
D L L
i

Also, a second mixing rule for the dispersion energy paramgterbased on the van der

Waals onéfluid theory can be used which is based on the expression:

ZZxxmm (u/k), u®),
k- ZZxxmm()

1 / i3\]°
) ~[Her )] -
Another mixing rule, based on volume fractions, has alsa jpp®posed:

J ZZxxmm u/k)ij(uo)“(uo)”
v (26)

D) FECTI DT}

Both mixing rules are based on the assumption that the local and the bulk composition of the

fluid are similar.



4 .2Validation, Results and Discussion

The PPL and especially the newly developed SAB$edequation of statapplicable to pure

CO, and its mixtires was developed and tested within the scope of the CO2PipeHaz project.
Direct comparison between SAFT predictions, experimental data and other clagsatadn

of state predictions wagsedin the validation of the new equation. Validation included a

variety of components, conditions and physical properties of interest to CCS.

Initially, the models were validated with respect to fluid phase equil{Bi@mantonis and
Economou, 2012Tsangaris et al., 20),3and binary and ternary mixtures of €®ith non
condensable gases were studied at pipeline transportatiofti@mmmdSubsequentjysingle
phase volumetric, rergy relatedand te derivative propertiesvere examinedThe PPL
calculates drivative property values analyticallywhenever possible. For some cases
however, analytical differentiation of the equation of siat@ot possible andiumerical
differentiation is usedhstead The derivative properties of interest to this work are the heat
capadies (isobaric and isochoric), the speed of sound, the -Jowdeson coefficient, the
isothermal compressibility coefficient and the thermal expansion coeffi@sngiven in
Table 4.These quantities can be derived from the equation of atatgreatly affect the
predictions ofrate of pipeline depressurization during accidental release. As a result, accurate
modelling is critical to hazard identification studiesd prediction and validation othe
derivativeproperties habeen documente@Diamantonis and Economou, 2QTliamantonis

et al., 2013 Finally, the newly proposed equation of statembinedwith existing semi
empirical transpofproperty modelswere validated for viscosity anthe selfdiffusion
coefficient

Figure 1L is a typical exampl®f the improved capacity of the newly developed SAFT
equaton of statein the prediction of thasothermalcompressibility of multi-component
systens. Experimental data for derivative properties of complex mixturesseaecein the
literature Amongst what isavailable(Alsiyabi et al., 201}, the CO,-N»-CHy4-H, system was
selected due to it resemblimgndidateCO, pipeline mixtures betterFigure 1L compares
predictions obtaiad fromthe Peng-Robinsoandthe newly develope®CGSAFT equations

of state andPG-SAFT displays a notably superiaverage absolute dietion error 0of5.3 %



against 33.2 % for the classical approatthshould be emphasized that nmning to
isothermal compressibility data hbsen undertaken in the constructionaofy model.The
improved capacity of PGAFT is attributedmore tothe fad that the mathematical terms
resemblethe physical interactiongnore closely,and less to the fact that PFEAFT has

slightly more complex functional form and an extra adjustable parameter.



5. NEAR-FIELD MULTI -PHASE DISPERSION MODELLING

5.1Turbulent Flow Calculations

Predictions were based on the solutions ofRliereaveraged, densiweighted forms of the
transport equations for mass, momentum, and total en@ntgrnal energy plukinetic
energy) asdesribedbelow by equations 27, 28, and iZ3pectively

op 0,
L " (p0)=0 27
o Fox (pG) (27)
ﬁ(ﬁa)+i(ﬁaa.+ﬁ+5@7)—sﬁo (28)
ot~ ax "

B o0r= . 7 0 3S

E-FG_)Q[(E-F P)y; _uirij]_a_)ﬂ[ﬂtTa_XjJ_SE =0 (29)

Representation of the Reynolds stress@v;’(), and hence the closure of this equation set

was achieved via th&-¢& turbulence mode({Jones and Launder, 197%olutions ofthe
time-dependent, axisymmetric forms of the descriptive equations were obtained using a
modified version of a in-housegeneal-purpose fluid dynamics codentégration of the
equations employed a seceodler accurate, upwind, finkelume scheme in which the
transport equations were discretised following a conservative coaltohe approachwith

values of the dependent variables being stored at the computational cell centres.
Approximation of the diffusion and source terms was undertakeag asntal differencing,

and a HLL (Harten et al., 1983 secondorder accurate variant of Godunov's method
applied with respect to the convective and pressure fluxes. Theefglicit, time-accurate
method was a predictaorrector procedure, where the predictor stage is spatiallofilst,

and used to provide an intermediate solution at thetinadf between timeteps. This is then
subsequently used at the corrector stage for the calculation of the ®edendluxes. A

further explanation of this algorithm can be found elsewhere (Falle, 1991).

The calculations also employad adaptive finiterolume grid algorithm which usestlaree

dimensional rectangular mesh with grid adaption achieved by the successivginyeasfa



refined layers of computational mesh. Figur2 demonstrates this technique a two
dimensional planar calculation of the néiefd of a sonic CQ releaseWhere there are steep
gradients of variable magnitudes such as at flow boundaries or discontinuitieasstite
Mach disc, the mesh is more refined than in areas such as the free stream of theisgrround
fluid. The model to describe the fluid flefield employed in this study was cast in an
axisymmetric geometryfor the validatory calcaltions of jet releases. A full three
dimensional scheme was applied to the crater calculations although the usenudtisy
boundaries aided a reduction in computational expehdall description of the equations

solved is reported elsewhgi#&ardang et al., 2018

Although the standardk-e model has been extensively used for the prediction of
incompressible flows, its performance is well known to be poor in the prediction of their
compressible counterparts. The model consistently-presticts tirbulence levels and hence
mixing due to compressible flows displaying an enhancement of turbulence dissipation.
number of modifications to th&tandarck-e model have been proposed bgrious authors,
which includecorrectons to the constants in therbulence energy dissipation rate equation
(Baz, 1992 Chen and Kim, 1987 and to the dissipation rate its¢Barkar et al., 1991
Zeman, 1990 Previous works by one of the present awghairweather and Ranson, 2003
2006) have indicated that for flows typical of those being studied here, the model proposed
by Sarkar et al(1991)provides the most reliable predictions. This model specifies the total
dissipation as a function of a turbulent Mach number and was derived fromatiisisiof a

direct numerical simulation of the exact equations for the transport of the Reynolds stresses in

compressible flowsThis approach was incorporated into the modelling deschibegin

5.2 Nonideal Equation of State

The PengRobinson equationf state(Peng and Robinson, 1976 satisfactory fopredicting
the gasphaseproperties of CQ, but when comparetb that of Span and Wagnefl996, it is
not so for the condensed phabearthermore, it is noaccurate for gas pressareelow the
triple point and, in common with any single equation, it does not account for the discontinuity

in properties at theiple point. In particular, there is no latent heat of fusion.

Span and Wagner (1996ive a formula for the Helmholtz free energy that ikdvéor both

thegas and liquid phases above the triple point, but it does not take account of experimental



data below the triple point, nor does it give the properties of the solid. In addition, the
formula is too complicated to be useticently in a computational fluid dynamics codaA.
composite equation of stateas thereforeonstructed to determinke phase equilibrium and
transport properties for GOThe inviscid version of the overathiodel is presented in detail
elsewherédWareing et al., 200)3nd the method considered herexsended for the turbulent
closure of the fluieflow equations detailed in the previous sa&ttin this, the gas phaseis
computed from the Pg-Robinson equation of stai®eng and Robinson, 1976nd he
liquid phase and saturatiggressure are calculated fronbtdated data generated with the
Span and Wagner (1996) equatioinstate and the best available source of thermodynamic
data for CQ, the Design Institutéor Physical Properties (DIPFRB01 databasegccess to
which can be gained through the Knovel librdBIPPR, 2013 To calculate the solid
density, the samapproach as Witlox et 42009) is used, and expeesl as:

p=1289.45+ 1.83Zbkgm° (30)

again based on property information from the DIPFBER Database. From Li(1984), the
sound speedh solid CQ at atmospheric pressure ag€6.35 Kis 1600 m & andit is
assumd that this is independent of temperature and pressure. Note that the gesarits
beloware extremelynsensitive to the solid density and sound sp&bd. saturation pressure
above and belowhe triple point igaken from Span and/agner(1996).

Figure 13shows thepredictedinternal energy of the gas and condensed phases on the
saturationline. The transition from liquid to soliddassmoothed ove# K with a hyperbolic
tangent function centred on the triple point. Thisssdone for computational reasoinsorder

to ensure the function and its difentials are smooth.

Calculations of the thermodynamics in the pure,Ggstem indicated that in this case, little
difference was observed between results obtained using the appesaxcibed above, and

that pesented in Section 4. Hence, for the unique case of a puree®ase, the composite
non4deal equation of state was used in the form of Jopkables to increase computational
efficiency. It will be essential to apply the more advanced equations of state such as PC

SAFT when considering systems containing mixtures of @h impurities.

5.3Homogeneous Equilibriumand RelaxationModels



In an HEM, all phases are assumed to be in dynamic and thermodynamic equililariestn.

they all move at the same velocity and have the same temperature. In addition stive @fes

the CQ vapour is assumed to be equal to the saturation pressure whenever the condensed
phase is present. The pressure of the condensed phasis @&umed tdhe equal to the

combined pressure of GQ@apour and air (the total pressure).

The assumptionassociated with thHEM are reasonable provided the £Quid drogets or
solid particles are sufficiently smalfhere are some indications that timay not be true, in
particularfor test calculations in which theleaseis from a nozzle with a diametef the
order of centimetresdence the model was further developed asHRM, in that a relaxation
time was introduced with respect to the transpotthefdense phaserhis has the effect of
numerically representing the time taken for the dense phase to attain dynarizieoui
with the fluid phaseAgain, a full description of botthe HEM and HRM can be found
elsewhergWoolley et al., 2018

5.4 Code Validation gainst CO, Release Data

Figure 14 depicts centreline predictions of temperatureGgnoholar concentration plotted
against experimental data for Test 2 at axial locations of 2, 3, 4, and 5 m. Thisasest w
undertaken using the 6 mm nozzle, and predictions can be seen to be in good agreement with
observation. A slight oveprediction of temprature is observed in the very néaid,

leading to a similarly slight undgrediction further downstream. However, predictions
remain well within an acceptable range of experimental error. Again with reference to Figure
14, this ovetprediction of temerature is translated into a slight oypeediction of Q

concentration, at an axial location of 1 m.

In addition, Figure & shows predictions of radial temperature profiles plotted against
experimental data for Te8t performed by INERISat axial locabns of 1, 2 and 5 m. The

model qualitatively and quantitatively captures the thermodynamic structure cbiie
releases, and although there is a small discrepancy with the observed and predicted spreading
rates in the very nedield, calculations liewithin the accepted error range of the
experimental data. Results obtained from calculationsoffurther tests, Tests 6 aidnot

shown), were seen to be of a similar level of agreement to Bedturther discussion



regarding this validation exercisand the results obtained, can be foundMaolley et al.
(2013).

5.5 Crater Calculation Geometry andSample Results

Figure 16 shows the chosen geometry lué ¢rater formed afterthe pipeline guillotine
rupture. This geometry was choséasedupon incident data for natural gas pipelines taken
from the literaturéKinsman and Lewis, 20021cGillivray and Wilday, 2009).

This geometrywas incorporated into a thregmensional modeior predicting the nedlield
dispersion characteristicand Figurel7 shows a example of such a sap in which one
guarter of the crater has been modelled by applying appropriate symmetry boundaries. Figure
17 (a) depicts a cut along the centreline on thaxig, which lies along the centre of the
release pipe at x=0. The z dins@n represents the crater depth, and symmetry boundaries
are located at x=0 and y=15 m. Figuté (b) is looking down on to a plane in the x
dimension, bisecting the pipe at a depth of 1.5 m. The symmetric left boundary at x=0 can
alsobe seen to bisect the pipe. As previously mentioned, the uppermost boundary at y=15 m
is also symmetric, and represents the companion jet release in a symmetrluaieidlease

scenario.

Figure 18shows sample predictions of a typical release obtdnoaa the application of this
crater geometry, with initial conditions (pressure, temperature, densiogityeland phase
composition) provided by the pipe outflow modelscribed earlieThe flow is modelled as a
steady state, using the predicted conditions at the pipeline orifice 30 seconds after the start of
the release, following the methodology proposed for modelling transient pipdéasa® by
Carter (199}, andBilio and Kinsman (1997 Densephase CQ mass fractionand total
velocity predictionsare presentedand the features of such a highly undegpanded jet can

be seen, including the formation of a Mach disc, and the acceleration of the flow to
supersonic velaties. Figure B and Figure20 depict predictions of the fulbore release on a
section located just above ground level and onaagarthogonal to the z axis at 0.01 m
Figure B shows mixture fractions of total GOsolid CQ, air, and gas, and overall density
and temperature. Figug® shows the velocity components, total velocity, turbulence kinetic
energy, and turbulence kinetic energy dissipatate To interface thee results from the

nearfield model with the faffield dispersion model, described belowas FLACS and



ANSYS-CFX, equivalent poinrsource boundary conditions were calculated by iateny
the data shown in Figure® Bnd20 within an envelope defined by a @@oncentration of

0.1%. The resulting integratedwsce values are ggven in Tableb.

Thesesource termsvere subsequently usefdr far-field dispersion calculations undertaken
by partners HSL and GexCon AS, and reported upon in Section 6.



6. FAR-FIELD MULTI -PHASE DISPERSION MODELLING

Far-field modelling of the dispersion of twphase(gaseous and particulat€O, was
undertakenusing two dfferent commercialcomputational fluid dynamic codesFLACS
(GexCon AS, 2013)and ANSYS-CFX (ANSYS, 201). In both @ses, the continuous gas
phase wa solvedin the Eulerian reference framehile a Lagrangian formulation waused
for the dispersed pacte phase. In addition, bottar-field models emplogdthe samesource
boundaryconditions, wherghe CGQ jet conditions at the inlet plane wetaken from the
nearfield dispersiommodel outputsas described abovehich consistd of integrated planar
profiles of velocity, temperature, GBolid and gas concentration, turbulerdeetic energy
and turbulence dissipation rate. Distinct featwegach of the individual codeare given
below.

6.1ANSYS-CFX

The CFX dispersion model for twghase CQreleases uskthe Lagrangian particigacking
model in ANSYSCFX version 14(ANSYS, 201). The process of sublimatiowas
simulated using the standard evaporation model, with suitable Antoine equation eoisffici
for solid CQ sublimation. Drag between the @@articles andhe surrounding gas phase
was calculated using the drag mbaé Schiller and Naumanif1933 combined with the
stochastic dispersion model of Gosman and loannides Y1®8&ccount for turbulence
effects. Heat transfer between theemassand solidphasesvas modelled using th®anz
Marshall correlatior{Ranz and Marshall, 19%2nd turbulence effects in the gas phasee
modelled using thet®arStressTransport (SSTinodel ofMenter (1994.

To accoumt for the effects of ambient humidity, the modelled gas phaseomposedf a
mixture of three components: dry air, ¢@nd water vapour, each of which svireated as
an ideal gas. An additional gfierseetroplet Eulerian phase was used to account for
condensed water droplets, which were assumed to have the same velocity a®timaisigyr
gas phase. Source terms in tlotiuity and energygonservatiorequations wee used to

model the process of water vapour condensation and evapoBxtovwn and Fletcher (2005



previously demonstrated a similar approachthi® modding of atmospheric plumes from
alumina refinery calciner stacki.is useful to model humidity not only in terms of its effect
on the dispersion behaviquiout also to providepredictons of condensed water droplet
concentration, from which the plume visibility can be inferr€de visibility of the CQ

plume has important practical implications for emergency planning and riskraeséss

The computational grids used with CFX in the present waeie unstructured, using both
tetrahedrbhand prisn-shaped cellsPrevious tests have shown that relatively fine grids are
needed to resolve the sublimation process inpghase CQ jets and therefore in excess3f

million nodeswere used in the CFX simulations presented here.

The nearfield dispersionmodel outputs do noturrently include predictions of the CO
particle size, which is an important input for the Lagrangianpgha® dispersion model. The
size of the solid C@ particles produced by denpbase CQ releases is uncertain, and it
cannot be measured reliably in laigEale releases. Howey@revious work has shown that
homogeneous aeiilibrium dispersion models provide reasonably good predictions of
temperatures and concentrations in dgrtsgse CQ jets produced byrdices up to 50 mm

in diameter(Dixon et al., 2012Witlox et al., 2012 These models assume that the particles
have the same temperature and velocity as the surrounding gas phase, which imphes tha
particles must be very small. Analysis of £farticle sizes by Hulsbosdbamet al (2012)

has also suggested that their initial diameter once the jet has expanded to atmospheric
pressure should be in the rang@@ um. In the present work the CO, particles are assigned
an initial uniform diameter 020 pum at the inlet plane, and their diameter subsequently

reduces as they sublimate.

At the farfield boundaries, logarithmic wind velocity profiles and turbulence lewel®
specified using the approach described by Richards and H@@98) For the thermal
boundary conditions, it is assumed that the stability of the atmospheric boundary layer is

neutral.

Further information on the CFX dispersion model for iase CQ releases can be found
in the work of Dixon et al.2012 ).

6.2FLACS



In the current studywo-phase CQ dispersion phenomeria FLACS (GexCon AS, 2013)
aremodelled using an Euldragrangian methodchard, 2012 The numerical particles are
modelledas pointparticles(Loth, 2000, with the particlesconsideredricompressible, nen
reacting and sphericalin shape. Particle sizes earfurther represented bg uniform
distribution. The governing equations solved for the continugas phase are the
compressible form of &noldsaveraged NavieBtokes equations, where turbulence is
modelledusing a standaréi-e model (Launder and Spalding, 19)/4A two-way coupling
between the continuous gabkase and the dispersed partigl@ase is established through
source terms in the mass, momentuand energy equationfPeirano et al., 2006 In
addition, particlgurbulence interaction is accounted for by special source terms in the
turbulerce kinetic energy and the dissipation rate of turboéekinetic energy equations
(Mandg et al., 2009).

A simplified formof the original equation of Maxey and Ril€}983)is usedor the particle
momentum equation, where the simplification is based on the analy#ismanio and
Fiorotto (200) for a wide range of particlduid density ratios. In the present particle
momentum equation, both the buoyancy force and the drag@reeconsidered, while the
addedmass force and the Basset history foneee ignored since they are negligibly small
when compared to the drag for&rmenio and Fiorotto, 20Q1In addition, the pressure
gradient force ternwas also omitted, since its influence is small in large partiald density
ratio problems(Armenio and Fiorotto, 2001 The instantaneous fluid velocity seen thg
particle, which is an unknown parameter in the particle momentum equatiomdislied
through stochastic differential equations. A modified Langevin equation derived bgrMini

and Peirano (2001yas used for this purpose.

Particle deposition and interaction with obstacleas modelled Crowe, 200% while
particleparticle interactions such as collisions, breakup and coalesegneaot taken into
account. In addition, humidity effecisere nd considered in # present version of the

Lagrangian partickéracking model.

The governing equationsere solved on a staggereCartesian grid using a finielume
method. The solver for both the continuous phase and the dispersedvphaszonebrder
accurate. A centralifferencing scheme is used for the diffusive fluxes, while a hybrid
scheme with weighting between upwind and cesdifiérenceswas employed for the

convective fluxes. Timenarchingwas carried out using an implicit bagard-Euler scheme



and the discretized equatiomgere solved using a BICGStab iterative method with the
SIMPLE pressure correction algorith(Versteeg and Malalasekera, 2D0OReaders are
referred to Ichard(2012) for further information concerning FLACS Lagrangian particle

tracking model and its validation.

6.3 Implementation of Realistic Terrain and Boundary Conditions

The realist terrainemployedwas obtained from UK Ordnance Survey data iandrporated

into theFLACS andCFX models, as shown in Figure 21. The length and width of the domain
size in each case is 10 km and 5taspectivelyThe FLACS domai extended to a height of
approximately 1 km, whilst a lesdeeight was used in CFX, which varied from 260 m to 610

m depending upon the location. The computational grids useck itwith codes were very
different asFLACS employed a muHblock Cartesian mesh with 2.7 million grid points,
whilst CFX used an unstructured grid of 3.2 million nodes that was composed of mainly
tetrahedral cells, with prisishaped cells along tis®lid boundaries.

For the dispersion model boundary conditions, the €@urce from the crater was specified
using the conditions given in Ti@b5. For theturbulence source conditions in FLACS, a
relative turbulence intensity of 0.1985 and turbulence length scale of 0.034 meditaim
averagedk and ¢ values in Figure 20, were used. In both BAACS and CFX models, the

CO; particles were ssigned an initial uniform diameter of 300 pum and 20 um, respectively.
The likely size of particles produced in demdwse CQ releases is largely unknown,
certanly for releases of thecaleconsidered here, as discussed eatireaddition, the initial
temperature of theCO, particlesin the FLACS simulation was set tihe sublimation
temperature of 194.25 K. For the upwind boundary condition, logaritfomasswind

velocity profiles were used with a reference speed of< for the FLACS simulationand

5 ms* for the CFX simulations, at a reference height of 10 m. Both models assumed Pasquill
class type D (neutral) atmospheric stability and a ground roughness of 0.1 foleshaita

rural roughness with low crops and occasional large obstacles. The ambient temperature was
283 K, and for a maximum depressurisation time of 200 seconds, the total mass discharge
predicted by the pipeline outflow model was approximately 2700 tonnes. Therefore, with
reference to the mass flow rate in Table 5, the releasation was approximately 138
seonds, andhe FLACS simulations were performefdr a releasever this periodusinga



transient solver. Following the release-offt the dispersion calculations were simulated for
a further 400 seconds. In contrast, @feX simulations were performed using a steady solver,

and the results therefore provide predictions assuming that the release wagqutol

6.4 Results and Discussion

The predicted C@ijet in the vicinity of the crater is shown in Figu2e for the FLACSand
CFX models. Owing to the smaller partidize used in the CFX simulations, it was found
that all of the particles subtated within the airborne jet, and thgsaticle trajectories are
shown in the righhand plot of Figure 2 In contrast, the lagy initial particlesize
prescribedn the FLACS simulations resulted in some soli€lO, mass rainingout onto the
terrain. Towards the end of the FLACS simulation, it was recordedhpimaoximately 20%
of the total mass discharged, at around &afsiheshad raineebut onthe ground. This result
suggestshat banks of solid C@ might be formed in C@pipeline releases if particles with

diameters of the order 300 um or larger are produced in the jet leaving the crater.

Figure 23shows the steadstate cloud predicted by the CFX model. 3&gredictions are
shown using three different GOneanconcentration levels to define the edge of the cloud:
1%, 2% and 4% v/v. For these thregses, the cloudxtends to approximately km, 4km,

and 2 km respectively. At low concentrations of 1% or 2%, @Qconsideredot harmful
but these concentrations may correlatehi® éxtent of the visible cloud due to condensed
water vapour (i.e. mist). A concentration of 4% v/v Cérresponds to th Immediately
Dangerous to Life and Health (IDLH) value recommended by NI@8396. The CFX
results show that even with a wind speed of §'mthe presence of the terrain hakme
effect on thedispersion of the C®cloud, and ather than being blown downwinthe cloud

spreads moBt in the lateral directions, up and down the valley.

Figure 24 showshe CQ cloud predicted by FLAC&t various intervals in timeThese are
after the beginning of the releaselittle after the release coff, 100 seconds after the
release cubff, and finally near the end of the simulatiégdwing to the finite total mass
discharge the CQ cloud isnotably smaller than that predicted by tteadystate release
CFX simulations|t can be observed from Figure 24(b) that the maxirf@p concentration
almost reduces to half (45% v/&)little after the release cutff and gradually reduces with

time to reach 4% v/v near the end of the simulattogure 24(d)).



7. CONCLUSIONS

The proces of simulating a hypothetical ‘realistictlease from a burie@.914 m (36 inch)
diameter, 217 km long pipeline has been demonstrated. Models for the pipeline outflow,
nearfield and farfield dispersion havéeen integratedalong with suitable thermophysical
property models. A schematic representation of this integration is giveguas E5.Results

from the outflow model have been used to specify inlet boundary conditions for tHesitkar
dispersionmocel, which in turn has provided inlet boundary conditions for thefid¢d
dispersion modelWhere possible, the models have been validated against data available in
the open literature, and also using data generated by partners during the executi®@Cof the
FP7CO2PipeHaz project.

The work has demonstrated that it is feasible, in principle, to simulate suchriadtjust
relevant flows. However, the computing resources required were found to bicadni
requiring of the order weeks of computing time for the full solution. The use of thiotype
integrated modelling approach therefore appears unlikely to become widespreadifier rout
CO, pipeline risk assessmeat presentif conducted upon standard workstation computers
However, these modelshould beimmediately useful for the investigation ofparticular

aspects of risk assessments. For instance, those where there are large differences in terrain
heights close ta pipeline route,and where the effect of the terrain on the dispersion
behaviour need® be assessed in detail.

One of the limitations of the approach demonstrated here is that the models are integrated in a
linear fashionwith no feedbck between thenThis feedback could be particularly important

if low wind speeds were to be simulated. In the presentfreddrmodel, the flow entrained

into the crater was assumed to consistaofbient air, whereasunder low windspeed
conditions, the C@jet mayfall to the ground near the crater and this flow could include very
high CQO, concentrationsThe wo-way couplingof the near and farfield dispersion models

is not trivial, but it should be reasonably straightforward to apply the concentrations predicted
by the farfield model onto the nedireld model boundaries, and fdri$ process to be itated

a number of times if requireth account for these effects.

In the future, it would be useful to further validate this integrated modelling apprgaicista
publicly-available datasets, particularly those involving releases of gase CQ from

buried pipelines. The present work has demonstrated that the size of the spjdrGces



released from a crater can have a significant effect upon the dispersion characteristics of the

release.

In view of the fact that most routine pipeline riaksessments will be carried out using
integralor other phenomenologicalodels that assume dispersion over flat terrain, it would
be useful to use the models demonstrated here to determine under what setiohssndh
models might provide unreliablesults. It should be possible to investigate this matter by
varying inputs (e.g. pipeline release rate, wind speed, terrain heighéddés) to the type of
models presented here to investigate under what combination of conditions the resaiiés devi

significantly from those ofmore pragmatic modelling approaches

Finally, from an emergeneglanning perspective, it would be usefulftwther develop and
validate models that are able to predict the extent of the visibleplne, as well as its
extent interms of itsinstantaneousazardous C@ concentrations. Under typical humid
northern European climatic conditions, afiodire pipeline rupture may produce an optically

dense cloud that extends many kilometres.



8. NOMENCLATURE

Roman letters:

Greek letters:

A Helmholtz free energy a dynamic vapour qua”ty

d diameter P density

e internal energy T relaxationtime

E total energy 7 shear stress

f,  Fanning friction factor

p pressure

S sourceterm Subscripts:

T temperature

t time C critical

u velocity eq equilibrium

Y volume i spatial indice

X spatial location in inlet
j spatial indice

Superscripts: ml metastable liquid
S at saturation

A Reynoldsaverage sv saturated vapour

A Favre averag t turbulent

A’ fluctuating component
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11. FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.
Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Schematic diagram ofthe INERIS CQO; release test rig including sensor

configuration.

Schematicof the experimental rigmain vesseland discharge pipe with

illustratory photographs of valves and the discharge orifice.
Pressure vessgiternalinstrumentation.
Schematiof theorifice flange.

Schematic representation of the wsea subgrid to model the flow through a

small diameter puncture at the end of a pipe.
Elevation variation along pipeline route.

Upstream section, predicted releasespure plotted against time forases

with and withoutnclination

Downstream section, predicted release pressure, plotted agamgirt cases

with and withoutinclination

Total predicted mass discharge rate plotted against for cases with and

withoutinclination
Graphicalrepresentation of SAFT equation of state components.

Predictions and data of theothermal compressibility of a quaternary £0
containing systerplotted against pressure. Experimental diaten Alsiyabi et
al. (2012.

Adaptive eshrefinement grid mapped ontoeanvelocity predictions irthe
region of a Mach disc.

CO, internal energy predictions on the saturation logainedusing the

composite equation of state, showing gaseous and dense phases.

Axial temperatureand Q mole fraction predictionsplotted against

experimental data (symbols) foests2.



Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Radid temperature profiles of Teste® axial distances of 1, 2 and 5 m (lires

predictions symbols-data).
Schematic omodelled crater shape and dimensions.

Sample thre@limensional geometry of a typical fddbre guillotine rupture
into an elliptic crater. (&Yiew at x=0 depicting the crater length, and (b) view

at z=0 depicting the crater plan

Sanple threedimensional model predictions of a typical fbthre guillotine
rupture into a crater(a) Densephase CQ mass fraction, and (b) total

velocity.

Nearfield model predictions observed on a cresstional plane above the

crater just abve ground level.

Nearfield model predictions observed on a cresstional plane above the
crater just above ground level.

Terrain datadepicting grid methodologiesndcoloured according to height
topography, loaded in FLACS (left) and CFX (right).

PredictedCO, jet in the vicinity of the crater using FLACS (left) and CFX
(right).

CFX predicted ®adystate CQ cloud, defined using three differemhean
CO, concentrations: 1% v/vigft); 2% v/iv (middle); 4% v/v (ight), and

coloured according to the distance from the crater source.

Snapshots of the COcloud at different time intervals, predicted byeth
FLACS model afa) t =10 s; (b) t 450 s; (c) t = 240 s; and (d) t = 540 s.
Here FMOLE (v/v) corresponds to volume fraction of £O

Schematic representationtbkethermephysical modelling strategy.



12. TABLE CAPTIONS

Table 1.

Table?2.

Table 3.

Table 4.

Table 5.

Parameters of the experimental releases.

Discharge properties predicted using various equations of state in cemparis
with the measured values for Test 2 (Table 1).

Discharge properties predicted using various equations of stateparismm
with the measured values for T&s(Table 1).

Derivativepropertiesuseful in the arrentwork.

Farfield source terms integrated from ndi@td calculations
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Test Vessel Ambient Air Reservoir Nozzle
Temperature/ Temperature/ Humidity/ Pressure / Diameter /
Number
K K % bar mm
2 265.00 272.15 90.0 284 6
8 278.15 277.15 95.0 77.0 25




Pressure

Equation  Flow Rate/  Density / Drop from Temperature / Liquid
of State -1 3 Reservoir / K Phase
kg s kg m Fraction
bar
PR 0.76 1047.11 1.64 253.80 1
SRK 0.66 922.10 1.28 253.97 |
PC-SAFT 0.67 1022.85 1.31 254.21 1
Experiment  0.80 (£0.08) - - 265.00 -




Pressure

Equation  Flow Rate/  Density / Drop from Temperature / 1};1}(11:51;1
of State kgs' kg m* Reservoir / K Fiaetion
bar
PR 23.93 1064.13 5.76 255.95 1
SRK 20.68 939.64 5.14 256.22 1
Experiment  23.00 (£2.3) - ~4.70 - -




Derivative

Thermodynamic Property

Heat capacity at constant

pressure

Heat capacity ratio

Heat capacity difference

Definition
_od
P AT
P
C, _ C,
¢, ¢-(c-¢c)
&)
oT
C,-C=T%
ov

Speed of sound

Joule-Thomson coefficient

Thermal expansion

coefficient




Parameter Value
Total velocity (m s™) 70.6
Area (m’) 62.95
Temperature (K) 194.6
CO, mass fraction (kg kg™) 0.944
Air mass fraction (kg kg™) 0.056
CO, gas mass flow rate (kg s™) 11486
CO;, solid mass flow rate (kg s™) 8016
Air mass flow rate (kg s™) 686
Total mass flow rate (kg s™) 20188
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