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ABSTRACT

The deployment of a complete carbcapture and storage chain requires a focus upon the
hazards posed by the operation of (Qiipelinesand intermediate storage vesselad the
consequences of accidental release. The aim of this work is the construction of a
computational fluid dynamic model capable of accurately representing the complex physics
observed in such a release, essential if dispersion phenomena are toraelgcgpredicted.

The interacting thermphysical processesbservednclude those associated with the rapid
expansion of a highly undexpanded jet, leading to an associated sonic flow structure. In
such a release, it is also possible for three phaség fpresent due to the expansion and
subsequent Joule-Thomsoooling, and a suitable equation of state is required to elucidate a
system’s composition. The primary objective of this work is the consideratidhest
physical processes, and their intégna into a suitable numerical framework which can be
used as a tool for quantifying associated hazards. This also incorpoeateidation of such

a model using data available in the literature and also using that recently ebtaide
presented heréor the first time. Overall, the model has provided an excellent level of
agreement with experimental data in terms of fluid and sonic structure and daamper

measurements, and good agreement with respect to composition data.
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1. INTRODUCTION

Carbon capture and storage (CCS) refers to a set of technologies designed tcadzhrce
dioxide emissions frontarge pointsources ofproductionsuch as codiired power stations
and other industrial facilitiean order to mitigate greenhsel gas release. CCS technology
involves capturing C®and then storing it in a suitable seqérmanentfacility such as
naturally formed aline aquifers or depleted oil wells, instead of allowing its release to the
atmosphere where it contributes to climate change.

The technological requirements for the safe transportation of large quantitiqaid$ and

gases at high pressures have bestablished over a number of years. Put into practice, the
technology is proven for a number of hazardous substances including combustibles and
toxins. Now however, with the advent of largealecarbon apture andstorage projects,
attentions have turned the safe transportation and handling of deptsese carbon dioxide
(CO2PipeHaz, 2009The physics observed during the higitessure releasé¢ oombustibles

such as natural gas are well studied dhdir behaviours relatively well understood.
However, CQ poses a number of dangers upon release due to its more unusual physical
properties, the physics of which have not yet ey elucidated Currently, the work being
undertaken in the CO2PipeHprmoject(CO2PipeHaz, 20Q9s pivotal to quantifying all the
hazard consequences associated with @feline failure, forming the basis for emergency
response planning and determining minimum safe distances to populated areas. Such
pipelines are considered to be the most likely method for transportation of captyr&gdr@O
power plants and other industries prior to subsequerage and their safe operation is of

paramount importance as their inventory is likely to be several thousand tonnes.

CO, is a colourless and odourless asphyxiant which is directly toxic if inhaled irt air a
concentrations around 5%, aigdlikely to be fatal at concentrations around 1(S%OSH,

1996). Liquid CO, has a density much greater than water, but has a viscosity of magnitude
more frequently associated with gases, and these properties make the trans@rtaonf C
economically viable and tactive proposition. However, preliminary calculations and
experimental evidence indicate thaue to it possessing a relatively high Jeli®mson
expansion coefficienthe rapid expansion of an accidental release may reach temperatures
below -180 K Due to this effectsolid formation following a pipeline puncture or rupture is

to be expected, whether directly from liquid or via a vagsmlid phase transitiowith the
passing of the system through the triple point (216.6 K at 5.11 &dditionally, CQ



sublimes at ambient atmospheric conditions, which is behaviour not seen in most other solids
This is an important consideration when assessing the hazareld pgsaccidental releases

as CQ is denser than air, and an evaporating pool formed by liquigbtdiar a subliming

solid deposit could cause a densityven flow of high CQ concentratiorat ground level, in

addition to the hazard posed by the assedigaseous release

The developments presented in tlmaper describe anovel multi-phase discharge and
dispersion model capable of predicting btth near and farfield turbulentfluid dynamics

and phaséransition phenomenassociated withaccidentalCO, releasesAs previously
discussed, redicting the correct thermodynamptase during the discharge process in the
nearfield is of particular importance given the very different hazard profifeS0O; in the

gas and solid state$he modelling of C@fluid dynamicsthereforeposes a unique set of
problems and the theoretical developments presented in this paper go some way to
elucidating the observed physiéevious works concerned with the néalfd modelling of

CO, releases are well covered inracent review(Dixon et al., 2012 and should be

consulted for other recent developments.

Also presented arthe results of a series of experimental measurements ofdeafg jet
releases of C@ representative of pipeline punctures under various conditions. This series of
experimentgepresents the most {ip-date data set available, describing the temperature and
concentration fields of such undexpanded flows. Model validations have also been
undertaken using the experimental data described, with shortcomings of the atigiddem
model elucidated through such comparisons, and suggestions for further developments

presented.

It should also be noted that the modelling work presented here has further possible
applications, and not solely within the field of £@peline safety. Although the techniques
used for the modelling of sonic jets are widely reported upon, the representahertioee

phase C@ expansion and the associated thephgsical phenomena is a novel approach.
This could be applied in a number of areas of technologudimg those based upon the
Rapid Expansion of Supercritical Solvents (RESS) processes including pharozceut
cosmetic, and speciality chemical industriesthese applications, the geometry of particles
produced is determined by a number of factors including nozzle geometry, lovasaté,

and pressure and temperature of,Cience, an ability to model and predict fluid structures
and patrticle distributions would be a great benefit in the design stage of such grocesse



2. EXPERIMENTAL ARRANGEMENT

Figure 1 depicts a schematic of the rig used at INERIS for the experimental studigg of
scale CQ releasesin the modelled region of thibow field, the instrumentation consists of
fifteen radially distributedthermocouplesand three oxygen sensadsstributed along the
centreline axis of the jet. The region used for the model validation extends to 5m from the
release plane and is indicated by #adedareaof Figure 1 The choice of the modelling
domain size is due to the model developmenthis paper beingoncerned with the accurate
representation of unde&xpanded, shoeladen, multiphase jets, and the structure of their
nearfield. By 5m downstream of the release point, the jet has becomssiselar in its
properties, and has been amaspheric pressure for a considerable distance. Hence, the

modelling of this region does not require such specialist treatment.

Figure2 is a photograph of the same rig, showing the external release point on tloé thght
picture, and the refilling sphere-gitu in front of the main vesselhe latter 2 cubic metre
spherical pressure vesselthermally insulated, and can contain udl@®0 kg of CQ at a
maximum operating pressure and temperature of 200 badd@BdK, respectively. It is
equipped internally with 6 thermocouples and 2 ipgkcision pressure gauges as well as
sapphire observation windows. It is connected to a discharge line of 50 mm inner diamete
with no internal restrictions. In total, the line is ®tmeslong including a bend inside the
vessel, plunging to the bottom in order to ensure that it is fully submersed in liquid CO
Three fultbore ball valves are install in the pipe. Two are positioned close to the vessel
and the third near to the orifice holder. The first valve closest to the sphere is & safetya

valve, andhe two others are remotely actuated

The vessel is supported by 4 load cells enabling a continuous measurement of,the CO
content. The determination of the mass flow rate is performed within amaagcof
approximately 10%. The temperature is measured inside the vessel and immediately upstream
of the orifice with 0.5 mm Kype thermocouplesf accuracy better than K. The static
pressure is measured inside the vessel using a Kis#@0 @ar instrument with an accuracy

of £0.1%, and immediately upstream from the orifice using a KULI350 bar instrument

with an accuracy of £0.5% he vessl instrumentatiofs shown in Figure 3.

Various orifices carbe andwere used at the exit plane of the discharge pipe, and are all

drilled into a large screwed flange. The thickness of this flange is typitalmm andhe



diameter of the orifice is cotant over a length of 10 mm and then expanded with an angle of
45° towards the exterior. Figure 4 provides an example of sughifece, whilst Figure 5 is a
high-speed camera still of a typical release from a 9 mm nozzle. The discharge nozzle
diameters used wefe 9, 12 and 25mm in trex tests reported and studied here.

The field instrumentation consists of-gpe thermocouples (0.5 mm diameter) arranged on
vertical masts at varying distances from the orifice. The response time of these is
approximategy 1 second. Additionally, at each mast there is anséhsor located on the

centreline of the jet.

A number of experimental configurations have been investigated during the projetie but t
most recent data are presented here. The details of six releasarios, typical of CO

transport conditions, are presented in TableHich areused for the model validation.



3. MATHEMATICAL MODELLING

3.1 Governing Equations

Predictions were based on the solutions ofRbgnoldsaveraged, densiweighted forms of
the transport equations for mass, momentwn, conserved scalars (G@ass fraction and
CO, dense phase fractionqnd total energyer unit volume (internal energy plus kinetic
energy) asdescribed belovy Equationdl, 2,3, 4,and 5SrespectivelyThis model is capable
of representing a fluid floviield comprising a mixture o€0, (vapour/liquid/solid) and air.
Theequations employed in this study wegest in an axisymmetric geometry, but for brevity
all subsequent equations are listed in their Cartesian tensor form.

%t_ﬂa%(pq):o (1)
g(ﬁwa%,.(ﬁﬁiﬂj +P-pullf)-5,=0 @
%(ﬁ~)+a%(ﬁﬁﬂi)—a%{ﬂt a—);}o (3)
§<ﬁ~>+§<ﬁ~q>—§{ﬂt§—j]—s& =0 )
E 2 [Emn ﬂ%[mj—sjsﬁ - ®)

This equation set is closed via the prescription of the turbulshess tensorU(AU/]') as

prescribed in Section 3.2.

3.2 Turbulence M odelling

Closure of tle equation setliscussed in Section 3vias achieved via th&—¢ turbulence

model Jones and Launder, 1972vhere uliy are the Reynolds stressesid are modelled

using this approachs:
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Here, the turbulent or eddyiscosity is represented asfunction of the turbulence kinetic
energy by:
2

n :£#,5k? with C, 0.09 (7)

which leaves the requirement for the solution of transport equations for the turbulence kinetic
energy and its dissipatioate Subsequently, these are modelled as:

0, _ 0 0 ok

— +—(pkd, )——| g, — |-s. =0 8
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0, 0, .\ O o€ : 7
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where the source ternss ands, are defined as:

s =R-ps¢ and sgzé(ClF{—Cz,Bg) (10)
with C, =24 and C, 1.¢ (11)
and
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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 turbulence levels ahénce
mixing due to compressible flows displaying an enhancement of turbulence ttbssipa
number of modifications to thk-e model have been proposed wgrious authors, which
include correctons to the constants in the turbulence energy dissipedienequatior(Baz,

1992 Chen and Kim, 1987 and to the dissipation rate itséBarkar et al., 1991Zeman,



1990) Previous works by the present autl{pairweather and Ranson, 2006) have
indicated that for flows typical of those being studied here, the model proposed byebarkar
al. (Sarkar et al., 1991provides the most reliable predictions. This model specifies the total
dissipation as a function of a turbulent Mach number and was derived from the analysis of a
direct numerical simulation of the exact equations for the transport of the Regtrekises in
compressible flows. Observations made of shomktaining flows indicated that the
important sink terms in the turbulence kinetic energy budget generatbe biidcks were a
compressible turbulence dissipation rate, and to a lesser degree, theegiésstion term.

In isotropic turbulent flow, the pressuddatation term was found to be negligibly small, and

so it was proposed that the compressible dissipation rate take the form:
e, =CM/je (13)

where the constartt is set to unity to allow for the neglected presdiifatation term and

M, is the turbulent Mach number. The application to kke model is then made by

modification to the source term of the turbulence energy evolution equation and to the
turbulence viscosity as defined by Equationg @ (5) respectively

s, =-PMe (14)

k2
u=Cp——o 15
oo L+M)e (15)

Theturbulent Mach number is defined as:

M. = (16)

wherec is the local speed of sound.

Figure 6demonstrates the effect of these modifications upon the axial -deetreelocity
profile predictions of a highly und@&xpanded air jet, reported Ponaldson and Snedeker,
1971) The standardk-¢ model is clearly too dissipative, leading to an early decay of the
compression/decompression cycle. The compressibility corrected modeygiitremaining
unable of describing the magnitude of the velocity at the peak of the second decampressi
cycle, evidently improves agreement with experimental observation by redticeng

spreading rate of the jet.



3.3 Fluid Propertiesand Species Transport
3.3.1 Non-ideal Equation of State

The PengRobinson equation of sta(feng and Robinson, 1976 satisfactory fopredicting
the gas phasproperties of CQ but when comparetb that of Span andVagner(Span and
Wagner, 199§ it is not so for the condensed phaBarthermore, it is not accurate for gas
pressursbelow the triple point and, in commavith any single equation, it does not account
for the discontinuity in propertiest thetriple point. In particular, there is no latent heat of

fusion.

SpanandWagner(Span and Wagner, 1996ive a formula for the Helmholtz free energy that

is valid for both thegas and liquid phases above the triple point, but it does not take account
of experimentaldata below the triple point, nor does it give the properties of the $olid.
addition the formula is too complicated to be usefficgently in a computational éid
dynamics codeA composite equation of statas therefore been constructed to deterrfiae
phase equilibrium and transport properties for,Cthe inviscid version of this model is
presented in detail elsewhef@areinget al., 2013 and the method reviewed here is now
extended for the turbulent closure of the fluid equations detailed in the previoos.skct

this, the gas phasés computed from the Rg-Robinson equation of stat@’eng and
Robinson, 1975 and the liquid phase and saturatpressure are calculated from tabulated
data generated with the SpamdWagner(Span and Wagner, 19péquationof state and the

best available source of thermodynamic data for,, Qe Design Institutefor Physical
Properties (DIPPRRB801 database, access to which can be gained through the Knovel library
(DIPPR, 2013).

The properties of gaseous ¢£&e obtained from the Pefipbinson equation aftate, where
the pressure is defined as:
RT sa(T)

I:):(v—b)_v(v+b)+b(v—b) &

whereT is the temperatureR the Universalgas constant, and/ is the molar volume. The
parameters andb are given to be:

RT.. ) .
a=0.45724%%)  0d b 0.07780 (18)
pcrit pcrit



with

$=|1 (037464 154226 0.269@2)( 1LH (19)

crit

In Equations (18) and ()9the critical temperature, gressure, and acentric factor associated

with CO;, are given as:

P, =7.3773 16Pa= T

crit

304.1282 ande  O. (20)

The internal energy in the gas phasecomputed using the following expression for the

specfic heat at constant volume:

C,=A+BT+CT? (21)

where A=469.21€, B=0.684¢, andC =1.21% 10*. This expression has been obtained by
fitting to the internal energy data in the DIPPR datalfgfiePR, 2013 over the temperature
range150<T (K)< 30C. The internal energy of the gas at the reference state used by Span

and Wagner (STP) is then:
U=1.7140% 16Jkg™ (22)

The internal energy of the liquid is taken from SpadWagner(Span and Wagner, 1906
except that1.442 10Jkg™ is added to the values in order to ensurat tifferences

betweenthe gas and liquid internal energies on the saturation linkh@anmodelare in
agreementThe solid internal energy is described as:

T3_T3

t

3

(r*-7)

+C( ) Jkg™ (23)

U =-4.0453% 18+ A(T-T,)+B

where A=-36.421%, B=12.3027, and C=0.0288Z This has been obtained frothe
DIPPRR Database tables along with the latent heat of fusion at the triple point of

2.0493% 10Jkg™". Note that thepressure dependence and the edéhcebetween the

internal energy and the enthalpy for the salie ignored since these are ngiplie.

To calculate the solid density, the same approach as Witlox(@{itlbx et al., 2009) is used,

and expressed as:



p=1289.45+ 1.83Z6kgm” (24)

again based on property information from the DIPRIRRR Database. From Li{liu, 1984,
the solid sound speed at atmospheric pressure286B3K is 1600ms™* andit is assumd

that this is independent of temperature and pressure. Note that the results givearbelow

extremelyinsensitive to the solidensity and sound speed.

The saturation pressure above the triple point is taken from Span and Wagner (1996). Below

the triple point, they give the following empirical formula

T T 1.9 T 2.9 T
pS(T): P eXp{!ai(l-o_fj+az[l-G‘f] +a3[ 1.ij ]?}Pa (25)

where T, =216.59K is the temperature of the triple poinp =0.5179% 10Pa is the
pressure at the triple point ara =-14.74084¢, a, =2.432701!, and a, =-5.306177t.

Figure7 shows the internal energy of the gas and condensed phases on the sditueation

The transition from liquid to solid has been smoothed aM€r with a hyperbolictangent

function centred on the triple point. This has been done for computational reasotesr to

ensure théunction and its diftrentials are smooth.

When working with an equation of state, it is convenient to use the Helmholtz free energy
(H) in terms of temperature and molar volume as all other thermodynamic properties can be

readily obtained from it. For adeal gas, the Hemholtz free energy per mole is given by:

H=H, RT{(yil)ln(_:rloj |n(vloﬂ (26)

where T, and v, are reference states at which the ideal equation of state is valid. In the

present nondeal case, we can use the standard relation describing pressure:

oH
(%), )

to obtain the Hemholtz free energy from any equation of state as:

H(T,v):Hi(T,vO)—LV pd (28)



With a definition for the Helmholtz free energy, the entropy is obtained from tterel

oH
=% )

and the internal energy is then given by:

U(T,v)=H+TS=H—T(a—HJ (30)
oT
The local speed of sound, requiredBxyuation (B) to construct the turbulent Mach number

can now be derived. Using standard relations, it can be shown that:

@3- @EE

and:
% %
SN
p )s N Js (32)

3.3.2 Homogeneous Equilibrium M odel

In a homogeneous equilibriumaael (HEM), all phases are assumed to be in dynamic and
thermodynamic equilibriumld est they all move at the same velocity and have the same
temperature. In addition, the pressure of the, @@pour is assumed to be equal to the
saturation pressure whenever the condensed phase is present. The pressure of the condensed
phase CQis assumed to be equal to the combined pressure pi/&four and air (the total
pressure). These assumptions are reasonable provided tHig@@drops or solid articles

are sufficiently small so that they do not interact with thepdesse turbulence

As the codeemployed in this work is conservative, it works with the total energy per unit
volume asgiven by Equatio 5, and also computes the total mass fraction of G via
Equation 3. In order to integrate the conservation equations, it is also necessdculaiec

the total pressure, temperature, total mass fraction ef @Dsity ofCO, vapour, density of

air, and density of condensed phase,@@m the total density) , and 3.



In unit volume, the mass of the condensed phasei<iBen:
m =afp (33)

which means the volume of the condensed phasgi€£O

v, =P (34)
P

The volume of the combined vapour and air is then:

v, =1-v =1- 2P (35)
P

Since the masses of the vapour and air per unit volume are:
m=4(1 a)p and -m (15)p (36)

their densities are then:

:ﬂ:—ﬁ(l—a)p 37
pv Vg 1_cij ( )
P
and
1—
pf%——( Ao (38)

153
P
Since the C@vapour is in equilibrium with the solid/liquid GCthe following holds:

p,(T)= p(ﬂﬂ (39)

\

where p(p,,T) is the pressure given by the equation of state, Equétifn In regions

where there is significant mixing, one can use the ideal equation of stalbe {60 vapour

and:



p(pv’T):— (40)

The total pressure is then given by:

p=RT (&_’_&J (41
m m

and the total internal energy by:

pl-a) | (1-p)

V- RT{HL(n—l) m, (7. -1

}aﬂu(m:) “2)

where U (p,,T) is the internal energy per unit mass of condensed phase T®@ solid

density is then determined from:
P =P ( p!T) (43)

which is obtained from the equation of state. Equatio8st(B(38) are solved foiT , p, and

a using a Newton-Raphson iteration.

3.3.3 Homogeneous Relaxation Model

As previously discussed, tlEssumptiongssociated with the HEMre reasonable provided
the CQ liquid drops or solid particles are sufficiently smadlhere are some indications that
this will not be true, in particulafor test calculations in which theleasas from a nozzle
with a diameternof the order of centimetreslence the model was further developed as a
homogeneous relaxation model,tirat a relaxation time was introduced with respechéo t
transport of the dense phasewas found that this extensido the model had significant
effect upon predictions, and was required to effect the more accurate resulidegrése
Section 4.

A full model requires the inclusion of discrete drops or particles, but it is possitdé&zive a
simple submodel for therelaxation to equilibrium in which the temperatustaxationis
ignored andt is simply assumeéthat the condensed phase mass fraction is givétghgtion

4 with the following source term:



pv - ps)

s, - 5! - (44)

a

and wherep, is the vapour pressurey, the saturation pressure, amdthe relaxation time.

This is consistent with the form of the evaporation/condensation rate given in Jacobson
(Jacobson, 1999 The relaxation time chosen toepresent behaviour ithe neaifield of
releases suchsathose considered herein was in the order 6f 4Gand obtained by the
assessment of the rate that the calculategd Sa@iration pressure relaxed to the local vapour
pressee. In postshock regions of the flow, a relaxation time of the order 2.5 s was chosen,

representing the non-equilibrium state of the condensed phase.

3.4 Discretisation and Mesh Adaption

Solutions ofthe timedependent, axisymmetric forms of the descriptive equations were
obtained using a modified version of a gengapose fluid dynamics code referred to as
MG, and provided by Mantis Numerics Ltd. Within this code, integration of the eqaati
empbyed a secondrder accurate, upwind, finkeolume scheme in which the transport
equations were discretised following a conservative comtrioime approachwith values of
the dependent variables being stored at the computational cell centres. Aapiaxiof the
diffusion and source terms was undertaken using central differencing,Hartea, lax, van
Leer HLL) (Harten et al., 1983econdarder accurate variant of Godunov’s metfaggblied
with respect to the convective and presdlures. The fullyexplicit, time-accurate method
was a predictecorrector procedure, where the predictor stage is spatiallyofilst, and
used to provide an intermediate solution at the-thaké between timateps. This is then
subsequently used atetltorrector stage for the calculation of the seeonmagr fluxes. A

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

The calculations also employed an adaptive finite-volum @gorithm(Falle and Giddings,

1993) which uses a twalimensional rectangular mesh with grid adaption achieved by the
successive overlaying of refined layers of computational mesh. Rgdesnonstrates this
technique. Where there are steep gradients of variable magnitudes such as at flowdsounda
or discottinuities such as the Mach disc, the mesh is more refined than in areas such as the
free stream of the surrounding fluid. Each layer is generated from itcpssade by doubling

the number of computational cells in each spatial direction. This technique ettables



generation of fine grids in regions of high spatial and temporal variationcandersely,

relatively coarse grids where the fldield is numerically smoothtHence, the code uses a

hierarchy of gridsG, ---G,, such that if the mesh spacingAg, on grid G, then it is Ax,/2

on G,,,. Grids G, and G, cover the entire domain, but finer grids only exist where they are

n+l-*

required for accuracy. Unlike codes such as FLASHIicago, 201Pthat use patches of fine
grid, refinement is on a cdiy-cell basis. The solution is computed on all grids and

refinement of a cell or5, to G, occurs whenever the difference between the solutions on

n+1

G,, and G, exceeds a given error. Again, unlike FLAS8hicago, 201)) each grid is

integrated at its own timstep.

With respect to theestablishmenbf grid-independent solutionsll calculations reported

upon here were undertakamsing refined grids in which the magnitude of fractional
difference between the solution on the uppermost grid and a next level of possieleeet

was below (%. It has been ascertained through the study of numerous calculations, that this
level of refinement provides solutions which purport negligible differences to tiamed

on highetresolution grids. In the case of the unrdgpanded aijet calculations reported

upon in Section 3.2, this resulted in fullgfined axisymmetric meshes containing in the
region of 130,000 nodex 5 levels of refinemenComparing this to previous similar studies,

a nonuniform axisymmetric grid was reported to provide grnidependent solutions at a
resolutionof 126,000 nodegBirkby and Page, 20Q1an adaptive technique, again used on

an axisymmetricgrid, reported similar success using 30,000 nodszstosiewicz et al.,
2002) and a full 3dimensional model of a supersonic jet in a ciftes was reported to be
grid-independent using 1,544,098 ceN&ti and Schetz, 2005 Hence, the required level of
refinement used in the present work appears to agree with that noted by prewimrs. a
Additionally, it was found that the computational grids leggpto themodeling of the CQ

jets, required upwards of 500,000 nodes to achieve an independent solution. This was mainly
due to thelarger computational region which was required, extending to 5 metres

downstream.



4. RESULTSAND DISCUSSION

The calculations requiredhitial conditionsof temperature, pressure, density, velocity, and
densephase C@ mass fraction which were obtainedfrom isentropic decompression
calculatiors of CQO,. Initial conditions for the decompressiorwere prescribed from
experimental observation of conditions within the storage sphere, and at the head of the
release pipe, which was assumed smooth. A sensitivity analysis was undersate the

effect of nominal pipavall roughness, and negligible effect was observed uporesultsit

was however observed thdte accuracy ofthe predictions was notably affected by the

initially prescribed flowrate.

Figure9 shows predictions of temperature profiles plotted against experimental data for tests
2, 3 and4, at axiallocations of 1, 2, 3, 4and 5 m, observed on the cenire of the jets.

The absence of data at the 1m positiotest 2 is due to the freezing of the thermocouple and
the consequentproduction of an erroneousignal Additionally, Figure 9 compares
predictions of O, molar concentration with experimental observation where data
available, namely centilene locations in jets 2 and Jhese three tests were undertaken
using the 6 mm nozzle, and data was only collected along the-tast# the releses. The
experimental sensor matrix was expandefiliithertests to incorporate radial profiles, which

will be subsequently discussed.

Predictions of axial temperatures of all three tests are in good agreement with observation,
although an ovepredictionof temperature in the neéeld is observed in each. Ftests 2

and 3, however, this owgredictionmostly lies within the limits of experimental error, but

test 3 resultshow a slightly larger discrepancy at the one and two metre localioissdoes
however have the effect of bringing the-feeld predictions at 2, 4, and 5 metres more into
line with data A slightchange in gradient can be seen in the curve of predicted temperatures
just before the axial location of 1 metreall casesThis phenomena is to be expected, and is
due to the system passing through the triple point as the temperature increaseangken
equilibrium from solidgas to liquidgas causes a change in the internal energy of the dense
phase and hence effects a change in the local temperatidiéionally, predictions of @
concentrations along the centiee of tests 2 and 3 are in good agreement with experiment.
An overprediction of mixing within the first two metres of the release is translated into a
slight overprediction of Q fractions,but the models’ performance remains meritoridds.

data fortest 4 were not availabl&he overdissipative solutioms indicative of an inorrectly



predicted mixing rate, anthe k-¢ turbulence model is well known to underperform in such a
manner incompressible jets such as theséthdugh corrected according to the model of
Sarkar et al(1991)there is the possibility of an anisotropic element of the Reyssitdss
tensor not being accounted for, and heacgeconegnoment turbulence closure is currently

being incorporated within the model framework to address this issue.

Figure 10 shows predictions of radial temperature profiles plotted against experirdatdal
measured along a iteal line through the releader tests 6, 7, and 8, at axial locations of 1,

2 and 5 m. The model qualitatively and quantitatively captures the thermodynaroiarstru

of the sonic releases, and although there is a small discrepatwgenthe observednd
predicted spreading rates in the very Hegld, calculatios lie within the accepted error
range of the experimental data. Within the core of the jets, temperatures are seen to be
slightly underpredicted when compared to experiment, except inptieeicted inviscid

region still present at 1 etrein tests 6 and 7, and 2etnesin test 8. It is possible that dense
phase CQis removed from the system due to such phenomena as agglomeration, which
would affect the higher temperatures observed. Hemoent developments of the model
include the incorporation of suhbodels for the distribution of solid and liquid particles
within the flow, and it is expected that the effects of phenomena such as gardigldation

will have an impact upon the predictéemperatures. Also, the system may not be in
equilibrium due to this, or the generated turbulence, which may cause the observed
discrepancieslhe peaks locate the centre of the jets, where pusdJidesent in both solid,

and vapour phases. The solid and vapour are in equilibrium here, and hence trep QD
pressure is equal to the g8aturation pressure. The local temperature is thus defined by this
condition in the model. The total pressure in this region is near to atmospheric and hence a
high concentration of COwill affect a higher local temperature. Moving away from the
centreline, and into a region of mixing, the G®action is reducing, leading to a reduction

in vapour pressure and hence a lowering of the temperature. Once no solids tieenaiis

an inflection in the curve and the temperature is seen to increase with the mixingc@hthe
vapour and ambient aiBy 2m in tests 6 and @nd by 5 metres itest 8 there is no dense
phasepredicted asemaining and the temperature profileletermined by the mixing of GO

with air at atmospheric pressurk.should be noted that this centmee peak in predicted
temperatures appears to be a feature of the homogenous model applied in thes®es]culati
and this numerical phenomena is not reproduced in experimental observation, although

further more detailed measurements would be useful in this rdgadanticipated that the



removal of the effect of the HEM assumption, and hence the formation of the troughs in the
off-centre thermal prd&, will go some way to bring predictiomsorein line with datalt is
therefore expected that this will not be observed in calculations incorporating recently
developed Lagrangiaparticle trackingmodels,which is the subject of further work being

currently undertaken.

Figure 11 depicts axial profiles of temperature predictions plotted against experimental data
along the centriine in the CQ releases of tests 6, 7, and 8. As previously discussed, the
level of agreement between calculation and experiment is comparable for these three
investigations. Also reflected is the observed celimee undefprediction of temperature
common to tests 6 and Figure 11 alsodisplays predictions of Omolar fractionplotted
against experimental data on the ceflitre of the saméests.Contrary to calculations oésts

2, 3, and 4, an und@rediction of temperature in the ndeld now leads to an associated
underprediction of Q fraction at the same locationBhis underprediction at the distance of
1metre in these investigations is however notably accentuated when compared teidkis pre
experiments, and requires further investigatidocording to(Birch et al., 198} the axial

concentration decay of an und=panded jet release can be prescribed as:

%
kd
7=—" (&J (44)

z+n| p,

where the pseuddiameter is given by:

d,.=d, |0.58TC, [&j (45)
Pa
where0.587 is a C@dependent constanthe axial decay constarit is given a universal

value of 4.90, andC, a value of 0.85. This approach to the approximation of the miring

tests 6, 7, and 8 wagpplied, and associated €oncentrations calculated. The ssedcircle
symbols of Figure 1ilshow these values plotted against experimental observation and
predicted results. Interestingly, the conformity of experimental obsemvaand the
prescription 6 (Birch et al., 198}1 decreases with increasing nozzle sine initial reservoir
pressure. It iglso notablghatthe experimeral data aren close agreement witthe theory

of (Birch et al., 1984Birch et al., 198# the neaffield, and conversely closer in agreement
with predictions &rther downstreanThis is most notable itest 8 in which discrepancies at



all three measurement points are largéthough not conclusive, these observations are

indicative of the previously discussed possible shortcomings of the model.



5. CONCLUSIONS

A turbulentcomputational fluid dynamic model capable of predicting the-helar structure

of high pressure releases of nydliase carbon dioxide representativahafsearising from

an accidental pipeline puncture or rupture has been presented. This model inesrporat
novel approach for the evaluation of the state variables gf @©recently presented by
Wareing et al. (204). Validation of ths model has been undertaken against new
experimental datalso reported herein, and gathered as part ofCtB2PipeHaz project.
Overall, e model developed bgielded an excellent level of agreement witkasurements

of thetemperatureharacteristics of these jets, and good agreement with composition data

a number of comparisons.

It has been identified that two areas of improvement are required to ensure accurate
representation of the complex physics observed in these releasecsamembvelopmental

work is currently ongoing to address these issk@stly, a seconagnoment turbulence
closureis required to represent the turbulence anisotropy, which is expectedeot @rors

in the predicted rates of mixing due to the f®gudion model implemented. Secondly, the
inclusion of particles within a Lagrangian framework is required to more @&etyirepresent

the thermophysicahteractions between thghases. A model describing the motion of fluid

and solid particles has been weit into the code, and is currently under validation. Both
droplet and particle populations are predicted through solutions of equations for the particl
distribution function used for small particlesjth a Lagrangian particle traclgnroutine

employedfor larger particles.

Additionally, it is clear from the predictions of these dense phase reldasesignificant
solids are generated within the néiatd of thesejets, despite theelease itseltontaining no
dry ice. This is an important conclusion with respect to the future design.gbig€dines and

the consideration of the related hazards.

The safety issues surrounding the transport of @BQipelines are focussed on the questions
of the toxicity of an accidental release and the fast decompression of a pipkdineng a

catastrophic extension of a crack initiated at a local puncture. Here, the case of phes CO
been investigated, buthe impact of thepresenceof annex gases and impurities was
considered out of the scope of the present wbik.to be expected that a number of different

impurities may be present in a captured,G@eam dependent upon the industrial source, and



the presence of these additional compounds, some of which are more toxic thda.gcO

SO, H.S, etc.), can drastically affect the temperature and pressure fields in the immediate
vicinity of a local leak, eventually leading to fast crack propagation andptipe failure.

Also, and depending on the interactions between the bulka@@®impurities in the pipe, the
dispersing cloud conditions could also be so strongly affected that its compositionfieray di
significantly from the composition of the transparfiuid, potentially leading to clouds that

are more hazardous because of higher levels of toxics due to the mechanism of phase
partitioning occurring just outside the pipe, very close to the leakage point.

The presence of impurities therefore has a neteffect on the phase behaviour of £@nd
hence alters the neéield characteristics of any accidental release. The introduction of small
amounts of N into high pressure COfor example, shifts the triple point towards higher
pressures and lower temperatures. These variations modify thBate¢af the dispersing jet
in terms of its shock structure, temperature and pressure which in turn iomptet phase
distribution of the dispersing G@nd impuritieslt is therefore concluded that the nexipste
in code development will be the extension of the methodologies discussed heydel the
nearfield structure and dispersion characteristics of releases gfn@fures containing
impurities and trace elements typical of those found in CCS streams. Thischiute both a
continuous phase fluid model, aad previously discussed discretgphase model capable of
representing the distribution and properties of solid and liquid particles in sucteseléhe
latter is an important consideration giveme tunusual phase behaviour of £@nd its

sublimation from solid form at atmospheric conditions.



6. NOMENCLATURE

Roman letters:

N xXx<<Ce~THpnvwx~"o-Z>T3XxITOM=O OO0

Su
A
A

A”

adiabatic sound speed
constant

specific heat at constant volume

Greek letters:

a CO, condensedraction
s CO, fraction

J; Kronecker delta

diameter £ dissipatiorrateof k
total energy y ratio of specific heat
grid U viscosity
Helmholtzfree energy / enthalpy P density
turbulence kinetic energy T relaxationtime
mass 7 shear stress
virtual origin displacement @ acentric factor
Mach number

pressure Subscripts:

radial distance

universal gas constant a air

source term 0 reference state
entropy crit  critical
temperature g gas

time i spatial indice
velocity j spatial indice
internal energy per unit mass k spatial indice
molar volume I condensed phase
volume S saturation
downstream distance from release t turbulent/ triple point
vertical distance relative to release heightv vapour

axial distance

perscripts:

Reynoldsaverage

Favre average
fluctuating component
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9. FIGURE CAPTIONS

Figure 1. Schematic diagram of INERIS GOrelease test rig including sensor
configuration.
Figure 2. General view of experimental rig, including filling sphereain vessehnd

discharge pipe.

Figure 3. Pressure vessel instrumentation.

Figure 4. Example of orifice flange.

Figure 5. High-speed camera still of a 9mm release.

Figure6. Predicted normalised axial centnee velocity of a highly undeexpanded air

jet obtained using a standard and a compressHoiityectedk-¢ turbulence

model, plotted against experimental data.

Figure 7. CQO; internal energy predictions on the saturation line using the composite

equation of state, showing gaseous and dense phases.

Figure8. Adaptive neshrefinement grid mapped onto velocity predictionghie region
of a Mach disc.

Figure 9 Predictions (lines) oéxial temperatureand Q mole fractionprofiles (not st

4) plotted against experimental data (symbols) for &s8 and 4.

Figure 10 Predictions (lines) oferticaltemperature profileplotted against experimental

data (symbols) for tests 6, 7, and 8, at axial locations of 1, 2 and 5 m.

Figure 11 Predictions (lines) of axial temperatumad Q mole fractionprofiles plotted

against experimental data (symbols) for tests 6, 7, and 8.



10. TABLE CAPTIONS

Tablel. Parameters of the experimental releases.
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Nozzle

Test Ambient Air Humidity =~ Reservoir Diameter /
Number Temperature / K / % Pressure / bar mm
2 272.15 90.0 284 6
3 281.65 90.0 44.8 6
4 278.35 90.0 39.0 6
6 276.15 95.0 95.0 9
7 279.15 95.0 85.0 12

8 2T7.15 95.0 77.0 23
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