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1 Introduction

Pipelines are considered to be the most likely
method for transportation of captured CO:2 from
power plants and other industries prior to sub-
sequent storage, and their safe operation is of
paramount importance as the contents would
likely be several thousand tonnes. CO:2 poses a
number of dangers upon release due to its
physical properties. It is a colourless and
odourless asphyxiant which has a tendency to
sublimation and solid formation, and is directly
toxic in inhaled air.

Following the puncture or rupture of a CO:
pipeline, a gas-liquid droplet mixture or gas
alone will be released to atmosphere and dis-
perse over large distances. This may be then
followed by gas-solid discharge during the lat-
ter stages of pipeline depressurisation due to
the significant degree of cooling taking place.
The possibility of releases of three-phase mix-
tures also exists. This paper focuses on the de-
tailed mathematical modelling of the near-field
characteristics of these complex releases,
since predictions of major hazards used in risk
assessments are based on the use of near-field
source terms that provide input to far-field dis-
persion models.

Because the pre- to post-expansion pressure
ratio resulting from a release will initially be
large, the sonic velocity will be reached at the
outlet of the pipeline and the resulting free jet
will be sonic. This pressure difference leads to
a complex shock cell structure within the jet
which for the initial highly under-expanded flow
will give rise to a flow that contains a Mach disk

followed by a series of shock diamonds as it
gradually adjusts to ambient conditions.

The results presented in this paper provide new
insight into the complex interactions of turbu-
lence and phase-behaviour observed in such
releases.

2 Experimental measurement

Figure 1 is a schematic of the rig used at IN-
ERIS for the experimental studies of large-
scale COz: releases, with the external release
point on the right of the picture. This is con-
nected to the main vessel via a discharge line
of 50 mm inner diameter, with no internal re-
strictions. In total, the line is 9 metres long in-

)x‘ Purge valve
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o Fippyvalve 2T Load cells

Figure 1: Schematic of INERIS experimental
rig used to investigate large-scale CO2
releases.

cluding a bend inside the vessel, plunging to
the bottom in order to ensure that it is fully
submersed in liquid COa..

The 2 cubic metre spherical pressure vessel is
thermally insulated, and can contain up to 1000



kg of CO2 at a maximum operating pressure
and temperature of 200 bar and 473 K, respec-
tively. It is equipped internally with 6 thermo-
couples and 2 high-precision pressure gauges.
The vessel has a mass of approximately 5000
kg, and is supported by 4 ‘Mettler 0745 A’ load
cells, enabling a continuous measurement of
the COz2 content with an uncertainty of +500 g.

The field instrumentation in the dispersion zone
consists of eighteen radially- distributed 0.5
mm diameter K-type thermocouples arranged
on vertical masts at varying distances from the
orifice, which have response times of approxi-
mately one second. In addition to this, three
oxygen sensors are distributed along the cen-
tre-line axis of the jet. Furthermore, apparatus
was constructed to capture some of the very
near-field behaviour of the jet, and results ob-
tained from this are presented later in the pa-
per alongside model predictions. This appa-
ratus supported thermocouples lying along the
jet centre-line at locations of 0.06, 0.16, 0.26,
and 0.36 m beyond the release plane.

3 Turbulent flow modelling

Predictions were based upon the solution of the
ensemble-averaged, density-weighted forms of
the transport equations for mass, momentum,
and total energy. Solutions were obtained of
the axisymmetric forms of these descriptive
equations, and their integration employed a
second-order accurate, upwind, finite-volume
scheme in which they were discretised follow-
ing a conservative control-volume approach
with values of the dependent variables being
stored at the computational cell centres. Ap-
proximation of the diffusion and source terms
was undertaken using central differencing, and
an HLL (Harten, Lax, van Leer) (Harten et al.,
1983) second-order accurate variant of Godu-
nov’s method applied with respect to the con-
vective and pressure fluxes. The calculations
also employed an adaptive finite-volume grid
algorithm which uses a two- or three-
dimensional rectangular mesh with grid adap-
tion achieved by the successive overlaying of
refined layers of computational mesh. A further
explanation of the solution algorithm can be
found in Falle (1991).

Discussed above are the standard equations
used for modelling fluid flow, and these require
a turbulence model to effect closure of the sys-
tem. In this paper, a two-equation model and a
second-moment transport model are used to
represent the turbulence components. Models
are used to represent the Reynolds stresses,
and in the first instance, this is undertaken us-
ing the k-¢ approach (Jones and Launder,
1972). Although the standard k-¢ model has

been extensively used for the prediction of in-
compressible flows, its performance is well
known to be poor in the prediction of their com-
pressible counterparts. The model consistently
over-predicts turbulence levels, and hence mix-
ing, in compressible flows displaying an en-
hancement of turbulence dissipation. A number
of modifications to the k-€ model have been pro-
posed by various authors, which include modifi-
cations to the constants in the turbulence energy
dissipation rate equation, and to the dissipation
rate itself. Previous works by the authors
(Fairweather and Ranson, 2006) have indicated
that for flows typical of those being studied here,
the model proposed by Sarkar et al. (1991) pro-
vides the most reliable predictions. Additionally,
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Figure 2: Mach number predictions (top — k-
€, bottom — Reynolds stress) plotted against
experimental data.

a Reynolds stress transport model was imple-
mented to represent the effects of turbulence
upon the flow field. A number of variations has
been analysed in this paper, focussing upon
their performance in accounting for the effects of
compressibility.

Validation of the turbulence models has been
undertaken using data available in the literature,
and Figure 2 compares predictions obtained
using both the un-modified and the modified k-
e, and the Reynolds stress (Jones and
Musonge, 1988) turbulence models against ex-
perimental data of the local Mach number, of
the moderately under-expanded air jet as re-
ported by Seiner and Norum (1979).

Both two-equation models predict the presence
of the initial series of oblique shocks in the very



near field of the jet, but the standard model se-
verely over-predicts the dissipation of these
shocks with downstream progression due to
over-prediction of turbulence levels. The Reyn-
olds stress model is seen to be a considerable
improvement over the k-¢ model in that the
magnitude and frequency of the variation is in
better agreement with experimental data with-
out any modification for compressible effects.
The effects of an overly-dissipative solution are
however seen to appear at approximately 15
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Figure 3: Normalised velocity predictions
(top — k-¢, middle and bottom — Reynolds
stress) plotted against experiment.

nozzle diameters where the amplitude of the
predicted oscillations begins to rapidly decay,
and a discrepancy can also be seen with re-
spect to the wave frequency.

It is now widely accepted that the main contrib-
utor to the structural compressibility effects is
the pressure-strain term (I1, ) appearing in the

transported Reynolds stress equations (Sarkar,
1995). Hence, the use of compressible dissipa-

tion models is now considered physically inac-
curate, although their performance is good.

Ignoring the rapid part of the pressure-strain cor-
relation, Rotta (1951) models the term as Equa-
tion (1) where ¢ is the dissipation of turbulence
kinetic energy, and b, is the Reynolds stress

anisotropy, as defined in the first term of Equa-
tion (3) below:

I, =—Ceb, (1)

Later, this model was extended (Khlifi and Lili,
2011) to directly incorporate terms arising from
compressibility effects as Equation (2):

I, =—C,(1-BM; ) eb, )

where M, is a function of the turbulent Mach
number, vanishing in an incompressible flow.

Prior to this development, Jones and Musonge
(1988) provide a model to account for the ‘rapid’
element of the correlation. Defining a function
for the fourth-rank linear tensor in the strain-
containing term with the necessary symmetry
properties, they obtain:
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where the C, term corresponds to the ‘slow’
part as previously defined as Equation (1), k is
the turbulence kinetic energy, p the mean den-
sity, ¢, the Kroncker delta, and »"u" and i the
Favre-averaged Reynolds stresses and velocity
components, respectively.

Defining the gradient and turbulent Mach num-

bers as:
M ES—Z and M, = 2k
a

. )
a

Gomez and Girimaji (2013) introduce correc-
tions to their derivation of I1, as Equation (5),

which is implemented in terms of a modification
to Equation (3) in the current work:



M, =G (M,)b,+X.C,(M,)T ()
k

The turbulent Mach number is the ratio of the
magnitude of the velocity fluctuations to the
speed of sound, and the dependence of the
‘slow’ part reflects the degree of influence of di-
latational fluctuations. The gradient Mach num-
ber characterises the shear to acoustic time
scales, and its influence upon the ‘rapid’ part
corresponds to the fluctuating pressure field
which arises due to the presence of the mean
velocity gradient.

Figure 3 depicts the application of these turbu-
lence closures to the prediction of centreline ax-
ial velocity, normalised by the magnitude at the
nozzle exit, for the highly under-expanded air jet
studied by Donaldson and Snedeker (1971).
Results obtained using the k-¢ model and its as-
sociated correction attributed to Sarkar et al.
(1991) can be seen to conform with observa-
tions previously made with respect to the mod-
erately under-expanded air jet. In this case, the
initial shock structure is poorly defined by the
standard model, and the over-predicted dissipa-
tion of these phenomena is considerable by ten
nozzle diameters from the jet outflow. The
Sarkar modification to the turbulence dissipation
goes some way to reducing the over-prediction
up to approximately 15 diameters, but the reso-
lution of the initial shock-laden region remains
poor, and the solution subsequently becomes
overly dissipative.

The Reynolds stress transport model with the
closure of the pressure-strain correlation at-
tributed to Rotta (1951) notably improves upon
the resolution of the shock region and the pre-
diction of the dissipation of turbulence kinetic
energy. The introduction of a compressible ele-
ment to the ‘slow’ part of the model as dis-
cussed by Khlifi and Lili (2011) effects an addi-
tional increase in peak magnitude predictions in
the near field, although has little effect upon the
subsequent downstream turbulence dissipation.
The application of a model for the ‘rapid’ part of
the pressure-strain term (Jones and Musonge,
1988), incorporated with the simple model of
Rotta for the ‘slow’ part proves a significant im-
provement with respect to predictions of both
the shock resolution and the turbulence dissipa-
tion. This is again improved upon by the intro-
duction of corrections based upon the turbulent
and gradient Mach numbers as outlined by
Gomez and Girimaiji (2013).

4 Thermodynamics modelling

The Peng-Robinson (1976) equation of state is
satisfactory for modelling the gas phase, but
when compared to that of Span and Wagner

(1996), it is not so for the condensed phase, as
demonstrated by Wareing et al. (2013). Fur-
thermore, it is not accurate for the gas pressure
below the triple point and, in common with any
single equation, it does not account for the dis-
continuity in properties at the triple point. In par-
ticular, there is no latent heat of fusion. A num-
ber of composite equations of state have there-
fore been constructed by the authors for the
purpose of comparing performance in applica-
tion to practical problems of engineering inter-
est. In these, the gas phase is computed from
the Peng-Robinson equation of state, and the
liquid phase and saturation pressure are calcu-
lated from tabulated data generated with the
Span and Wagner equation of state, or from an
advanced model based upon statistical associat-
ing fluid theory (SAFT) (Diamantonis et al.,
2013). Solid phase properties are obtained from
an available source of thermodynamic data for
COz2, the Design Institute for Physical Properties
(DIPPR) 801 database (http://www.aiche.org/
dippr), or from a recently developed model at-
tributed to Jager and Span (2012).
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Figure 4: Saturation-line internal energy and den-
sity predictions of pure CO2 using three different
equations of state compositions.

Under the remit of the CO2QUEST FP7 pro-
ject, the development of a Physical Properties
Library (PPL), and hence the provision of a ‘plat-
form’ capable of predicting physical and thermo-
dynamic properties of pure CO2 and its mixtures,
has been undertaken. The PPL contains a col-
lection of models which can be applied regard-
less of the application, and include a number of



cubic formulations such as those described by
Peng and Robinson, and Soave, and the formu-
lation of Span and Wagner. Also available is
the analytical equation of Yokozeki (2004), and
the advanced molecular models described as
SAFT and PC-SAFT by Gross and Sadowski
(2001). A comparative study of the perfor-
mance of these equations of state has been
undertaken using experimental data of high-
pressure CO: releases for validation. Due to
space restrictions, a representative sample of
these results is presented which include the
composite model described above, and the
PPL-derived Jager and Span (2012) model
coupled with both Span and Wagner (1996)
and SAFT. Figure 4 depicts density and inter-
nal energy predictions for both the condensed
and the gaseous phases on the saturation line
for a pure CO2 system obtained using these
three different approaches. Importantly, it can
be seen that all models incorporate the latent
heat of fusion which must be considered over
the liquid-solid phase boundary. They can also
be said to similarly represent the internal ener-
gy of the liquid phase, although a discrepancy
is observed with the composite model. This can
be attributed to the inclusion in that model of a
small value to ensure conformity with Span and
Wagner (1996) in terms of the predicted differ-
ence between gas and liquid energies
(Wareing et al., 2013). The major discrepancy
in predictions lies in the solid-phase region, in
that the composite model is in notable disa-
greement with the models incorporating Jager
and Span (2012). This can be attributed to the
sources of experimental data used in the deri-
vation of the respective models, and the reader
is referred to these papers for further infor-
mation regarding the data sources.

5 Validation against
CO:releases

Figure 5 presents sample density and tempera-
ture predictions of one of the large-scale test
cases used for the validation of the code, ob-
tained using the second-moment turbulence
closure (Gomez and Girimaiji, 2013) and three
of the composite equations of state. Undertak-
en by INERIS, the experimental parameters
were a reservoir pressure of 83 bar, an exit
nozzle diameter of 12.0 x 10 m, and an ob-
served mass flow rate of 7.7 kg s™'. The predic-
tions are of the very near field of the jet, en-
compassing the nozzle exit, and in the case of
the temperature, extending to 0.5 metres
downstream. This equates to a distance of ap-
proximately 42 nozzle diameters (d), and the
Mach disc can clearly be seen as a step-
change in temperature just before 0.1 metres.
Temperature predictions are in good quantita-

experimental

tive agreement with experimental data within
this region, although it is difficult to assess how
the model performs qualitatively due to the
resolution of the temperature measurements
available. The difference in predicted solid-
phase properties can be seen to influence the
temperature predictions most notably in the re-
gion 0.02 metres to 0.1 m, where the compo-
site model predicts a warmer jet. Not unex-
pectedly, this region coincides with the system
passing through the triple point at 216.5 K, be-
ing notable by the small step-change in the
temperature curve of Figure 5, and the subse-
quent freezing of the liquid COs-.

Density predictions derived from the three
models appear to be in good agreement within
the very near-field, although closer scrutiny of
the predictions reveals the effect of the differ-
ent solid-phase models. Contrary to intuition,
the composite equation predicts a slightly high-
er density in the first 0.03 metres, but con-
versely predicts a slightly higher temperature in
the region bounded by the triple point and the
stationary shock. It is considered that this ob-
servation is due to two factors. Initially, the
predicted density of the liquid release obtained
from this model is greater due to the observed
differences in the liquid-phase predictions (Fig-
ure 4). Subsequently, as the system passes
through the triple point, the composite model
predicts slightly higher temperatures for the
solid-phase, which relates to a small correction
in the density, bringing them in to line with the
PPL-derived models.
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Figure 5: Mean density and temperature
predictions of a large scale, sonic release of
CO: plotted against experimental data.
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Further downstream, and with reference to Fig-
ure 6, predictions obtained using the Reynolds-
stress model of Gomez and Girimaji (2013) and
the composite equation of state, are conform-
ing with experimental data both qualitatively
and quantitatively, although a slight over-
prediction of temperature can be seen across
the width of the jet and also with downstream
progression. This is indicative of a marginally
over-predicted rate of mixing, in-line with previ-
ous observations made of the turbulence model
validations. It can be said that the second-
moment model out-performs the k-¢ approach
when coupled with the composite equation of
state, in that the rate of mixing is better repre-
sented. This is manifest as a notable under-
prediction of temperatures along the jet axis
and also across its width, where the shear lay-
er of the jet is observable as a temperature
change of steep gradient, not observed in the
Reynolds stress predictions.
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Figure 6: Mean temperature predictions with-
in a large scale, sonic release of COz2 plotted
against experimental data.

6 Conclusions

Presented are sample results from a number of
turbulence and thermodynamics models which
have been developed to accurately predict the
flow structure and phase behaviour of accidental
releases of high-pressure CO: for engineering
applications. An excellent level of agreement be-
tween modelling approaches and experimental
data has been observed.
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