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NORTH DAKOTA PUBLIC SERVICE COMMISSION

John H. Warford, Jr. as Trustee of the John ) Case No: PU-22-391
H. Warford, Jr. Revocable Trust, )
)
Petitioner, )
)

Vs. ) PETITION TO INTERVENE
)
Midwest Carbon Express and SCS Carbon )
Transport, LLC, )
)
Respondents. )
ok ok *ok ok %k

Pursuant to N.D.A.C. § 69-02-02-05, John H. Warford, Jr. as Trustee of the John H.
Warford, Jr. Revocable Trust (“the Trust”), by and through his attorneys Randall J. Bakke and
Bradley N. Wiederholt (hereinafter, "Dr. Warford"), hereby make this petition to intervene in the
above-captioned proceedings. In support of this petition, Dr. Warford states and alleges as
follows:

1. The Trust is the record title owner of real property located northeast of Bismarck, North
Dakota, including real property located at Township 140 North, Range 79 West, Sections 27 and
29, located in the Naughton Township (“Warford Land*). The Warford Land has been owned by
Dr. Warford for 43 years.

2. Dr. Warford’s Son, his Son’s Wife, and their three children live on a parcel adjacent to
the Warford Land in Section 22. The Naughton School is located on a parcel of land in Section
21, also adjacent to the Warford Land. Two of Dr. Warford’s grandchildren currently attend
Naughton School.

3. Dr. Warford is a current resident of Bismarck, ND. Dr. Warford founded an orthodontic
practice in Bismarck in 1973 and practiced full-time for many years until going to part-time. He

served 3 terms as the elected Mayor of the City of Bismarck, serving a total of 12 years, from



2002 to 2014. More recently, Dr. Warford served as the Dean of the Gary Tharaldson School of
Business at the University of Mary in Bismarck, ND, serving in that role from 2014 until his
retirement in 2017.

4. Part of Dr. Warford’s duties and responsibilities as Mayor of the City of Bismarck was to
ensure the citizens of Bismarck were served and protected by able first responders such as
paramedics, fire fighters, and police officers. Dr. Warford also worked closely with and took an
active leadership role in planning for the responsible and measured growth of the City of
Bismarck. As Mayor, he led the passage of the Bismarck Growth Management Plan, a process
and document to ensure positive growth and developoment for the City.

5. In relation to this matter, Dr. Warford received documents and communications from
Summit Carbon Solutions (“Summit Carbon™) in 2021 and 2022 in which Summit Carbon
requested an easement over the Warford Land for the construction of a caron dioxide pipeline
and any necessary appurtenant facilities (collectively the “Pipeline”), which Pipeline is at issue
in these proceedings. Dr. Warford also received a veiled threat from Summit Carbon in July of
2022 concerning survey access on the Warford Land. Because of such threat, Dr. Warford found
it necessary to seek legal representation.

6. Summit Carbon plans to construct the Pipeline across the Warford Land and Dr. Warford
is highly concerned about the safety impacts to the Warford Land, safety impacts to his own
family members living near the Warford Land, and safety impacts to the neighbors as well as to
the rural Naughton School. He is also concerned about the negative effect the Pipeline will have
on the future development plans for the Warford Land, including its marketability and suitabilty

for development.



7. The Pipeline as proposed by Summit Carbon would be constructed only about a mile and
a half from Dr. Warford’s Son’s family residence. The distance from the proposed Pipeline to
the Naugton School is also concerningly close, being approximately 1.75 miles. Academic and

scholarly resources such as the Attached Scientific Study' published in the International Journal

of Greenhouse Gas Control, suggest the area that would be dangerous to life and health from an

“accidental or intentional release or rupture of a CO2 pipeline is much greater than that claimed
by Summit Carbon.

8. While Dr. Warford has a distinctly personal interest in the Pipeline adversely affecting
the Warford Land and his Family members, and potentially affecting their safety and health, he
is equally concerned about the adverse and negative effects the Pipeline will most definietly have
from a City development and growth standpoint, as well as the safety of the general public. The
Pipeline as proposed is less than one mile in several locations from the Extraterritorial Area
(ETA) of the City of Bismarck. Based on his experience as the Mayor of Bismarck, being
involved in business and real estate, and based on common sense, Dr. Warford believes the
Pipeline and the dangers associated with it will serve as a barrier to the natural development and
growth of the City to the North and Northeast. The Pipeline proposed route is directly through a
populated rural residential area adjacent to the ETA: a focus of current and future growth for
Bismarck. It will in effect confine Bismarck's growth to the south of the proposed Pipeline.
Similar concerns apply to Burleigh County development as well.

9. Nor are there any emergency services (fire and paramedics) in the vicinity of the

proposed Pipeline to respond quickly should a leak occur. The same study discussed above

! An integrated, multi-scale modelling approach for the simulation of multiphase dispersion from
accidental CO 2pipeline releases in realistic terrain. M. Woolley et al., Accepted for publication
June 2, 2014.



confirms it would be some time before any automatic Pipeline systems might stop the flow of
high pressure liquified CO2 from a Pipeline rupture and emergency responders within the City of
Bismarck and at the Burleigh County Rural Fire locations would not be able to respond quickly
enough, even if they were trained for this kind of emergency, which Dr. Warford believes they
are not.

10. Summit Carbon apparently cliams it is too costly to relocate the Pipeline at this point in
the process, but has provided no details to Dr. Warford to support this claim. Even if there are
additional costs to relocate the Pipeline further north and east of Bismarck, this is not a
compelling basis to expose the public to the safety hazards relating to the Pipeline, nor to inhibit
future development of the City. Dr. Warford has never heard Summit Carbon make a compelling
argument why it decided to route the Pipeline in such close proximity to the City of Bismarck
and its population center when other more rural areas to the east and north should be available
and are more fitting.

11. As reflected above, Dr. Warford has a direct and substantial interest in these proceedings,
as well as legal property rights which rﬁay be substantially affected by the ND Public Service
Commission's findings and conclusions in this matter. Dr. Warford is intimately familiar with the
Warford Land, with emergency services in and around the City of Bismarck, and with planning
and growth of the City of Bismarck, and he can provide the Public Service Commission with
specific information on these issues in these proceedings.

12. Dr. Warford’s interests are not adequately represented by the existing parties, and Dr.

Warford's intervention would not unduly broaden the issues or delay the proceedings.



13.  Dr. Warford does not oppose the Pipeline generally, but he is opposed to the portion of

the Pipeline that proposes to cross Warford Land and proposes to cross any land in close

proximity to the City of Bismack.
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(1.) [ hereby certify that a true and correct copy of the following document:
1. Original Petition to Intervene (plus 7 copies)
was on the 27" day of February, 2023, served via hand-delivery on the following:

Steve Kahl

Executive Secretary

North Dakota Public Service Commission
600 E. Boulevard Avenue, Dept. 408
Bismarck, ND 58505-0480

(2.)  Talso certify that a true and copy of the Petition to Intervene was on the 27" day of

February, 2023 emailed to the following:

John M. Schuh (#08138)

Special Assistant Attorney General

North Dakota Public Service Commission
600 E. Boulevard Avenue, Dept. 408
Bismarck, ND 58505-0480
jschuh(@nd.gov

Lawrence Bender (#03908)
Fredrikson & Byron, P.A.
1133 College Drive, Ste. 1000
Bismarck, ND 58501-1215
Ibender@fredlaw.com

Zachary Pelham (#05904)
Pearce Durick PLLC
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elling these releases due to the unusual phase-transition behaviour of CO,. Additionally, few experimental
observations of large-scale CO; releases have been made, and the physics and thermochemistry involved

gzyswords. are not fully understood. This work provides an overview of elements of the EC FP7 CO2PipeHaz project,
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Multi-phase flow matical models for multiphase discharge and dispersion from CO; pipelines. These are demonstrated here
Experimental measurement upon a full-scale pipeline release scenario, in which dense-phase CO; is released from a full-bore 36-in.
Mathematical modelling pipeline rupture into a crater, and the resulting multiphase CO, plume disperses over complex terrain,
Pipeline depressurisation featuring hills and valleys. This demonstration case is specifically designed to illustrate the integration

of different models for the pipeline outflow, near-field and far-field dispersion.
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Nomenclature

Roman letters

A Helmbholtz free energy
d diameter

e internal energy

E total energy

fw Fanning friction factor
p pressure

S source term

T temperature

t time

u velocity

v volume

X spatial location

j spatial indice
Superscripts

s at saturation

A Reynolds average

A Favre average

A’ fluctuating component
Greek letters

o dynamic vapour quality
P density

T relaxation time

Tjj shear stress

Subscripts

c critical

eq equilibrium

i spatial indice

in inlet

mi meta-stable liquid

sc saturated vapour

t turbulent

1. Introduction

Carbon capture and storage (CCS) is a set of technologies
designed to reduce CO, emissions from large point-sources of
production such as coal-fired power stations and other industrial
facilities. It involves the capture of CO, and its storage in suit-
able semi-permanent reservoirs such as naturally formed saline
aquifers or depleted oil wells, instead of allowing its release to the
atmosphere where it contributes to climate change. In most of the
planned CCS projects, the CO; is transported from the capture to
the storage sites in high-pressure pipelines, typically operating at
pressures above 80 bar, where the CO, is in either a supercritical
or liquid state, depending upon whether it is above or below the
critical temperature of 304.19K.

Whilst the physics of high-pressure releases of substances such
as natural gas and propane is relatively well understood (Cowley
and Tam, 1988; Richardson and Saville, 1996), CO, possesses some
unusual physical properties which make its release behaviour more
challenging to predict. As pure CO», its triple-point pressure and
temperature are 5.18 bar and 216.55K respectively, and at atmo-
spheric pressure CO, exists in either a solid or gaseous state, with
a sublimation temperature of 194.25K. This means that there is
likely to be complex phase-transition when CO, decompresses
from an initial dense-phase state in the pipeline (i.e. as a super-
critical or liquid fluid) into a solid and gaseous state at atmospheric
pressure. The work undertaken in the EC FP7 CO2PipeHaz project

(2009) has been pivotal to improving the understanding of this
complex phase-transition behaviour and providing more accu-
rate predictions of the consequence associated with CO; pipeline
releases.

CO, is a colourless and odourless gas under ambient conditions,
and is toxic if inhaled in air at concentrations around 5%, and likely
to be fatal at concentrations of around 10% (NIOSH, 1996). Liquid
CO; has a density approximately 50% less than that of water, but
has a viscosity of magnitude more frequently associated with gases,
and this property makes the transport of CO, an economically
viable and attractive proposition. However, preliminary calcula-
tions and experimental evidence indicate that, due to it possessing
a relatively high Joule-Thomson expansion coefficient, the rapid
expansion of an accidental liquid release may reach temperatures
below 180 K. Due to this effect, solid formation following a pipeline
puncture or rupture is to be expected, and subsequently, at atmo-
spheric pressure, the solid CO, will sublime into gas. In assessing
the hazards posed by releases of CO,, it is important to take account
of the fact that the CO, gas will be much denser than air, due to
both its higher molecular weight and very low temperature. This
could lead to a gravity-driven flow of high CO,-concentration gas,
which would tend to flow down slopes and accumulate in low-lying
areas.

The modelling of outflow and subsequent atmospheric disper-
sion following pipeline failure is especially challenging given the
large number of complex and often interacting processes gover-
ning the phenomena involved. The rupture of the pipeline results
in a series of expansion waves that propagate into the undisturbed
fluid in the pipe towards the intact end of the pipeline. These waves
result in the acceleration of the fluid particles in the opposite direc-
tion and hence outflow. The precise tracking of these expansion
waves and their propagation as a function of time and distance
along the pipeline is necessary for the accurate prediction of the
outflow, as well as any propagating fractures within the pipeline
material. This involves detailed consideration of several processes
including heat and mass transfer, unsteady fluid flow and ther-
modynamics (Mahgerefteh et al., 2012a). Additionally, given that
the transportation of CO, will undoubtedly occur at high pressure,
this means that the near-isentropic expansion resulting from a
pipeline failure will likely induce two-phase flow. The modelling
of the subsequent dispersion of CO, in the atmosphere also poses a
number of difficulties due to the complex interaction of a number
of physical and thermodynamic phenomena including the forma-
tion of stationary shock-cell structures, phase transition, and the
behaviour of multi-phase systems. In the case of a full-bore rupture,
this will inevitably occur within the confines of a crater excavated
by the high-pressure release and the geometry of this crater will
invariably affect the near-field dispersion of the release. Hence, this
must be considered if suitable source terms are to be provided to
the far-field dispersion models. Finally, the far-field atmospheric
dispersion phenomena can only truly be understood if the fluid
dynamics of the release are evaluated using a realistic terrain in
which the effects of gravitational acceleration, buoyancy, wind,
turbulence, and the behaviour of the different phases are consid-
ered.

This paper describes the development of novel multi-phase
pipeline discharge and dispersion models applicable to dense-
phase CO; pipelines, and their validation against recently obtained
experimental data. The accidental release considered was of pure
CO,, initially at 150bar and 283K, from a pipeline 217 km in
length and with an internal diameter of 0.914m (36in.). A full-
bore guillotine rupture was modelled, which was assumed to
take place 84 km from the feed-end of the pipeline. Terrain data
obtained from the UK Ordnance Survey database (2013) was
incorporated into the modelling to represent a realistic release sce-
nario.
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Fig. 1. Schematic diagram of the INERIS CO, release test rig including sensor configuration.

2. Validatory experimental work

Although it is clearly not possible to validate the overall model
which integrates pipe-flow, pipe-release, near-field and far-field
dispersion modelling, the accuracy of certain elements of the mod-
els was assessed against large-scale data acquired as part of the
project.

Fig. 1 shows a schematic of the rig and the sensor arrays used
at INERIS for the experimental studies of large-scale CO, releases.
The rig was used to acquire data regarding mass flow-rates, and
near-field temperature and concentration distributions in a num-
ber of different release scenarios of varying nozzle sizes and initial
pressures. These data have been used in the validation of the in-
pipe, near-field, and far-field dispersion models, and further details
can be found in the literature (Jamois et al., 2013). Part of this
validation is discussed below, but further information be found
in recent CO2PipeHaz project reports (Fairweather et al., 2011;
Martynov, 2013; Narasimhamurthy et al., 2013).

In the flow field, the instrumentation consisted of twenty-six,
radially distributed thermocouples, and six oxygen depletion sen-
sors distributed along the centre-line axis of the jet. The region
used for the near-field dispersion-model validation extended to 5 m
from the release plane. This choice of the modelling domain size
was due to the near-field model developments in this paper being
concerned with the accurate representation of under-expanded,
shock-laden, multi-phase jets, and the structure of their initial
expansion to atmospheric conditions. By 5m downstream of the
release point, the jet has become self-similar in its properties,
and has been at atmospheric pressure for a considerable distance.
Hence, the modelling of the far-field region does not require such
specialist treatment.

Fig. 2 is a schematic of the release vessel, supported by pho-
tographs of the assembly including the release valve, stop valves,
and the discharge orifice. The 2 m3 spherical pressure vessel was
thermally insulated, and can contain up to 1000 kg of CO, at a max-
imum operating pressure and temperature of 200bar and 473K,
respectively. It is equipped internally with 6 thermocouples and 2
high-precision pressure gauges, and was connected to a discharge
line of 50 mm inner diameter, with no internal restrictions. In total,
the line is 9m long including a bend inside the vessel, plunging
to the bottom in order to ensure that it was fully submersed in
liquid CO,. Three ball valves were installed in the pipe. Two were

positioned close to the vessel and the third near to the orifice
holder. The first valve closest to the sphere was a manual safety
valve, and the two others were remotely actuated. All valves were
full-bore ball valves, sized appropriately for the pipe section.

The vessel was supported by four Mettler 0745A load cells,
enabling a continuous measurement of the CO, content with an
uncertainty of plus or minus 0.5 kg. The determination of the mass
flow-rate was performed within an accuracy of approximately 10%,
mainly due to the noise present in the measurement signal during
the release. These obtained measurements have been used to assist
in the validation of the pipe out-flow models. In the sphere, the
pressure was measured using a Piezoresistive type KISTLER 4045 A
200 sensor with a range of 0-200bar and an accuracy of plus or
minus 0.1%. This sensor was mounted directly to the flange of the
sphere, as shown in Fig. 3. Another Piezoresistive type KISTLER
4045 A 500 sensor, with a range of 0-500bar, was connected to
the sphere and served as a backup. The internal temperature of the
vessel was measured at 6 points on the vertical axis of the sphere
using 1 mm sheathed, type K thermocouples, with an accuracy of
plus or minus 0.25K. Temperature immediately upstream of the
orifice was similarly measured. The static pressure immediately
upstream from the orifice was measured using a KULITE 0-350 bar
instrument with an accuracy of +0.5%. The vessel instrumentation
is shown in Fig. 3.

Various orifices were used at the exit plane of the discharge pipe,
which were drilled into a large screwed flange. Fig. 4 is a schematic
of such, where the thickness of this flange (E) is 9 mm for the 6 mm
orifice and 15 mm for the 25 mm orifice. The diameter of the orifice
(®)is constantoveralength of 5mmor 10 mm (e)and then expands
with an angle of 45° towards the exterior.

3. In-pipe and release-condition modelling
3.1. Modelling approach

To date, the majority of the pipeline outflow models reported
in the literature have utilised the homogeneous equilibrium model
(HEM) (Mahgerefteh et al., 1999; Mahgerefteh and Wong, 1999;
Popescu, 2009; Webber et al., 1999) where the constituent fluid
phases are assumed to remain in thermal and mechanical equi-
librium during the decompression process. In contrast to the HEM,
the homogeneous relaxation model (HRM) accounts for the delay in
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Fig. 2. Schematic of the experimental rig main vessel and discharge pipe, with illustratory photographs of valves and the discharge orifice.
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Fig. 3. Pressure vessel internal instrumentation.

vaporisation during the decompression process using an empirical momentum, energy and vapour quality conservation equations are
relaxation equation for the mass fraction of vapour phase, while respectively given by (Brown et al., 2013):
assuming that the constituent phases are in mechanical equilib-

rium, i.e. that they move at the same velocity. In the HRM, the mass, ? + 82( pu) =0 (1)
ot X
. . 2
E 9 B o 4 p)= fwp
.- P+ 5 (pu” +p) = —= (2)
Lo L] 3 _ _y e
- 9t PE) + 5 (U(E +p)) = -u=7 (3)
I l 0] ad eqg — O
M o " =
A (pe) + = (puar) = p (4)
where p, u, p, d, fw, @, and t are respectively the mixture density,
A . velocity, pressure, pipeline diameter, Fanning friction factor calcu-
|__ _____ ® lated using Chen’s correlation (Chen, 1979), the dynamic vapour
! .<‘ 45° quality and a relaxation time accounting for the delay in the phase
| '\.\ change transition as functions of time, t, and space, x. E represents
| ~ the total mixture energy defined as:
| L | 1 o
11 E:p(e+5u) (5)
o . . .
e where e is specific internal energy of the mixture:

Fig. 4. Schematic of the orifice flange. e = aesy(p) + (1 - a)eny (6)
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and p is the mixture density given by:

l o 1-a)
o ps(P)  Pmu(p, €mi)

In Egs. (6) and (7), the subscripts sv and ml respectively refer to
the saturated vapour and meta-stable liquid phases, which may be
at different temperatures.

Based on experimental data on steady flow of CO, through a noz-
zle, the following correlation for the relaxation time t was proposed
(Angielczyk et al., 2010):

~0.54 T. )_ p -1.76
~2.15 10—7( i) (E(L—) 8
’ * apsv Pc — Ps(Tin) ®

where Tj, is the feed temperature. p, p, pc, psy and ps are respectively
the mixture density, fluid pressure, critical pressure, saturated
vapour density at the given pressure and the saturation pressure at
the given temperature.

In order to close the above model, an equation of state is
required to predict the phase equilibria and thermodynamic
properties of CO,. A number of common cubic equations of
state, e.g. the Soave-Redlich—-Kwong (SRK) (Soave, 1972) and the
Peng-Robinson (PR) (Peng and Robinson, 1976) equations of state
were employed for this purpose in modelling pipeline decompres-
sion (Mahgerefteh etal.,2012a,b; Munkejord et al.,2010). However,
given the importance of accurate predictions of the thermody-
namic properties, a highly accurate thermodynamic model based
on the Perturbed Chain-Statistical Associating Fluid Theory (PC-
SAFT) equation of state, described further below, was developed by
NCSR Demokritos as part of the CO2PipeHaz project (Diamantonis
and Economou, 2011). To investigate the impact of the choice of
the equation of state in the modelling of the CO, releases con-
sidered in this work, the two cubic equations of state mentioned
earlier and the PC-SAFT equation are used here in validation stud-
ies. This is conducted by the integration of the Physical Properties
Library (PPL) software package incorporating the various equa-
tions of state, with the outflow model. This coupling is undertaken
using an interface developed by the CO2PipeHaz partners at NCSR
Demokritos, and further discussed in Section 4.

The HRM has recently been applied to the modelling of CO, dis-
charge following full-bore rupture of pipelines (Brown et al., 2013)
where it was shown to produce reasonable agreement in compar-
ison with available experimental data. As a further validation, this
model has been applied to predict outflow from pipelines with
small diameter punctures. For modelling purposes, a pipeline with
an orifice at the release end is considered as depicted in Fig. 5.

Given that the model described by Egs. (1)-(4) can only be
solved numerically, an operator splitting method is used (LeVeque,
2002). This method breaks the solution down into two steps: firstly
the conservative left-hand-side of Egs. (1)-(4) are solved using an
upwind, flux differencing scheme based on the Harten, Lax, van Leer

(7

Table 1
Parameters of the experimental releases.

Fig. 5. Schematic representation of the use of a subgrid to model the flow through
a small diameter puncture at the end of a pipe.

(HLL) approximate Riemann solver (Harten et al., 1983). Secondly,
this solution is updated by solving a system of ordinary differential
equations incorporating the expressions on the right-hand-side of
Egs. (1)-(4). Full details of the algorithm are described in Brown
etal. (2013).

3.2. Validation, results and discussion

The model described above has been applied to the simulation
of flow through the experimental apparatus described in Section
2. Table 1 summarises the conditions of two tests chosen for the
model validation in the present work. As can be seen from this table,
the tests were performed using release orifices of two different
diameters and two different initial vessel pressures and tempera-
tures. Given that the focus of this study was to replicate the steady
release through a puncture in a pipeline, the vessel initial pressures
were assumed to be constant and simulations were run until a
steady release rate was obtained.

Table 2 shows the mass flow rate, pressure drop from the reser-
voir, temperature and density of the CO, fluid at the release orifice,
as predicted by the outflow model using the PR, SRK and PC-SAFT
equations of state respectively for Test 2, as well as the measured
mass flow rate. It can be seen that the results obtained using the
PR equation are the most conforming with experimental observa-
tion with respect to prediction of the mass flow rate, while both
the SRK and PC-SAFT equations slightly under-predict the experi-
mental values. Similarly, a lower release pressure is obtained with
the PR as compared to the SRK and PC-SAFT equations, while the
SRK predicts a markedly lower density. Interestingly, all predictions
indicate that the CO, remains liquid within the pipe section, with
flashing subsequently occurring at the orifice.

Table 3 shows both the predicted release properties and the
measured data for Test 8. In this case only the PR and SRK equa-
tions were used as the larger diameter caused stability problems
when using the PC-SAFT equation of state. Similarly to the discus-
sion in respect to the predictions and data presented in Table 2,
the PR equation of state gives the best agreement with experimen-
tal data, although it does slightly over-predict the measured mass
flow-rate.

Test number Vessel temperature/K Ambient temperature/K

Air humidity/% Reservoir pressure/bar Nozzle diameter/mm

2 265.0 272.15 90.0 284 6
8 278.15 277.15 95.0 77.0 25
Table 2

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

Equation of state Flow rate/kgs~! Density/kg m—3 Pressure drop from reservoir/bar Temperature/K Liquid phase fraction
PR 0.76 1047.11 1.64 253.80 1
SRK 0.66 922.10 1.28 253.97 1
PC-SAFT 0.67 1022.85 131 254.21 1
Experiment 0.80(+0.08) - - 265.00 -
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Table 3

Discharge properties predicted using various equations of state in comparison with the measured values for Test 8 (Table 1).

Equation of state Flow rate/kgs~! Density/kg m—3 Pressure drop from reservoir/bar Temperature/K Liquid phase fraction
PR 2393 1064.13 5.76 255.95 1
SRK 20.68 939.64 5.14 256.22 1
Experiment 23.00(£2.3) - ~4.70 - -

3.3. Hypothetical pipeline release with realistic terrain

The hypothetical case considered involved the full-bore guil-
lotine rupture at 84km from the feed end of a 914.4m (36in.)
internal diameter, 217 km pipeline transporting pure CO, at 150 bar
and 283 K. Along 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 cms~!. Furthermore,
the simplifying assumption was made that prior to the release
the CO, fluid was stagnant in the pipeline. In simulations the
closed-end boundary conditions were applied at both ends of
the pipeline. It should be noted that due to the length of the
pipeline and the closure time of the valves used, the interaction
of the flow with boundary conditions is expected to be mini-
mal.

Two sets of outflow calculations were performed using the PR
equation of state. The first case accounted for a realistic topogra-
phy of the pipeline as shown in Fig. 6, while in the second case
a horizontal pipeline indicating a flat terrain was modelled. Fig. 7
shows a comparative plot of the depressurisation history, in terms
of the pressure at the release point, for both the cases studied for
the upstream section of the pipeline. As can be seen, the result-
ing outflow predictions are relatively insensitive to the differences
in pipeline inclination. There are only minor differences in the
release pressures predicted in the initial stages, although these
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Fig. 6. Elevation variation along pipeline route.
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Fig. 7. Upstream section, predicted release pressure, plotted against time for cases
with and without inclination.

differences become more significant towards the end of the sim-
ulation. Fig. 8 shows the variation of predicted release pressure for
the downstream section for both the above cases. Again, there is no
significant difference in the pressure histories for both cases which
indicates the insignificance of the inclinations on the release data.
For both cases the predicted release pressure is approximately 7 bar
by the end of the simulation. Finally, Fig. 9 shows the total predicted
discharge rate variation, from both ends of the pipeline, plotted
against time for both cases. The flow rate predicted for the two cases
is coincidental over much of the simulation duration. This result
indicates that for the given terrain, the variation of the pipeline
inclination has a small effect on the release. This lack of impact is
explained by the relatively small contribution of the hydrostatic
head to the total pressure in the pipeline during the initial period
of its depressurisation.

4. Thermodynamic property modelling

Accurate and efficient prediction of thermodynamic properties
of pure CO; and its mixtures with non-condensable gases of inter-
est to CCS is key to successful modelling of accidental CO, releases
from pressurised transportation pipelines. The Physical Properties
Library (PPL) (Tsangaris et al., 2013) developed by NCSR Demokri-
tos encapsulates a variety of thermodynamic methods capable of
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Fig. 8. Downstream section, predicted release pressure, plotted against time for
cases with and without inclination.
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Fig. 9. Total predicted mass discharge rate plotted against time for cases with and
without inclination.
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predicting these properties as functions of temperature, pressure
and composition. Existing models applicable to CO, transporta-
tion conditions have been recently reviewed by Diamantonis et al.
(2013). The PPL can predict properties such as density, fugacity,
enthalpy, and viscosity using empirical, semi-empirical and theo-
retical models available in the literature or recently developed for
CO, within the scope of this work.

Thermodynamic models for pure components and mixtures
are often based on pure component constants such as molecu-
lar weight, critical properties, or an acentric factor. The PPL has
an internal database that stores these pure component values and
model parameters, and hence physical properties of pure compo-
nents such as liquid density, heat capacity, speed of sound, and
Joule-Thompson coefficient can be calculated by a number of dif-
ferent models available in the literature. The PPL supports the
most popular models available including equations of state and
empirical equations. It also supports the prediction of CO, mixture
properties using popular models. These include cubic equations
of state such as Redlich-Kwong (RK), Soave-Redlich-Kwong, and
Peng-Robinson, specialised equations of state such as GERG, and
advanced equations of state such as SAFT, PC-SAFT, and tPC-PSAFT.

For CO, and CO, mixtures, the PPL can be used to obtain the
following properties:

¢ Volumetric (density, compressibility)

¢ Energy related (enthalpy, entropy, heat capacity)

* Free energy (Gibbs, fugacity)

e Derivative (Joule-Thomson, speed of sound)

¢ Transport (viscosity, diffusivity, thermal conductivity)

and the equilibrium properties can be obtained using the following
methods:

¢ Cubic equations of state (RK, SRK, PR)
¢ Specialised equations of state (GERG)
¢ Advanced equations of state (SAFT/PC-SAFT/tPC-PSAFT)
e Empirical and semi-empirical models

The end user can select the desired method of calculation and
the physical property of interest through appropriate library ‘calls’
and ‘options’ as described in the published Advanced Programming
Interface (Tsangaris et al., 2013).

4.1. SAFT and PC-SAFT equations of state

The focus of this work has been the development of accurate
thermodynamic models for pure CO, and its mixtures with non-
condensable gases for the temperature range of interest, based
upon the SAFT family of equations of state. These equations of state
combine an increase in accuracy compared to the cubic methods,
and a reduced computational overhead compared to specialised
formulations such as GERG. A brief description of SAFT follows. It
is written as a summation of residual Helmbholtz free energy terms
that occur due to different types of molecular interactions in the
system under consideration. This can be expressed as:

AR — (Ah.s +Adisp) +Achain +Aassoc (9)
where
Abs 4n - 3n2

— = ——— is the hard-sphere term (Carnaham-Starling)
RT — (1-n)?

. 4 9 . .
AdlSp u\/n\/
RT ~ ZZDU(W) (?)

i1 j=1

(10)

is the dispersion term (Adler equation) (11)

chain _
A =(1-m)ln LO_S;: is the chain term (Wertheim) (12)
RT (1-n)
and
M
Adssoc A XA 1
RT ‘Z(m X _7>+§M
A=1
is the association term (Wertheim) (13)
with
3u\\ 3
n:rpmv":rpmv""(l —C exp (—F)) (14)
u u° e
p= (1 + ﬁ) (15)
XA = _M1—B (16)
1+, pXBAAB
APB — g(d)*E [exp (%) - 1} (03 k"B) (17)
gy ~ g(ays = L=(1/2) (18)
(1-n)

where X4 is the fraction of molecules that have not formed a hydro-
gen bond at position A, A%B is a function describing the strength
of the hydrogen bond that forms between points A of a molecule
and the position B of another molecule, and g(d)*® is the radial
distribution function of hard spheres. m is the number of spheri-
cal segments in a molecule, 7=0.74048, C=0.12, D;; are the global
constants of the Adler equation, 1°° the characteristic volume of
a molecule segment, and M is the total number of positions on a
molecule for hydrogen bond formation

The difference between the SAFT and PC-SAFT equations of state
is the dispersion term, which for PC-SAFT is expressed as:

disp
AR_T = —2mply(n, m)m?e03 — mpmCil(n, m)m2e2o3 (19)
where
q7hc -1
G = (1+Z"5+de ) (20)
dp
6 6
Ii(n,m) = Zai(m)ni and I(n,m)= Zb,-(m)ni (21)
i=0 i=0

while a; and b; are functions of the chain length given as:

m-—1 m—-—1m-2
a;(m) = ag; + it~ i (22)

m-—1 m—-1m-2
bi(m) = bg; + = by + 7 byi (23)

and Z"s is the compressibility factor of hard spheres. Fig. 10 is a
graphical depiction of the molecular elements of the method.

The parameters used in SAFT and PC-SAFT are three for nor-
mal compounds, and two more for associating. Also there is one
binary mixture coefficient that is used to correlate data and cal-
culations for mixtures. Pressure and chemical potential occur as
analytical derivatives of the residual Helmholtz energy from the
previous equation set.

In SAFT and PC-SAFT, the hard-sphere, chain, and associ-
ation terms can be extended to mixtures using the standard
methodology. Thus, mixing rules are only required for the
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Fig. 10. Graphical representation of SAFT equation of state components.

dispersion term. A mixing rule for the segment number m is given
by the expression:

m= %Zinxj(mi +m;) (24)
i

Also, a second mixing rule for the dispersion energy parameter
u/k based on the van der Waals one-fluid theory can be used which
is based on the expression:

u  Doioxiximimu/k)y(ud);

kST g mm (0

where

13,13

a0y (25)

W) = [%((”O)ii

Another mixing rule, based on volume fractions, has also been
proposed:

u_ D i xiximim;(u/k)(u)(u®);
k- > i Xiximim;(uO);(u®);

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

(26)

4.2. Validation, results and discussion

The PPL and especially the newly developed SAFT-based equa-
tion of state applicable to pure CO, and its mixtures was developed
and tested within the scope of the CO2PipeHaz project. Direct com-
parison between SAFT predictions, experimental data and other
classical equation of state predictions was used in 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 equilibria (Diamantonis and Economou, 2012; Tsangaris
et al, 2013), and binary and ternary mixtures of CO, with
non-condensable gases were studied at pipeline transportation
conditions. Subsequently, single phase volumetric, energy related,
and the derivative properties were examined. The PPL calcu-
lates derivative property values analytically whenever possible.
For some cases however, analytical differentiation of the equa-
tion of state is not possible and numerical differentiation is used
instead. The derivative properties of interest to this work are the
heat capacities (isobaric and isochoric), the speed of sound, the
Joule-Thomson coefficient, the isothermal compressibility coeffi-
cient and the thermal expansion coefficient, as given in Table 4.
These quantities can be derived from the equation of state and
greatly affect the predictions of rate of pipeline depressurisation

Table 4
Derivative properties useful in the current work.
Derivative thermodynamic property Definition
Heat capacity at constant pressure G= % |
P
Heat ity rati @ - 9
eat capacity ratio Z% = 5o
2
Heat capacity difference G-G=-T (agp/;’;}
— . /% () = . /_% (0
Speed of sound W_\/U(Tp)r_\/ &P ("")T
_ i — () -1 )
Joule-Thomson coefficient . JT= ( P)H % (T(a )p v)

Thermal expansion coefficient

during accidental release. As a result, accurate modelling is criti-
cal to hazard identification studies, and prediction and validation
of the derivative properties has been documented (Diamantonis
and Economou, 2011; Diamantonis et al., 2013). Finally, the newly
proposed equation of state combined with existing semi-empirical
transport-property models were validated for viscosity and the
self-diffusion coefficient.

Fig. 11isatypical example of the improved capacity of the newly
developed SAFT equation of state in the prediction of the isother-
mal compressibility of multi-component systems. Experimental
data for derivative properties of complex mixtures are scarce in
the literature. Amongst what is available (Alsiyabi et al., 2012), the
CO,-N;-CH4-H; system was selected due to it resembling can-
didate CO, pipeline mixtures better. Fig. 11 compares predictions
obtained from the Peng-Robinson and the newly developed PC-
SAFT equations of state, and PC-SAFT displays a notably superior
average absolute deviation error of 5.3% against 33.2% for the classi-
cal approach. It should be emphasised that no tuning to isothermal
compressibility data has been undertaken in the construction of
any model. The improved capacity of PC-SAFT is attributed more
to the fact that the mathematical terms resemble the physical
interactions more closely, and less to the fact that PC-SAFT has
slightly more complex functional form and an extra adjustable
parameter.

5. Near-field multi-phase dispersion modelling
5.1. Turbulent flow calculations

Predictions were based on the solutions of the Favre-averaged,
density-weighted forms of the transport equations for mass,

-é._,O.0401 .
' O Dataat268.15K
EO'(BS' \ O Datat301.15K
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Fig. 11. Predictions and data of the isothermal compressibility of a quaternary CO,-
containing system plotted against pressure. Experimental data from Alsiyabi et al.
(2012).
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Fig. 12. Adaptive mesh refinement grid mapped onto mean velocity predictions in the region of a Mach disc.

momentum, and total energy (internal energy plus kinetic energy),
as described below by Egs. (27), (28) and (29) respectively:

o 9

ot + 7 (PR =0 (27)
(—)(‘ﬁ')+i(_ﬁ~~~+'+'ﬂ’7ﬂﬁ —sy,=0 (28)
ot U g (PUit + P ¥ DU = Su =

E 9w . .1 @ a5

% + P [(E+P)ui—uitij} ~ <IL[T8—xj) —-sg=0 (29)

Representation of the Reynolds stresses (ul’.’u}’.’), and hence the
closure of this equation set, was achieved via the k-¢ turbulence
model (Jones and Launder, 1972). Solutions of the time-dependent,
axisymmetric forms of the descriptive equations were obtained
using a modified version of an in-house general-purpose fluid
dynamics code. Integration of the equations employed a second-
order accurate, upwind, finite-volume scheme in which the
transport equations were discretised following a conservative
control-volume approach, with values of the dependent variables
being stored at the computational cell centres. Approximation of
the diffusion and source terms was undertaken using central dif-
ferencing, and an HLL (Harten et al., 1983), second-order accurate
variant of Godunov’s method applied with respect to the convective
and pressure fluxes. The fully explicit, time-accurate method was
a predictor-corrector procedure, where the predictor stage is spa-
tially first-order, and used to provide an intermediate solution at
the half-time between time-steps. This is then subsequently used at
the corrector stage for the calculation of the second-order fluxes. A
further explanation of this algorithm can be found elsewhere (Falle,
1991).

The calculations also employed an adaptive finite-volume grid
algorithm which uses a three-dimensional rectangular mesh with
grid adaption achieved by the successive overlaying of refined lay-
ers of computational mesh. Fig. 12 demonstrates this technique in a
two-dimensional planar calculation of the near-field of a sonic CO,
release. Where there are steep gradients of variable magnitudes
such as at flow boundaries or discontinuities such as the Mach disc,
the mesh is more refined than in areas such as the free stream of
the surrounding fluid. The model to describe the fluid flow-field
employed in this study was cast in an axisymmetric geometry for
the validatory calculations of jet releases. A full three-dimensional
scheme was applied to the crater calculations although the use of

symmetry boundaries aided a reduction in computational expense.
A full description of the equations solved is reported elsewhere
(Wareing et al., 2013)

Although the standard k-& 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 counter-
parts. The model consistently over-predicts turbulence levels and
hence mixing due to compressible flows displaying an enhance-
ment of turbulence dissipation. A number of modifications to the
standard k-¢ model have been proposed by various authors, which
include corrections to the constants in the turbulence energy dis-
sipation rate equation (Baz, 1992; Chen and Kim, 1987), and to the
dissipation rate itself (Sarkar et al., 1991; Zeman, 1990). Previous
works by one of the present authors (Fairweather 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 from the
analysis of a direct numerical simulation of the exact equations for
the transport of the Reynolds stresses in compressible flows. This
approach was incorporated into the modelling described herein.

5.2. Non-ideal equation of state

The Peng-Robinson equation of state (Peng and Robinson, 1976)
is satisfactory for predicting the gas-phase properties of CO,, but
when compared to that of Span and Wagner (1996), it is not so
for the condensed phase. Furthermore, it is not accurate for gas
pressures below the triple point and, in common with any single
equation, it does not account for the discontinuity in properties at
the triple point. In particular, there is no latent heat of fusion.

Span and Wagner (1996) give a formula for the Helmholtz free
energy that is valid for both the gas 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 used efficiently
in a computational fluid dynamics code. A composite equation of
state was therefore constructed to determine the phase equilibrium
and transport properties for CO,. The inviscid version of the over-
all model is presented in detail elsewhere (Wareing et al., 2013)
and the method considered here is extended for the turbulent clo-
sure of the fluid-flow equations detailed in the previous section. In
this, the gas phase is computed from the Peng-Robinson equation
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Fig. 13. CO; internal energy predictions on the saturation line obtained using the
composite equation of state, showing gaseous and dense phases.

of state (Peng and Robinson, 1976), and the liquid phase and satu-
ration pressure are calculated from tabulated data generated with
the Span and Wagner (1996) equation of state and the best avail-
able source of thermodynamic data for CO,, the Design Institute for
Physical Properties (DIPPR) 801 database, access to which can be
gained through the Knovel library (DIPPR, 2013). To calculate the
solid density, the same approach as Witlox et al. (2009) is used, and
expressed as:

p =1289.45 + 1.8325T kg m > (30)

again based on property information from the DIPPR 801 Database.
From Liu (1984), the sound speed in solid CO, at atmospheric
pressure and 296.35K is 1600ms~! and it is assumed that this is
independent of temperature and pressure. Note that the results
given below are extremely insensitive to the solid density and
sound speed. The saturation pressure above and below the triple
point is taken from Span and Wagner (1996).

Fig. 13 shows the predicted internal energy of the gas and con-
densed phases on the saturation line. The transition from liquid
to solid was smoothed over 4K with a hyperbolic tangent func-
tion centred on the triple point. This was done for computational
reasons in order to ensure the function and its differentials are
smooth.

Calculations of the thermodynamics in the pure CO, system
indicated that in this case, little difference was observed between
results obtained using the approach described above, and that pre-
sented in Section 4. Hence, for the unique case of a pure CO; release,
the composite non-ideal equation of state was used in the form
of look-up tables 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 CO, with
impurities.

5.3. Homogeneous equilibrium and relaxation models

Inan HEM, all phases are assumed to be in dynamic and thermo-
dynamic equilibrium. Id est they all move at the same velocity and
have the same temperature. In addition, the pressure of the CO,
vapour is assumed to be equal to the saturation pressure when-
ever the condensed phase is present. The pressure of the condensed
phase CO; is assumed to be equal to the combined pressure of CO,
vapour and air (the total pressure).

The assumptions associated with the HEM are reasonable pro-
vided the CO; liquid droplets or solid particles are sufficiently small.
There are some indications that this may not be true, in particular
for test calculations in which the release is from a nozzle with a
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Fig. 14. Axial temperature and O, mole fraction predictions plotted against exper-
imental data (symbols) for Tests 2.

diameter of the order of centimetres. Hence, the model was further
developed as an HRM, in that a relaxation time was introduced
with respect to the transport of the dense phase. This has the effect
of numerically representing the time taken for the dense phase
to attain dynamic equilibrium with the fluid phase. Again, a full
description of both the HEM and HRM can be found elsewhere
(Woolley et al., 2013).

5.4. Code validation against CO, release data

Fig. 14 depicts centreline predictions of temperature and O,
molar concentration plotted against experimental data for Test 2
at axial locations of 2, 3, 4, and 5 m. This test was undertaken using
the 6 mm nozzle, and predictions can be seen to be in good agree-
ment with observation. A slight over-prediction of temperature is
observed in the very near-field, leading to a similarly slight under-
prediction further downstream. However, predictions remain well
within an acceptable range of experimental error. Again with ref-
erence to Fig. 14, this over-prediction of temperature is translated
into aslightover-prediction of O, concentration, at an axial location
of 1m.

In addition, Fig. 15 shows predictions of radial temperature pro-
files plotted against experimental data for Test 8, performed by
INERIS, at axial locations of 1, 2 and 5 m. The model qualitatively
and quantitatively captures the thermodynamic structure of the
sonic releases, and although there is a small discrepancy with the
observed and predicted spreading rates in the very near-field, cal-
culations lie within the accepted error range of the experimental
data. Results obtained from calculations of two further tests, Tests
6 and 7 (not shown), were seen to be of a similar level of agreement
to Test 8. Further discussion regarding this validation exercise, and
the results obtained, can be found in Woolley et al. (2013).

5.5. Crater calculation geometry and sample results

Fig. 16 shows the chosen geometry of the crater formed after the
pipeline guillotine rupture. This geometry was chosen, based upon
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incident data for natural gas pipelines taken from the literature
(Kinsman and Lewis, 2002; McGillivray and Wilday, 2009).

This geometry was incorporated into a three-dimensional
model for predicting the near-field dispersion characteristics, and
Fig. 17 shows an example of such a set-up in which one quarter of
the crater has been modelled by applying appropriate symmetry
boundaries. Fig. 17(a) depicts a cut along the centreline on the y-
axis, which lies along the centre of the release pipe at x=0. The z
dimension represents the crater depth, and symmetry boundaries
are located at x=0 and y=15m. Fig. 17(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 also be seen to bisect the
pipe. As previously mentioned, the uppermost boundary aty=15m
is also symmetric, and represents the companion jet release in a
symmetrical full-bore release scenario.

Plan View

12m

30m

Table 5

Far-field source terms integrated from near-field calculations.
Parameter Value
Total velocity (ms—1) 70.6
Area (m?) 62.95
Temperature (K) 194.6
€O, mass fraction (kgkg™') 0.944
Air mass fraction (kgkg~') 0.056
CO, gas mass flow rate (kgs™') 11,486
CO; solid mass flow rate (kgs~') 8016
Air mass flow rate (kgs—') 686

Total mass flow rate (kgs~') 20,188

Fig. 18 shows sample predictions of a typical release obtained
from the application of this crater geometry, with initial conditions
(pressure, temperature, density, velocity, and phase composition)
provided by the pipe outflow model described earlier. The flow is
modelled as a steady state, using the predicted conditions at the
pipeline orifice 30s after the start of the release, following the
methodology proposed for modelling transient pipeline releases
by Carter (1991), and Bilio and Kinsman (1997). Dense-phase CO,
mass fraction and total velocity predictions are presented, and
the features of such a highly under-expanded jet can be seen,
including the formation of a Mach disc, and the acceleration of
the flow to supersonic velocities. Figs. 19 and 20 depict predic-
tions of the full-bore release on a section located just above ground
level and on a plane orthogonal to the z axis at 0.01 m. Fig. 19
shows mixture fractions of total CO,, solid CO,, air, and gas, and
overall density and temperature. Fig. 20 shows the velocity com-
ponents, total velocity, turbulence kinetic energy, and turbulence
kinetic energy dissipation rate. To interface these results from the
near-field model with the far-field dispersion models, described
below as FLACS and ANSYS-CFX, equivalent point-source bound-
ary conditions were calculated by integrating the data shown in
Figs. 19 and 20 within an envelope defined by a CO, concentra-
tion of 0.1%. The resulting integrated source values are as given in
Table 5.

These source terms were subsequently used for far-field disper-
sion 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 two-phase (gaseous and
particulate) CO, was undertaken using two different commercial
computational fluid dynamic codes: FLACS (GexCon AS, 2013); and
ANSYS-CFX (ANSYS, 2011). In both cases, the continuous gas-phase
was solved in the Eulerian reference frame, while a Lagrangian for-
mulation was used for the dispersed particle phase. In addition,
both far-field models employed the same source boundary condi-
tions, where the CO; jet conditions at the inlet plane were taken
from the near-field dispersion model outputs, as described above,
which consisted of integrated planar profiles of velocity, tempera-
ture, CO, solid and gas concentration, turbulence kinetic energy

Side View

12m

——

Fig. 16. Schematic of modelled crater shape and dimensions.
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Fig. 17. Sample three-dimensional geometry of a typical full-bore guillotine rupture into an elliptic crater. (a) View at x=0 depicting the crater length, and (b) view at z=0

depicting the crater plan.

and turbulence dissipation rate. Distinct features of each of the
individual codes are given below.

6.1. ANSYS-CFX

The CFX dispersion model for two-phase CO, releases used
the Lagrangian particle-tracking model in ANSYS-CFX version 14
(ANSYS, 2011). The process of sublimation was simulated using
the standard evaporation model, with suitable Antoine equation
coefficients for solid CO, sublimation. Drag between the CO, par-
ticles and the surrounding gas phase was calculated using the drag
model of Schiller and Naumann (1933) combined with the stochas-
tic dispersion model of Gosman and loannides (1981) to account
for turbulence effects. Heat transfer between the gaseous and solid
phases was modelled using the Ranz-Marshall correlation (Ranz
and Marshall, 1952) and turbulence effects in the gas phase were
modelled using the Shear-Stress Transport (SST) model of Menter
(1994).

(a) Dense Phase
Fraction
0,916
Y/m
-4.0-2,0 0.0 2,0 4.0
Z/m 000
Crater Jet

To account for the effects of ambient humidity, the modelled
gas phase was composed of a mixture of three components: dry
air, CO,, and water vapour, each of which was treated as an ideal
gas. An additional dispersed-droplet Eulerian phase was used to
account for condensed water droplets, which were assumed to have
the same velocity as the surrounding gas phase. Source terms in the
continuity and energy conservation equations were used to model
the process of water vapour condensation and evaporation. Brown
and Fletcher (2005) previously demonstrated a similar approach to
the modelling of atmospheric plumes from alumina refinery cal-
ciner stacks. It is useful to model humidity not only in terms of
its effect on the dispersion behaviour, but also to provide predic-
tions of condensed water droplet concentration, from which the
plume visibility can be inferred. The visibility of the CO, plume has
important practical implications for emergency planning and risk
assessment.

The computational grids used with CFX in the present work
were unstructured, using both tetrahedral and prism-shaped cells.
Previous tests have shown that relatively fine grids are needed to

(b) Total Velocity
m/s
15.0 Fakemaiee e ) 28.5
Y/m
10.0
-5.0
-4,0-2,0 0,0 2,0 4.0
X/m 0,0
Crater jet

Fig. 18. Sample three-dimensional model predictions of a typical full-bore guillotine rupture into a crater. (a) Dense-phase CO, mass fraction, and (b) total velocity.
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Fig. 19. Near-field model predictions observed on a cross-sectional plane above the crater just above ground level.
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Fig. 20. Near-field model predictions observed on a cross-sectional plane above the crater just above ground level.
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resolve the sublimation process in two-phase CO, jets and there-
fore in excess of 3 million nodes were used in the CFX simulations
presented here.

The near-field dispersion model outputs do not currently
include predictions of the CO, particle size, which is an impor-
tant input for the Lagrangian two-phase dispersion model. The size
of the solid CO, particles produced by dense-phase CO, releases
is uncertain, and it cannot be measured reliably in large-scale
releases. However, previous work has shown that homogeneous
equilibrium dispersion models provide reasonably good predic-
tions of temperatures and concentrations in dense-phase CO, jets
produced by orifices up to 50 mm in diameter (Dixon et al., 2012;
Witlox et al., 2012). These models assume that the particles have
the same temperature and velocity as the surrounding gas phase,
which implies that the particles must be very small. Analysis of CO,
particle sizes by Hulsbosch-Dam et al. (2012) has also suggested
that their initial diameter once the jet has expanded to atmospheric
pressure should be in the range 1-20 pwm. In the present work the
CO, particles are assigned an initial uniform diameter of 20 wm at
the inlet plane, and their diameter subsequently reduces as they
sublimate.

At the far-field boundaries, logarithmic wind velocity profiles
and turbulence levels were specified using the approach described
by Richards and Hoxey (1993). For the thermal boundary condi-
tions, it is assumed that the stability of the atmospheric boundary
layer is neutral.

Further information on the CFX dispersion model for two-phase
CO; releases can be found in the work of Dixon et al. (2012).

6.2. FLACS

In the current study, two-phase CO, dispersion phenomena in
FLACS (GexCon AS, 2013) are modelled using an Euler-Lagrangian
method (Ichard, 2012). The numerical particles are modelled as
point-particles (Loth, 2000), with the particles considered incom-
pressible, non-reacting, and spherical in shape. Particle sizes are
further represented by a uniform distribution. The governing equa-
tions solved for the continuous gas phase are the compressible form
of Reynolds-averaged Navier-Stokes equations, where turbulence
is modelled using a standard k-¢ model (Launder and Spalding,
1974). A two-way coupling between the continuous gas-phase and
the dispersed particle-phase is established through source terms
in the mass, momentum, and energy equations (Peirano et al.,
2006). In addition, particle-turbulence interaction is accounted for
by special source terms in the turbulence kinetic energy and the dis-
sipation rate of turbulence kinetic energy equations (Mandg et al.,
2009).

A simplified form of the original equation of Maxey and Riley
(1983) is used for the particle momentum equation, where the sim-
plification is based on the analysis of Armenio and Fiorotto (2001)
for a wide range of particle-fluid density ratios. In the present par-
ticle momentum equation, both the buoyancy force and the drag
force were considered, while the added-mass force and the Bas-
set history force were ignored since they are negligibly small when
compared to the drag force (Armenio and Fiorotto, 2001). In addi-
tion, the pressure-gradient force term was also omitted, since its
influence is small in large particle-fluid density ratio problems
(Armenio and Fiorotto, 2001). The instantaneous fluid velocity seen
by the particle, which is an unknown parameter in the particle
momentum equation, is modelled through stochastic differential
equations. A modified Langevin equation derived by Minier and
Peirano (2001) was used for this purpose.

Particle deposition and interaction with obstacles was mod-
elled (Crowe, 2005), while particle-particle interactions such as
collisions, breakup and coalescence were not taken into account.
In addition, humidity effects were not considered in the present
version of the Lagrangian particle-tracking model.

The governing equations were solved on a staggered Cartesian
grid using a finite-volume method. The solver for both the contin-
uous phase and the dispersed phase was second-order accurate. A
central-differencing scheme is used for the diffusive fluxes, while
a hybrid scheme with weighting between upwind and central-
differences was employed for the convective fluxes. Time-marching
was carried out using an implicit backward-Euler scheme and
the discretized equations were solved using a BICGStab iterative
method with the SIMPLE pressure correction algorithm (Versteeg
and Malalasekera, 2007). Readers 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 realistic terrain employed was obtained from UK Ordnance
Survey data and incorporated into the FLACS and CFX models, as
shown in Fig. 21. The length and width of the domain size in each
case is 10km and 5 km respectively. The FLACS domain extended
to a height of approximately 1 km, whilst a lesser height was used
in CFX, which varied from 260m to 610 m depending upon the
location. The computational grids used in the two codes were very
different as FLACS employed a multi-block 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
prism-shaped cells along the solid boundaries.

For the dispersion model boundary conditions, the CO, source
from the crater was specified using the conditions given in Table 5.

z [m)

Fig. 21. Terrain data depicting grid methodologies, and coloured according to height topography, loaded in FLACS (left) and CFX (right).
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Fig. 22. Predicted CO, jet in the vicinity of the crater using FLACS (left) and CFX (right).

1% viv 2% viv
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Fig. 23. CFX predicted steady-state CO; cloud, defined using three different mean CO, concentrations: 1% v/v (left); 2% v/v (middle); 4% v/v (right), and coloured according

to the distance from the crater source.

For the turbulence source conditions in FLACS, a relative turbu-
lence intensity of 0.1985 and turbulence length scale of 0.034m,
obtained from averaged k and ¢ values in Fig. 20, were used. In
both the FLACS and CFX models, the CO, particles were assigned
an initial uniform diameter of 300 wm and 20 pm, respectively.
The likely size of particles produced in dense-phase CO, releases
is largely unknown, certainly for releases of the scale considered
here, as discussed earlier. In addition, the initial temperature of the

FMOLE (m3/m3)

=i0.3
0.2
0.1
0.0
FMOLE (m3/m3)

CO; particles in the FLACS simulation was set to the sublimation
temperature of 194.25 K. For the upwind boundary condition, log-
arithmic cross-wind velocity profiles were used with a reference
speed of 2ms~! for the FLACS simulations and 5ms~! 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 m, suitable for rural roughness with low crops and
occasional large obstacles. The ambient temperature was 283K,

(b)

FMOLE (m3/m3)
0.45

(d)

Fig. 24. Snapshots of the CO; cloud at different time intervals, predicted by the FLACS model at (a) t=10s; (b) t=150s; (c) t=240s; and (d) t=540s. Here FMOLE (v/v)

corresponds to volume fraction of CO,.
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Fig. 25. Schematic representation of the thermo-physical modelling strategy.

and for a maximum depressurisation time of 200s, the total mass
discharge predicted by the pipeline outflow model was approxi-
mately 2700 tonnes. Therefore, with reference to the mass flow rate
in Table 5, the release duration was approximately 138s, and the
FLACS simulations were performed for a release over this period
using a transient solver. Following the release cut-off, the disper-
sion calculations were simulated for a further 400s. In contrast,
the CFX simulations were performed using a steady solver, and the
results therefore provide predictions assuming that the release was
prolonged.

6.4. Results and discussion

The predicted CO; jet in the vicinity of the crater is shown in
Fig. 22 for the FLACS and CFX models. Owing to the smaller particle-
size used in the CFX simulations, it was found that all of the particles
sublimated within the airborne jet, and these particle trajectories
are shown in the right-hand plot of Fig. 22. In contrast, the larger
initial particle-size prescribed in the FLACS simulations resulted in
some solid-CO, mass raining-out on to the terrain. Towards the
end of the FLACS simulation, it was recorded that approximately
20% of the total mass discharged, at around 550 tonnes, had rained-
out on the ground. This result suggests that banks of solid CO,
might be formed in CO; pipeline releases if particles with diam-
eters of the order 300 wm or larger are produced in the jet leaving
the crater.

Fig. 23 shows the steady-state cloud predicted by the CFX model.
These predictions are shown using three different CO, mean con-
centration levels to define the edge of the cloud: 1%, 2% and 4% v/v.
For these three cases, the cloud extends to approximately 5km,
4km, and 2 km respectively. At low concentrations of 1% or 2%, CO,
is considered not harmful but these concentrations may correlate
to the extent of the visible cloud due to condensed water vapour
(i.e. mist). A concentration of 4% v/v CO; corresponds to the Imme-
diately Dangerous to Life and Health (IDLH) value recommended by
NIOSH (1996). The CFX results show that even with a wind speed
of 5ms~!, the presence of the terrain has a large effect on the dis-
persion of the CO, cloud, and rather than being blown downwind,
the cloud spreads mostly in the lateral directions, up and down the
valley.

Fig. 24 shows the CO, cloud predicted by FLACS at various inter-
vals in time. These are after the beginning of the release, a little after
the release cut-off, 100s after the release cut-off, and finally near

the end of the simulation. Owing to the finite total mass discharge,
the CO; cloud is notably smaller than that predicted by the steady-
state release CFX simulations. It can be observed from Fig. 24(b)
that the maximum CO, concentration almost reduces to half (45%
v/v)alittle after the release cut-off and gradually reduces with time
to reach 4% v/v near the end of the simulation (Fig. 24(d)).

7. Conclusions

The process of simulating a hypothetical ‘realistic’ release from
a buried 0.914m (36in.) diameter, 217 km long pipeline has been
demonstrated. Models for the pipeline outflow, near-field and
far-field dispersion have been integrated, along with suitable ther-
mophysical property models. A schematic representation of this
integration is given as Fig. 25. Results from the outflow model have
been used to specify inlet boundary conditions for the near-field
dispersion model, whichin turn has provided inlet boundary condi-
tions for the far-field dispersion model. Where possible, the models
have been validated against data available in the open literature,
and also using data generated by partners during the execution of
the EC FP7 CO2PipeHaz project.

The work has demonstrated that it is feasible, in principle, to
simulate such industrially relevant flows. However, the computing
resources required were found to be significant, requiring of the
order weeks of computing time for the full solution. The use of this
type of integrated modelling approach therefore appears unlikely
to become widespread for routine CO, pipeline risk assessment
at present, if conducted upon standard workstation computers.
However, these models should be immediately useful for the inves-
tigation of particular aspects of risk assessments. For instance,
those where there are large differences in terrain heights close to a
pipeline route, and where the effect of the terrain on the dispersion
behaviour needs to be assessed in detail.

One of the limitations of the approach demonstrated here is
that the models are integrated in a linear fashion, with no feed-
back between them. This feedback could be particularly important
if low wind speeds were to be simulated. In the present near-field
model, the flow entrained into the crater was assumed to consist of
ambient air, whereas under low wind-speed conditions, the CO; jet
may fall to the ground near the crater and this flow could include
very high CO, concentrations. The two-way coupling of the near-
and far-field dispersion models is not trivial, but it should be rea-
sonably straightforward to apply the concentrations predicted by
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the far-field model onto the near-field model boundaries, and for
this process to be iterated a number of times if required, to account
for these effects.

In the future, it would be useful to further validate this inte-
grated modelling approach against publicly available datasets,
particularly those involving releases of dense-phase CO, from
buried pipelines. The present work has demonstrated that the size
of the solid CO, particles released from a crater can have a signifi-
cant effect upon the dispersion characteristics of the release.

In view of the fact that most routine pipeline risk assessments
will be carried out using integral or other phenomenological mod-
els that assume dispersion over flat terrain, it would be useful to use
the models demonstrated here to determine under what set of con-
ditions such models might provide unreliable results. It should be
possible to investigate this matter by varying inputs (e.g. pipeline
release rate, wind speed, terrain height differences) to the type
of models presented here to investigate under what combination
of conditions the results deviate significantly from those of more
pragmatic modelling approaches.

Finally, from an emergency-planning perspective, it would be
useful to further develop and validate models that are able to pre-
dict the extent of the visible CO, plume, as well as its extent in terms
of its instantaneous hazardous CO, concentrations. Under typical
humid northern European climatic conditions, a full-bore pipeline
rupture may produce an optically dense cloud that extends many
kilometres.
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