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ARTICLE INFO ABSTRACT

Since the success of large-scale carbon capture and storage (CCS) infrastructures relies on the safety of
pressurized CO, pipelines, quantifying the susceptibility to running ductile fracture during planned or
accidental depressurization is still a key challenge in the field. In this work, we present an integrated framework
for uncertainty quantification in CO, pipelines that combines a high-fidelity, one-dimensional transient solver
based on the Homogeneous Equilibrium Model with a reduced-order surrogate constructed via Polynomial
Chaos Expansion. The methodology is applied to two representative infrastructures, the Cortez and Weyburn
pipelines, to analyze fracture-related metrics based on the Battelle Two-Curves Method and the depressurization
dynamics under uncertainty in operating conditions typical of CO, transport. Our analysis reveals that the
pipe diameter (and its thickness) and the initial temperature are the main parameters in determining the pipe
vulnerability to the running ductile fracture rather than the initial pressure. Specifically, only if the initial
temperature is below a certain value (that depends on the pipeline), the onset of the fracture is prevented. In
addition, we show that the minimal temperature reached during the depressurization has a similar behavior,
while the discharged mass, relevant in the case of leaks, depends on both the initial temperature and pressure.
Overall, the proposed approach achieves high predictive accuracy while drastically reducing computational
cost, providing a basis for risk assessment to support safer and more robust CCS pipeline design and
operation.
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1. Introduction concentrations must be avoided [7]. Unlike natural gas, carbon diox-

ide is transported in a highly-pressure dense-liquid state [8] leading

According to the IEA Net Zero Roadmap [1], in order to contain
climate change and keep the global temperature rise within 1.5°C
by 2100, it is desired to cut the anthropogenic CO, emissions. This
ambitious target requires a wide range of measures, among which a
key role is represented by Carbon Capture and Storage (CCS), namely
a combination of technologies to capture and store, or re-utilize about
1.2 Gt/year of carbon dioxide by 2030 and 8 Gt/year by 2050. In
the near future the success of CCS relies on a vast and efficient net-
work of pipelines to transport the captured CO, to storage sites (see
e.g., [2-5]), but, unfortunately, except for the enhanced oil recov-
ery operations [6], transporting carbon dioxide over long distances is
still an object of industrial and academic research due to its unique
characteristics compared to natural gas.

One of the primary concerns in expanding such infrastructure is
represented by its efficiency and safety, especially if the pipelines are
placed close to urban or densely populated areas where hazardous CO,
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to potentially dangerous scenarios. In case of planned or accidental
depressurization, in fact, a sudden drop in temperature and pressure
can lead to pipe fractures (e.g., running ductile fractures — RDF)
and leakage into the environment [9-11]. Specifically, RDF is a well-
known issue associated with pressurized pipelines where an accidental
puncture or corrosion crack propagates along the pipe (up to several
meters) driven by the decompression wave and the energy released
by the escaping fluid. A single running ductile fracture can lead to a
catastrophic failure of the pipeline, and tons of carbon dioxide may be
released into the environment in a very short amount of time. So far,
the common strategies to deal with RDF control rely on the classical
Battelle Two-Curve method (BTCM) [12] adapted to the specificity of
CO,, transport [13,14].

In recent decades, the common approach is to study the depressur-
ization problem from a deterministic point of view. Up to now, only few
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experiments have been conducted to study the dynamics of depressur-
ization and fracture propagation both in laboratory-scale or real-scale
setups (see for example, [11,15-18]) while many modeling approaches
have been proposed ranging from the simplest Homogeneous Equilib-
rium Model (HEM) [9,19-22], to the drift-flux model [23,24], or the
more complex and computational demanding two-fluids model [25-
28]. In practical applications, however, a great level of uncertainty
is present due the variability of the operating conditions (e.g., initial
pressure and temperature). This implies that, when used in real sce-
narios, the computational costs of such models become prohibitive,
preventing a systematic quantification of the pipeline susceptibility to
running ductile fracture.

To fill this gap, we present an integrated approach to quantitative
risk assessment for CO, depressurization scenarios coupling an in-
house one-dimensional, transient, multiphase solver based on the HEM
with a polynomial chaos expansion (PCE) reduced-order model for fast
analysis (e.g., [29-31]). The PCE offers an efficient model-reduction
strategy for approximating the response surface of quantities of interest
across the variability range of selected governing parameters, requiring
only a limited number of high-fidelity simulations. This approxima-
tion takes the form of a polynomial series whose computational cost
is negligible compared to that of high-fidelity simulations (the HEM
model in our case), enabling extensive ensemble-based investigations
such as global sensitivity analysis and uncertainty quantification. These
capabilities make PCE a valuable alternative to conventional Monte
Carlo techniques [32,33] and a useful tool for experiment interpretation
and design [22]. The computational advantage, however, is maintained
only when the number of uncertain parameters is small. PCE scales
poorly with dimensionality, and its efficiency deteriorates rapidly as the
number of random inputs increases. For high-dimensional input spaces,
alternative surrogate approaches — such as neural networks combined
with cost-reduction strategies for training-data generation — can be
more suitable [34].

In the present study, the limited number of uncertain inputs pre-
serves the computational effectiveness of PCE. As a result, the method
delivers substantial computational savings while providing a straight-
forward and accurate approximation of the input—output relationships
relevant to the case study. We demonstrate that this approach sig-
nificantly lowers computational cost while retaining accuracy, com-
bining the fidelity of high-resolution simulations with the efficiency
of reduced-order models. Specifically, we derive approximations of
the response surfaces of the metrics describing the susceptibility of
CO, pipelines to RDF and transient flow behavior, in the space of
variability of the initial operating temperature and pressure. Then, the
high computational efficiency of the resulting surrogates enables global
sensitivity analysis (GSA) that would be impractical with existing high-
fidelity models. Overall, the PCE surrogates support efficient prediction
and assessment of how variability in governing parameters influences
the quantities of interest, providing insights essential for safe and
economically viable pipeline design and operation.

The paper is organized as follows. In Section 2 the homogeneous
equilibrium model governing equations and closure relations are pre-
sented. In Section 3 the numerical methods implemented for the prob-
lem resolution are briefly described, as well as the model validation
against experimental data from [11] while the grid-convergence test to
assess numerical accuracy is given in Appendix B. In Section 4 a focus
is given on Running Ductile Fracture and depressurization phenomena,
while Section 5 is devoted to the description of the surrogate models.
In Section 6 results are reported and discussed, and finally, Section 7
concludes the paper.

2. Homogeneous equilibrium model
2.1. Governing equations

In this work, we use the Homogeneous Equilibrium Model (see [35])
to simulate the depressurization of pure CO, in a horizontal tube as
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shown in Fig. 1. The HEM assumes local thermodynamic equilibrium
and, since the length of the pipeline is much greater than its inner
diameter (L > D), the quantities of interest are treated in terms of
cross-section averaged mixture properties at both single-phase (gas or
liquid) and two-phase (gas-liquid) conditions.

The balance of mass, momentum, and (total) energy for single-phase
flow conditions are given by

dp  d(pu)
ot o =0 @

o(pu)  dNpu® +p)
ot ox 9t @

0E | O(E+pu)
atT e Ceroe ®

with p being the fluid density, u the fluid velocity in the x-direction,
E = ple + %uz) the total energy per unit volume, and p the pressure;
the source terms on the r.h.s of Egs. (2) and (3) are the gravita-
tional body force, G, the friction with the pipe wall, f, and the heat
exchanged between the fluid and the surrounding environment, Q.
Among the available EoS for carbon dioxide, we use the Span and
Wagner EoS [36] coupling the HEM with the open-source property
calculator CoolProp [37] while the thermal conductivity, x, and the
dynamic viscosity, u, are modeled as presented in [38,39], respectively.
Since the HEM is written in conservative form in terms of density,
momentum and total energy, the thermodynamic variables such as the
pressure p(p, E) are computed using the Equation of State (EoS) via
flash calculations (see e.g. [40]); note that these routines are already
implemented in CoolProp.

When the carbon dioxide is at two-phase flow conditions, the den-
sity and energy into Egs. (1)—(3) are replaced by mixture quantities as

-1
p:<i+l_a> and e=e,ate(l-a), (©)]
Pg 12

where a is the gas mass fraction, also referred as vapor quality, and
the subscripts g and ! stays for gas and liquid, respectively. The other
properties, such as viscosity, thermal conductivity, and specific heat
capacity are modeled similarly as in Eq. (4), through a weighted
average based on the gas mass fraction as

u= aﬂg+(1—a)/4, and k= aKg+(1—a)K] and ¢, = acp,g+(1—a)cp,1 .

»
(5)

2.2. Model closures

The speed of sound is a critical parameter in depressurization
simulations, as it determines the propagation of pressure waves. When
CO, is at single-phase flow conditions, we rely on the [36] EoS whose
predictions of the speed of sound are accurate to within 1 percent of
error. In the two-phase scenario, instead, the two-phase flow pattern
affects the speed of sound for the mixture [41] and its definition is not
unique. Specifically, under the typical assumptions behind the HEM
(thermal equilibrium and homogeneous mixture), it can be derived
analytically, leading to [25,42]:

1_1 2
CHEM = | P a2+1_2a+TCI,,g pl_:lg+y—g2
PgCs  pic g~ pgcg
1_1 21
p P Y,
+TC,, h’g_}:—ﬁ 6)
where

oapy 1 [ 0p
=\ > = - s C = s 7
Ck <apk > R T Pi ( Oey, ok pk = OkPRCpk @
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Fig. 1. Sketch of the insulated pipeline.

are the speed of sound, the Griineisen parameter, and the extensive
heat capacity, respectively, with the subscript k = g./; ¢, is the
specific heat capacity, with «, the mass fraction and h, and 4, are the
gas and liquid enthalpy. Although formally correct, this formulation
does not properly describe the evolution of the sound speed in the
whole range of volume fractions, and, therefore, we replace it with the
simplified Wood’s correlation [43]. The latter is in good agreement with
experimental observations in the whole range of volume fractions [41]
and it is given by:

1 _ 1-a I )

2.2 2 2 2.2
pee P Py

The contribution of the wall friction is incorporated as a source term
in the momentum equation, Eq. (2), and is modeled as

_f tmlml
=_2c 9
S 29D (C))
where f, = f(Re) is the Darcy friction factor, which is a function
of the Reynolds number Re = puD/u, m is the mass flux. Here,

the friction factor is obtained solving iteratively the Colebrook-White
equation [44], being ¢ the pipe roughness.

1 gD 251
7= =—20logyg ( 12+ Reﬁ), for Re > 2300

64
fL‘ = R

€

(10$)
for Re < 2300.

The body force term in Eq. (2) is given by G = pg sin(9) where 6 is the
pipe’s inclination relative to the ground plane; in this work the pipe is
assumed horizontal for the sake of simplicity.

In this work, we focus solely on the heat exchange between the
fluid and the environment in the radial direction, neglecting axial
conduction (the pipe length is much greater than its diameter and
thickness), similarly to Munkejord and Hammer [19]. Therefore, we
use Newton’s law of convective cooling applied as a boundary condition
between the outer surface of the pipeline and the environment, solving
the heat equation in the radial direction as a two-layer conduction
problem (the pipe and its insulation), as in Fig. 1,

ﬁ(r)ép(r)% = %% <rf((r)%> with r € [r;, ril, (11
where 5(r), é,(r) and &(r) are density, the specific heat, and the thermal
conductivity of the solids (i.e., the pipe and the insulation), respec-
tively; the hat refers to the temperature in the solids and is used to
distinguish the temperature in the solid with the one of the fluid. Then,
once the temperature distribution is known, the heat transfer term Q
in Eq. (3) is calculated as

2h;
0= r—f(% -T), (12)

with T,, = T(r;) and T being the wall and fluid temperatures, respec-
tively, r; = D/2 the inner radius of the pipe, and &, the inner convective
coefficient. The convective coefficient h;,, between the pipeline insu-

ns
lation and the environment at 7, is assumed equal to 4 W/m? K

mb>

as in [11], while the inner convective coefficient h; is calculated for
single-phase flow conditions as

hy = Nux

D

where Nu is the Nusselt number, « the thermal conductivity of the fluid,
and D inner diameter of the pipe. The Nusselt number is estimated
using the classical Dittus—Boelter correlation [45], valid for 0.6 < Pr <
160

, (13)

for Re < 10000

Nu = 3.66,
a4
Nu = 0.023Re*/5 Pr™, for Re > 10000,

where m = 0.3 if the fluid is cooled or m = 0.4 if it is heated, Pr is
the Prandtl number, defined as Pr = uc,/x (recalling that in two-phase
conditions we use the mixture properties to compute dimensionless
numbers). When the carbon dioxide is at two-phase conditions, the
single-phase convective coefficient, Eq. (13), is augmented following
Kandlikar’s [46] correlation.

2.3. Initial and boundary conditions

The governing equations Egs. (1), (2), and (3) require an initial
and boundary conditions. Specifically, the fluid is initialized at r = 0
s by imposing a uniform pressure p, and temperature T, in the entire
domain, mimicking the conditions preceding a depressurization event.
In the first cell, the incoming numerical flux is set equal to the outgoing
flux corresponding to an infinite pipe boundary condition.

In this kind of simulations, the outlet boundary condition has a
significant impact on the results, as the external pressure dictates both
the propagation of the depressurization wave and the minimum temper-
atures reached near the pipe opening. Here, the outflow is modeled by
imposing a state equal to that of the last computational cell, limiting the
pressure to the critical pressure (assuming sonic chocking at the outlet,
as long as it remains greater than ambient pressure, p,,, = 101325 Pa).
Such critical pressure is derived under the assumption of steady-state
choked flow, consistently with the dynamics of a decompression [19];
in other words, the outflow velocity equals the speed of sound. This
is obtained by solving the Bernoulli equation for the critical pressure
under the assumption that u,,,(p,) = c(p,)

1 1
E(Mout(pe))z + hoy (D) = Eu,zn + hyp, (15)

where the subscripts out and in refers to conditions (for the fluid
velocity and enthalpy) outside the pipe at the rupture (bore) and just
inside the pipe, respectively.

3. Numerical methods and validation
3.1. HEM: Volume of fluid

The Egs. (1), (2), (3) are solved numerically using MATLAB. First,
we write them in vector notation
F
U + JF(U)
ot ox

=8, (16)
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with,
pu 0
U=|pu|, FO=|p?+p|. S=|G+[ ], 17)
E (E + p)u O+ Gu

where U, F(U), and S are the conserved variables, the flux, and the
source vectors. Then, we discretize the governing equations on a uni-
form one-dimensional grid of m points with a finite-volume approach,
integrating over the cell control volume [x, 1 x, 41 ]:

4
dr

/ *3 U, ) dx + [F(U(x, t))] T
X 1

X

i

= / "3 S(U(x, 1)) dx, (18)
X 1
=32

NENTE

i—L

2
where the variables are assumed constant within the cell and the
cell-average as

1 Fir L
U,(t) = — 2 U(x, 1) dx, (19
Ax Jy

2
with Ax being the spatial step. The numerical fluxes at the interfaces
1)) obtaining the semi-discrete form

are evaluated as F. 1 ~ F(U(x, 1,
ity ity
of the HEM
dy; 1
— =—-——(F, 1 - F, S;. 20
T, ax Fup ~F1) +S, (20

Then, applying the explicit Euler method for time integration, the fully
discrete form of the equations in vector notation yields

AR ) -FU )| +arsy, 1)
Ax i+ i-3

U;1+1 — U;‘l _
where U? is the vector of the conserved variables in the ith cell at
time step n, and 4t is the time step. We compute the numerical fluxes
using the FORCE (First-Order Centered) numerical flux obtained as the
average between the Lax—Friedrichs and the Richtmyer fluxes proposed
by Toro [47], which is proven to be the least dissipative among first-
order centered schemes. Specifically, using the superscripts L and R to
indicate the left and right state, or the state of two adjacent cells, the
numerical flux according to Lax-Friedrichs [48] is

1 1 Ax
Fliipp=FFULUR = SIFUL + FURI+ 5~ (UL = Up), (22)

while the Richtmyer scheme [49] derives the numerical flux by defining
an intermediate state

1 1 At
Uy =URWULUR = SWL+Up + 5 (F(UL) = FWUR)), (23)
and, then, setting
R _ R
Fi+1/2 - F(Ui+1/2>‘ @9
Thus the first-order centered (FORCE) scheme is given by
1
Fity © = FrO%CEWL, Ug) = SIFY (UL, Up) + FRUL Up)l. (25)

The time step is computed in an adaptive way based on the local speed
of sound and setting the Courant number to CFL = 0.85 as

_ CFLAx

At = IIlil'l(At,-) Ati = m .
i i

(26)
The heat equation, Eq. (11), accounting for the heat transfer between
the fluid and the surroundings is solved numerically as described in
Appendix A and, then, coupled with the volume of fluids code for HEM.

3.2. Experimental validation

Our numerical code has been validated with the experimental data
obtained in the ECCSEL depressurization facility by Munkejord et al.
[11]. These depressurization experiments consist of a pipeline filled
with CO, and equipped with temperature and pressure transducers at
multiple pipe locations and designed to span various initial conditions
in terms of temperature and pressure. At one end of the pipe, in fact,
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Table 1
Initial conditions used for the validation with the experiments by Munkejord
et al. [11].

Test no. Fluid po (MPa) T, (°C) T, CC) Initial state
4 CO, 12.54 21.1 22 Liquid
6 CO, 10.4 40.0 6 Supercritical
8 CO, 12.22 24.6 9 Liquid

is situated a rupture disk designed to break at a specific pressure,
leading to the depressurization of the line. Specifically, we replicate the
experiments listed in Table 1 and analyze the flow evolution at 0.001,
0.01, 0.1, and 1.0 s after the onset of depressurization. The numerical
grid used for these tests consists of 1500 points, and a CFL number of
0.85 is enforced (the grid convergence test is presented in Appendix
B). As can be seen from Fig. 2, the results show a good agreement with
the experimental data, confirming that the HEM satisfactorily captures
the pressure evolution of depressurization, including the transition to
two-phase flows as shown also by Munkejord et al. [11] and Log et al.
[42].

4. Model for the running ductile fracture

In this section we summarize the fracture model to predict the
pipeline failure during the depressurization. The key mechanism is
the running ductile fracture (RDF), namely a failure where a crack
(originally initiated by corrosion or accidental events) initiates and
propagates rapidly along the pipe wall [50]. The propagation is sus-
tained by the decompression wave that travels with the crack, and it
arrests only when the pressure (driving) force balances with the pipe
resistance to fracture.

Specifically, we adopt the Battelle Two-Curve Method (BTCM) [12],
a well-known model originally developed for natural gas to estimate
whether a ductile fracture will propagate or arrest. The idea is to
compare the decompression wave speed of the fluid inside the pipeline
with the crack-tip velocity of the pipe wall. This critical speed is
estimated from the curve of the material that relates the crack-tip
pressure p,, to the crack-tip velocity u,, as

6

CVN
ey A

) 27
Kop 0 27)

Pet = Pg |1+

where p, is the arrest pressure [Pal, u,, is the crack-tip velocity [m/s],
CVN is the Charpy V-notch energy [J], A is the Charpy specimen cross-
section area [m?2], Kpp is the backfill parameter (assumed 9E — 4
considering a non-buried pipe case scenario) [kg? m®?], ¢ is the flow
stress defined as o = oy, + 68.95 MPa. The arrest pressure is modeled
following the Strip-Yield model

K2 n
Py = _205 arccos |exp [ — 24 R (28)
Myar, 8a,02
where s is the wall thickness [m], r, is the pipe outer radius [m],
a. = 34/r,s is the effective value accounting for the half-length of the
through-wall propagating crack [m] M is the Folias factor, K, is the
material toughness parameter [J/m2] computed using the Toughness—
CVN relation K,,,, = /& CVTN, & is the Young’s modulus of the pipe
material, and the Folias Factor is given by

a? at
My =4/1+1255—<% -0.0135—=. (29)
ro r2s2

The decompression wave speed w is defined as the difference be-
tween the sound speed, Eq. (8), and the fluid speed in the pipeline, u,
obtained from the depressurization simulation as in [14]

w(p) = c(p) — u(p), (30)
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Fig. 2. Model validation with the experiments in [11] listed in Table 1. The solid points are the experiments data while the continuous lines are the pressure
and temperature fields obtained from the simulations, plotted at different times. Experiment 4 (row 1), 6 (row 2) and 8 (row 3).

that we estimate using the HEM simulations as described in Section 2.
In Fig. 3 we show the comparison between the experiments of Munke-
jord et al. [11] and our simulations, showing that the HEM satisfactorily
predicts the evolution of the decompression wave speed. Only for the
purpose of comparison, since usually BTCM analyses are performed
with a simplified isentropic decompression model, we also present the
isentropic decompression curve obtained using RAMDECOM [51].
Once the material curve and the decompression wave speed are
plotted in the w — p plane, the Battelle Two-Curve Method works as
follows. In case the material curve (in terms of p, and w) and the

CO, curve (in terms of p and w) do not meet as in Fig. 4(a), the
model does not predict any pipeline failure. In other words, the moving
decompression wave front outruns the propagating crack tip and the
driving force supplied by the expanding CO, is not sufficient to sus-
tain the fracture propagation. Therefore, the crack is rapidly arrested.
Instead, if the two curves intersect as in Fig. 4(b), at the intersection
point, the velocity of the decompression wave front and the crack tip
propagation velocity become comparable. In this case, the escaping gas
pressure acting at the crack tip provides enough energy to overcome the
pipe wall resistance and the crack becomes self-sustaining. Specifically,
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600
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Fig. 3. Plot of the decompression wave speed for pure carbon dioxide obtained
from the Experiment 4 by Munkejord et al. [11] listed in Table 1, the HEM
simulation with Wood’s speed of sound and the isentropic depressurization
case for comparison.

the fracture propagates along the pipeline until the gas pressure drops
enough to arrest it or other arresting mechanisms intervene.

In the following, in order to systematically identify whether the
pipeline is at risk of failure during the depressurization, we introduce
a test metric, dgpcy, based on the distance between those curves.
Specifically, when the curves does not intersect we take the minimum
distance between the curves as shown in Fig. 4(a), while if the two
curves meet as in Fig. 4(b), we consider the maximum distance to the
right of their point of intersection.

5. Surrogate models

We consider a generic quantity of interest (Qol), y"®™, provided
by the numerical high-fidelity model (namely the equilibrium model
HEM in this work) and analyze the effect of the variability in the
two governing parameters, py and Ty, i.e., the initial conditions. The
ranges of variation covering a significant set of operation conditions
for the parameters are described probabilistically using uniform distri-
butions. Alternatively, normal distributions are used for risk assessment
purposes around a specific operation condition.

According to the Polynomial Chaos Expansion (PCE) theory (e.g.
[29,33]), yHEM if its variance is finite, can be approximated in the space
of the parameters in p as follows:

P-1
FE= 5%, (31)
j=0

where ¥, are g-order (in our case ¢ = 2) multivariate polynomials
— Legendre polynomials in case of uniform distributions, Hermite
polynomials in case of normal distributions — P = (¢q+ M)/q!/M! =6,
being M = dim(p) = 2.

Coefficients s5; are the deterministic coordinates of the spectral
decomposition, computed through a non-intrusive approach based on
regression, that minimizes the variance of the residuals between the
high-fidelity model predictions and the PCE approximations [32,53].
The regression is carried out on an optimal set of N points selected via
the probabilistic collocation method (PCM) [54], which relies on the
roots of the polynomial of order ¢ + 1 to ensure appropriate sampling
of the region associated with the largest probability in the distributions
of the input parameters (e.g. [29,31]).
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Table 2

Summary of the data of the Cortez and Weyburn pipelines used to perform
our calculations [52]. The insulation layer is assumed to be a 5 mm (HDPE)
High-Density Polyethylene coating, while the employed wall thickness is the
minimum within the specified range.

Property Cortez Weyburn
Country USA CA
Length (nominal) [km] 808 330
Length (simulated) [m] 150 150
Diameter(outer) [mm] 762 356
Steel X65 X65
Wall thickness [mm] 17.5 to 25.4 9.5 to 15.9
E [GPa] 210 210

Min y [MPa] 450 450

JCV [J/mm?] 0.96 0.96
Steel density [kg/m?] 7850 7850
Steel conductivity [W/m K] 42 42

Steel specific heat capacity [J/kg K] 450 450
Insulation HDPE HDPE
Insul. thickness [mm] 5 5

Insul. density [kg/m?] 956 956
Insul. conductivity [W/m K] 0.4 0.4
Insul. specific heat capacity [J/kg K] 2000 2000

In this study, calibration of the polynomial approximation was
performed using only N = P = 6 collocation points. Consequently, six
high-fidelity simulations were sufficient to construct the PCE surrogate
for each Qol, yielding substantial computational efficiency. Once the
PCE approximations of the Qols are available, sensitivity metrics can
be obtained through analytical post-processing of the PCE coefficients,
as shown in [33,53]. GSA can therefore be carried out on the surrogate
model at negligible computational cost, avoiding the need for expensive
Monte Carlo simulations of the HEM [29,30]. Specifically, we compute
the sensitivity indices of Sobol [55] analytically from the PCE coeffi-
cients to quantify the influence of the input parameters, p, and T;, on
the model variance of each Qol.

6. Results and discussion
6.1. Scenarios and metrics used for the PCE analysis

We perform a PCE analysis on two scenarios in order to quantify
(i) the RDF domain and failure-related metrics under variability in the
inlet conditions, and (ii) how uncertainty in these conditions affects
the flow characteristics during depressurization. To do so, we define a
few metrics based on the HEM outputs. Specifically, we consider the
distance, dgrcy, between the material curve and the depressurization
in the p — w plane as explained in Section 4, and the minimum
temperature, T,,;,, reached during the 1-second of the depressurization,
which is linked with the material resistance (e.g., brittle behavior). We
also compute the mass of CO, discharged into the environment during
a 1-second full-bore depressurization, which is relevant for the safety
of the infrastructure [7], defined as

1
meo, = w17 / p(t)u(?) dt. (32
0

Our simulations are based on two existing and well-documented
facilities, namely the Cortez and the Weyburn pipelines [3] whose
specifications are listed in Table 2. For the two plants considered, we
identified a plausible range of initial operating conditions typical of
carbon dioxide transport in pressurized pipelines (see e.g., [56]), pg
and Ty, reported in Table 3.

6.2. Pipeline susceptibility to running ductile fracture

In this Section, we analyze the results of the PCE, considering
as Qol the distance between the material and the depressurization
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Fig. 4. Examples of distance calculation in the BTCM analysis: no intersection and no pipe rupture (a), and intersection with pipe failure (b). The black curve
represents the Cortez pipeline material curve, while the red line shows an example of a simulated CO, decompression curve, starting from an initial pressure of
po = 15.6 MPa and initial temperatures of T, = 21.5°C for the case (a) and T, = 32.25°C for the case (b).

Table 3

Inlet operating conditions: scenarios of variability.
Property Fracture Depressurization
po [MPa] U'[9.6,18.6] N(11, 1.1%)
T, [°C] U'[0,43] N (25, 2.5%)

Table 4

PCE coefficients for each Qol.
Qol  Cortez Weyburn

dgrem Toin Mco, dgrem Toin Mco,

a, —-2.157  259.739 11187.028 20.819  257.861 2358.217
a; 4.235 0.387 1234.255 3.450 1.033 256.198
a, -50.136 12.975 1610.516 -44.712 11.813 330.624
as -0.904 0.222 35.611 -0.403 -1.183E-13 4.278
a, 3.884 —-0.833 127.333 2.348 -0.333 33.667
as —27.749 0.056 —-82.556 -22.997 -0.278 —19.444

curves, dgrcm (see Section 4), which indicates whether the pipeline is
susceptible to running ductile fracture.

To mimic possible variation in the range of design options, the input
variables, p, and T, are modeled as independent random variables
uniformly distributed within the ranges reported in Table 3. This type
of input variability induces the use of multivariate Legendre polyno-
mials in Eq. (31), leading to the following second-order polynomial
approximation of the Qol:

dPCE

_ - = 43 .9 - 95 o0
rem = 4o+ a1Po +axTo + 5 By — D+ aspoTo + - BT — 1), (33)

where p, and T, are the standardized uniform random variables, ob-
tained from p, and T, through an isoprobabilistic transform [53]. The
values of the PCE coefficients, a;, computed with P = 6 high-fidelity
simulations serving as the optimal set of regression points, are listed in
Table 4.

Thus, Eq. (33) is the surrogate model that enables the reconstruction
of the dgrcy map in the (py, Ty) space, (see Fig. 5(a) and (c)). To verify
the robustness of the surrogate model, we performed the validation of
the PCE surrogates against the HEM predictions for 30 combinations
of py, Ty, sampled in the parameter space as shown in Fig. 5(b) and
(d). Since most points lie within or near the 95% confidence bounds,
this indicates that the integration of the HEM with the PCE can reach

a strong accuracy with only 6 collocation points used to construct the
PCE model. Interestingly, the maps in Fig. 5(a) and (c) reveal the RDF
domain representing conditions where the pipeline is susceptible to
running ductile fracture (defined by dyrcy < 0) for both the scenarios
summarized in Table 2. We observe that dgrcy is primarily sensitive
to variations in the temperature 7, and, for both plants, the critical
conditions occur at high Tj, values within the examined range, but the
extent of the RDF domain differs between the two cases. Specifically,
the Weyburn plant exhibits a wider safe range of T, values where
running ductile fracture does not occur, i.e., for temperatures less than
about 31°C, compared to the Cortez pipeline, where RDF is prevented
only for initial temperatures less than about 26°C. This difference can
be primarily attributed to variations in pipeline diameter and wall
thickness.

A larger pipeline diameter broadens the range of vulnerability to
RDF. This is clearly illustrated in Fig. 6(a), where the material and
depressurization curves are shown for both the Cortez and Weyburn
pipelines. The simulations refer to a case with p, = 15.6 MPa, while
T, ranges from 10.75 to 43.00°C. Since the depressurization is very
fast, the p — w depressurization curves are almost identical for the two
pipelines except for small differences at low pressures in the two-phase
flow region. However, the material curves differ significantly between
the two cases as described by Eqgs. (27) and (28). The crack-tip pressure
P, is a function of both the pipe thickness s and pipe outer radius r,, see
Fig. 1. Specifically, since the term arcos in Eq. (28) is of O(1), the crack-
tip pressure scales linearly with the thickness, p,, ~ s, and decreases
with the pipe radius as p,, ~ ro‘l. Fig. 6(b) shows that the material
curve shifts downward in the p — w plane while increasing both the
diameter and the wall thickness (namely from Weburh to Cortez). The
inset provides the evolution of the arrest pressure in the BTCM with the
outer radius of the pipeline. In general, larger radii increase the stresses
in the pipeline section and consequently expand the RDF domain. This
trend holds in the whole range of initial pressure considered in Table
3 as confirmed in Fig. 7 for both scenarios for two different values
of the initial pressure (p, = 12.6 and 15.6 MPa). We can observe
that a decrease in p, slightly shifts the curves upward, but the overall
behavior (namely if the RDf occurs or not) is not really affected by that.
Instead, increasing the inlet temperature 7} shifts the depressurization
curves to the left towards the material curve, and, therefore, increases
the probability of running ductile fracture as predicted by the surrogate
model in Fig. 5.



G. Bicelli et al.

(a)
181 RDF domain ) ’} Cortez ||
17} / I ]
16 ! | ]
.
15| | ’f !
o / | %
S 14 | / A
||
5 5 §FEEEEES
12 & 2 é.’ 3888338’
o~ ~ SRR L
11 | S
i
10*\ / ‘ g
0 10 20 30 40
To
(©
18 RDF domain / / / J
f
17+ [
/ /
16 / / f
15} / // / ;( -
s 4l O
g 14 / | // f =
137 / !‘ — v e
s = ng = TR SO
< S S C TN
~H > N — ) ' [
11+ / [ (
10 / / /
0 10 20 30 40
Ty

Energy 344 (2026) 140013

(b)

40 .
20 | 25, |
ol
%7
0t //‘ 4
5 B e’
=20+ x. ]
* X ///
-40 | s ]
3 "//
60 & 5 ]
gl % Adjusted data
-80 + X Fit: y=1.09355%x
95% conf. bounds
-100 . . » : -
-80 -60 -40 -20 0 20 40
HEM
d
60 : : ( : ) . :
i . X}/é« |
20 L //// 4
v
0 <
x /
=20 F // J
S
40+ ,,// % Adjusted data 1
X ——Fit: y=1.03715*x
X/ 95% conf. bounds
-60 . . . . .
-60 -40 -20 0 20 40 60
HEM

Fig. 5. Running ductile fracture (RDF) domain in the (T}, p,) space based on BTCM for the Cortez (a), and Weyburn (c) plants, computed through the PCE
surrogates. The validation of the surrogates is performed against the HEM for 30 combinations of (T, py) sampled in their space of variability in panels (b) and

(d).

We also reconstructed the maps for other two Qols, 7,,;, and mc,,

in the (T, py) parameter space (see Fig. 8). The PCE surrogates T: Sf

and mggz follow the same formulation as Eq. (33), with the corre-

sponding coefficients a; reported in Table 4. In particular, 7,,, is the
minimum temperature reached at the opening during depressurization
and is related to the brittle transition temperature of the material (steel,
in this scenario). In the context of risk assessment for CO, transport, in
fact, the temperature evolution during a full-bore pipe depressurization
deserves particular attention [57] since it may lead to a shift toward
a brittle failure mechanism, with significant implications for pipeline
operations and integrity [58]. In both the scenarios, T,,, varies pri-
marily with T, with T,,, increasing as T increases, as expected. To
quantify these dependencies, we compute the total sensitivity indices of
Sobol through the PCE [29], confirming that the uncertainty in T, is
entirely attributable to T;, see Table 5, while its coefficients of variation
is approximately 0.6%.

The discharged mass mco, represents the mass of CO, discharged by
the pipeline during a 1 s full-bore rupture [59], serving as a potentially
useful input for other risk assessment models. For example, it can be
used to define the safety zone around the pipeline or to calculate
the duration of the risk zone in the event of an accident, i.e., the
time required for CO, levels to fall below a given threshold [60].

Table 5
Results of the uncertainty quantification and the global sensitivity analysis for

T,in (K) and mcg, (kg), for the Cortez and Weyburn plants.

Pipeline Qol Mean Variance ST, STy,
Cortez Trin 261.82 2.62 0.0035 1.00
Cortez meo, 10616.07 121670 0.79 0.21
Weyburn Trin 259.18 1.99 0.034 0.97
Weyburn meo, 2237.55 5402.56 0.81 0.19

Specifically, mco, depends on both T and p,, increasing with both
the initial temperature and pressure. Its uncertainty is approximately
80% driven by p, for both plants, see Table 5, and its coefficients of
variation is about 3.3% for mcg,. In addition, note that, for the Cortez
plant, mc, is approximately one order of magnitude higher, consistent
with the fact that its diameter is almost two times that of the Weyburn

one.

6.3. Variability of flow during depressurization

In this section, we examine the evolution of the main flow vari-
ables during the depressurization. Specifically, we analyze the pressure,
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Fig. 7. BTCM curves comparison at 12.6 MPa (solid line) and 15.6 MPa (dashed line) at different temperatures for (a) Cortez pipeline, (b) Weyburn pipeline.

p(x,1), and the temperature, T(x,?), and perform a global sensitivity
analysis to assess how the initial conditions, p, and T;, influence the
depressurization. To do so, we assume variability around the nominal
operating conditions p, = 11 MPa and T, = 25°C, modeling the inlet
parameters as normally distributed with a coefficient of variation of
10% (see Table 3).

In accordance with the input variability, we selected multivari-
ate Hermite polynomials and derived from Eq. (31) the following
second-order polynomial approximation for p(x, r):

pCe, )FE = b + by fo + by To + by (5 — 1) + by poTp + bs (T3 — 1), (34)

where j, and T, are the standardized normal random variables ob-
tained through an isoprobabilistic transform from p, and Tj, and the
PCE coefficients b; = b;(x,t) vary in space and time. The same formu-
lation as Eq. (34) holds for the PCE surrogate model of T'(x,f), with

different values of the coefficients b; = b;(x,#). InFig. 9, the total Sobol
sensitivity indices are shown as a function of x for four representative
time instants capturing the evolution of the depressurization along
the pipeline. First, at early times, the pressure p, dominates (over
the contribution of Tj)) on the variability in both plants. Then, as the
depressurization front propagates along the pipeline, the influence of
po decreases to about 20%, while the contribution of T}, increases to
about 80%. A similar trend is observed also for the temperature T'(x, 1)
where, at later times, the contribution of p, progressively stabilizes
around 20%. The only difference is that in this case T} is the dominant
parameter from the beginning pf the depressurization.

This is supported by the spatial evolution of the temperature and
the pressure obtained with the HEM at r = 0.01 s and ¢t = 0.1 s for
different T and p, as shown in Fig. 10. We observe that p does not vary
with T; along the portion of the pipeline that is not yet affected by the
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depressurization front (where its value remains equal to p,) as in panels
(a) and (c). Conversely, where the depressurization front is already
passed, the variability of the pressure with respect to different initial
temperatures T, becomes more evident, see Fig. 10(a). This behavior is
even more pronounced, at t = 0.1 s.

Similarly, the temperature remains equal to T;, in regions not yet
reached by the depressurization front, while, in the other portion of
the pipeline, its variability is mainly due to the effect of the initial
temperature T,. This can be seen in Fig. 10(b) both at early times
and late times and demonstrates that the global sensitivity analysis
effectively captures the influence of the inlet operating conditions at
any time and location during the process, thereby supporting design

and operational decisions in the context of transport of carbon dioxide
in pipelines.

7. Conclusions

In this work, we developed a framework to analyze the susceptibil
ity of CO, pipelines to running ductile fracture (RDF) and to quantify
uncertainty in depressurization dynamics using Polynomial Chaos Ex-
pansion (PCE) surrogates coupled with a high-fidelity multiphase flow
solver based on the Homogeneous Equilibrium Model. Two reference
infrastructures — the Cortez and Weyburn pipelines — were used as

case studies to investigate both fracture-related metrics and transient
flow characteristics.

10

Ty

[K] and mcq, [kg] in the (T, p,) space for the Cortez (first row), and Weyburn (second row) plants, computed through the PCE surrogates

The analysis shows that pipeline geometry exerts a primary influ-
ence on pipeline susceptibility to running ductile fractures. In particu-
lar, we show that a larger diameter (and pipe thickness) broadens the
range of vulnerability to such type of fracture in the window of operat-
ing conditions typical of transport of carbon dioxide (i.e., T, € [0,43]°C
and p, € [9.6,18.6] MPa). This trend is explained by the fact that the
material curve in the Battelle Two-Curves Method, which quantifies the
critical crack-tip pressure, shifts with increasing pipe diameter so that
the pipelines become more susceptible to fracture. In addition, for a

given pipe geometry, we show that the driver of fracture risk is the
initial temperature (just before the depressurization occurs) rather than
the pressure. In other words, only if the temperature is maintained
below a certain value (~ 26°C for the Cortez and ~ 31°C for the
Wayburn), the onset of the running ductile fracture is prevented. This
is complemented by the analysis of the minimum temperature reached
during the depressurization, which becomes important in assessing
brittle-to-ductile transitions in pipeline steels. Similarly to the case
of the running ductile fractures, the minimal temperature is entirely
controlled by the variability of the initial temperature 7, rather than

the initial pressure. Interestingly, the discharged mass, which becomes
important in quantifying the risk associated with a CO, leak into
the environment and in defining the safe zone around the pipeline,
depends on both the initial parameters and its magnitude scales with

the pipeline diameter, namely larger diameter pipelines represent an
increased risk compared to smaller ones.
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Fig. 9. Total sensitivity indices of Sobol (ST) of p,, T, for the Qols p(x), panels (a) and (c), and T'(x), panels (b) and (d) at t = 1IE-03 s, 1IE-02's, 1IE-01 s, 1 s,

for the Cortez, and Weyburn plants.

The sensitivity analysis of depressurization dynamics further reveals
that at the onset of the rupture, the variability in the pressure is
dominated by the initial pressure, while, as the depressurization front
propagates, the initial temperature becomes the controlling factor.
Instead the temperature evolution is primarily governed by the initial
temperature rather than the initial pressure.

Overall, these results highlight the capability of PCE surrogates to
capture both fracture-related risks and flow dynamics under uncer-
tainty at a fraction of the computational cost of high-fidelity simula-
tions such as the widely used Homogeneous Equilibrium Model. We
believe that the proposed approach provides a practical and efficient
tool for risk assessment, informing safer design and operation of CO,
pipeline infrastructures.
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Appendix A. Discretization of the heat equation

In order to obtain the wall temperature and compute the heat
transfer source term Q in Eq. (3), the heat equation in the radial
direction within the pipe and its insulation layer, Eq. (11), is solved
using the central finite difference method as

fn+1=fn+ﬁm lTi,-:—l_Tin—l 1), —217+17, (A1)
i Phpe, | 24 Ar? '

where 7" » T(r;, t") is the temperature at radial node i and time-level
n and

P
Ar =

ins — T
N
and the thermal properties are defined only in the interior nodes (i =
2,...,N —1). Being Ty, Ty,; be the ghost-point temperatures, we

enforce the convective boundary conditions
A Arhy .

To =T + — (fy-1),  at
pipe

" =nAt, (A.2)

r=r

o (A.3)

12

- Tamb) at =i (A4

Appendix B. Grid convergence

For the sake of validation, we also show the grid convergence study,
performed on Experiment 4 listed in Table 1 at 0.1 s after the onset
of depressurization. In Fig. B.11, the model predictions are plotted
for increasing levels of grid refinement (namely, 500, 1000, 2500,
5000, and 10000 grid points), showing that already a grid of 1500 is
sufficient to lower the pressure relative error below 1% compared to
the 10000 grid points case.

Data availability

Data will be made available on request.
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