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Abstract

Running fractures are considered as most dangerous catastrophic mode of failure of high-pressure transportation pipelines. This
paper describes methodology for coupled modelling of an outflow, heat transfer and crack propagation in pipelines. The
methodology is validated and applied to investigate the ductile fracture propagation in pipelines transporting impure CO, streams
to provide recommendations for the fracture control. To assess the propensity of pipelines to brittle fractures, the temperature
distribution in the pipe wall in the vicinity of a crack is simulated for various conditions of heat transfer relevant to both
overground and buried pipelines.
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1. Introduction

It is widely accepted that economically viable long-distance onshore transportation of large quantities of gases
and liquids in petrochemical industry and, recently, carbon dioxide (CO,) in Carbon Capture and Sequestration
projects, can be achieved using pressurized pipelines [1,2]. In cases where such pipelines are passing close to
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residential areas, their safety becomes of primary concern for the pipeline design, which should ensure minimal risks
posed by the release of a toxic, as it would be, e.g. in the case of CO,, or flammable inventory, as in the case of
hydrocarbons, in a hypothetical scenario of the pipeline accidental failure. One of the most dangerous failure
scenarios is associated with the pipeline running fractures, damaging long pipeline sections and resulting with rapid
releases of large amounts of the inventory. For example, a 0.23 m diameter 250 m long pipeline operating at 80 bar
pressure would typically contain ca 4 tons of dense-phase CO, fluid, which in case of the pipeline full-bore rupture
(FBR) will be released in ca 20 s [3]. In order to reduce the risks of the pipeline running fractures, the pipeline
material, diameter and wall thickness, as well as mitigation measures (e.g. placement of the pipeline crack arrestors
and using emergency isolation valves) are carefully considered in the design relying on predictions using
mathematical models of fracture propagation and arrest. For this purpose various approaches have been developed to
predict the pipeline failure in both ductile and brittle fracture modes.

Nomenclature

A Flow area, m*

C,  Full-size Charpy V-notch (CVN) energy, J
D Pipeline internal diameter, m

e Fluid specific energy, J/kg

E  Elastic modulus, MPa

h Heat transfer coefficient, W/m*K

kw Pipe wall thermal conductivity, W/m/K
u Flow velocity, m/s

U,  Crack tip velocity, m/s

P Fluid pressure, Pa

P_  Crack tip pressure, MPa

P Crack arrest pressure, MPa

q, Heat flux, W/m*/K

t Time, s

T Temperature, °C
X, Y,z Orthogonal coordinates, m

Greek symbols

o Pipeline wall thickness, m
Joj Fluid density, kg/m3
Flow stress, MPa

Oy Yield stress, MPa

O Tensile stress, MPa

Ductile fractures in pipelines may develop from small cracks initiated by the loss of material of the pipe wall due
to corrosion or third-party damage. If the pressure in the pipe near the crack location exceeds the ability of the pipe
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wall material to resist, the crack may start propagating along the pipeline. Simultaneously, the decrease in pressure
in the remaining fluid inventory caused by the release of fluid will eventually bring the crack to rest.

In the past, ductile fracture propagation in pipelines has been modelled based on empirical methodologies, such as
the Battelle Two Curve (BTC) method [4] and the High Strength Line Pipe Committee (HLP) model [5]. The BTC
methodology provides a criterion for the fracture propagation based on comparison of velocities of the
decompression wave in fluid and the running crack, assuming the two phenomena are fully decoupled. Combining
the BTC methodology with a model for the history of pipeline decompression enabled prediction of the fracture
propagation distance [6,7].

Recently, in order to more accurately predict the crack tip pressure variation during the pipeline decompression,
several authors have developed models accounting for two-way coupling between the outflow and crack propagation
[8-12]. These studies commonly use the Homogeneous Equilibrium Mixture (HEM) model to describe the
decompression flow in the pipe [13] and various approaches to model the fracture mechanics and the dynamic
interaction between the propagating crack and the flow. In particular, Mahgerefteh et al [10], developed a
methodology for simulation of a running ductile fracture in pipelines transporting flashing fluids based on coupling
of a FBR HEM flow model predicting the pipeline decompression and an HLP model predicting the crack
propagation speed as a function of the crack tip pressure. The model developed was validated against the
experimental data [5,14,15] and applied to evaluate the scenarios of fracture propagation in pipelines carrying
industrial CO, streams of various purity. The study confirmed that in comparison with the natural gas, CO, poses
higher risks of ductile fracture in pipelines, which was explained by relatively high vapor pressure of CO, [16]. It
was also shown that a decrease in the boiling point of CO, caused by the presence of impurities resulted in longer
ductile fractures [10]. Aursand et al [9] have simulated the pipeline deformations and fracture using an elasto-plastic
Finite Element Model (FEM) with shell elements and a local ductile crack propagation criterion, while the loss of
fluid through a crack along the pipe was simulated using a ‘straw model’ [17]. Comparison of the model predictions
with the results obtained using uncoupled BTC and HLP models showed that the latter may not give conservative
estimate of the ductile fracture propagation in CO, pipelines [9]. Similar conclusion can also be derived from the
results of simulations performed in CO2QUEST project [18], where the ductile fracture propagation in CO,
pipelines was described using HLP model and a modified Bai-Wierzbicki ductile failure model implemented in
structural mechanics FEM code [19]. However, despite the recent progress in computational modelling of the ductile
fracture propagation in CO, pipelines, the implications of the presence of impurities in the transported stream for the
pipeline design remains unclear.

In contrast to ductile fractures, the brittle fractures in pipelines could propagate if the stress intensity at the crack
tip falls below the critical level of the material fracture toughness, which may vary dramatically near the Ductile to
Brittle Transition Temperature (DBTT). As such, to prevent the pipelines failure in brittle mode, the pipelines are
designed to guarantee high material toughness for the range of operating temperatures. While the brittle fractures are
commonly not of concern for modern gas transportation pipelines, it has been recognized for fluids with low boiling
points, such as ethylene and carbon dioxide, the near-adiabatic expansion of the fluid from a leak in a buried
pipeline may result in significant drop of the pipe wall temperature, causing embrittlement of the pipeline steel, and
potentially leading to escalation of small leak into a more catastrophic full-bore rupture [20,21]. In order to quantify
the temperature variation around a small puncture hole in a pipeline transporting dense-phase ethylene Saville et al
[22] have applied a vessel blow-down model. They have concluded that following the pipeline decompression to the
fluid saturation pressure the rate of the outflow and temperature drop at the puncture hole were significantly affected
by location of the puncture hole relative to the liquid level in the pipe. Mahgerefteh and Atti [20] have applied an
HEM flow model to examine the temperature variation upstream a small circular puncture in an over-ground
pipeline transporting natural gas, showing that emergency isolation of the pipeline may extend the area near the
rupture hole where the temperatures may fall below the DBTT of the pipeline steel. In a recent study by Talemi et al
[23] the brittle fracture propagation was simulated using an extended FEM model for a worst-case scenario
assuming that the pipe wall has reached a temperature below DBTT level as a result of prolonged exposure to a cold
fluid expanding from the initial crack. While the study has focused on the validation of the brittle crack propagation
model and its dynamic coupling with the pipeline decompression model, the fracture propagation and heat transfer
in the pipeline were thermally decoupled. This assumption leads to overestimation of the crack propagation velocity
and the crack arrest distances predicted by the model, potentially leading to over-design of the pipeline. One of the
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tasks of the recently commenced Qatar National Foundation project [24] is to experimentally validate the pipeline
fracture model accounting for the impact of the fluid expansion cooling on the pipe wall temperature and, hence, the
required pipe material fracture toughness.

In a summary, the above brief literature review shows that despite the progress in modelling ductile fracture
propagation in pipes, the modelling of brittle failure of pipelines have not been fully addressed yet. This can partially
be attributed to complex nature of the brittle crack propagation phenomena, which requires coupling of the models
of transient decompression of the fluid in the pipe, deformations and crack propagation in the pipeline steel, and
importantly, the heat transfer between the pipe wall and the streams inside and outside the pipe.

Aiming to address the above issues, the present study, performed in the course of CO2QUEST project [18], is
focused on the development of a methodology for full dynamic and thermal coupling between the outflow and the
pipe wall rupture models to enable accurate prediction of a wide range of scenarios of accidental failure of high-
pressure pipelines transporting dense-phase and supercritical fluids.

The paper is organized as follows. Section 2 describes Methodology, covering the fluid-structure interaction (FSI)
model for coupling the models of fluid flow and crack propagation and a model of heat transfer through the pipe
wall. This is followed by Section 3.1, presenting the results of analysis of the impact of typical impurities present in
CO, streams captured from fossil-fuel burning power plants on the ductile fracture propagation and arrest. In Section
3.2, aiming to define the range of conditions that could lead to significant cooling of the pipe wall leading to
initiation of a running brittle fracture, the temperature distribution in the vicinity of the crack is analyzed for
hypothetical heat transfer conditions inside and outside the pipe wall. Conclusions are stated in Section 4.

2. Methodology
2.1. Fluid-Structure Interaction (FSI) modelling

The running ductile fracture is a transient phenomenon, which involves dynamic coupling of the pipe wall crack
propagation and the pipeline decompression. In particular, as a result of fracture propagation, the length of un-
fractured section of the pipeline decreases. In turn, as the pressure in the pipeline drops during the decompression,
the driving force for the pipe wall deformations and fracture weakens, while speed of the fracture propagation
reduces. In order to model this coupled behaviour, the FSI concept is applied in the present study. This concept
assumes that running pipeline fracture is a propagating mode of full-bore rupture of a pipe, which can be modelled
as advection of an expansion in the pipe cross-section area along the pipe at a speed of a crack, U, (Fig. 1).
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Fig. 1. Schematic representation of the pipeline fracture (a) and the corresponding variation of the effective flow area in the model (b).

The fracture speed U, is governed by the structural mechanics model as described in Section 2.3 and serves as

one of the coupling parameters of the FSI model. The other coupling parameters of the model include the bulk fluid
pressure, which can be predicted using the pipeline decompression model presented in Section 2.2, and the
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temperature distribution around the fracture tip as predicted by the crack propagation model of Section 2.3. Further
details of the dynamic FSI coupling algorithm are described in Talemi et al [23].

2.2. Pipeline outflow model

To predict the pertinent fluid properties within the pipeline during its decompression resulting from puncture or
FBR, the Computational Fluid Dynamics (CFD) model has been developed for the one-dimensional transient
compressible HEM flow [13]. This model accounts for all the important processes taking place during
depressurization, including heat transfer, friction, expansion wave propagation and multi-phase flow. The HEM
assumption implies thermal and dynamic equilibrium between saturated liquid and vapor phases, and approximately
neglects non-equilibrium and heterogeneous nature of the flow. Preliminary studies confirmed that HEM can predict
well the history of decompression of CO, pipelines [25], and therefore HEM was chosen as the most suitable model
for the purpose of development and testing of the FSI methodology in the present study.

A set of equations describing the HEM flow in a variable cross-section are pipe includes advection equation for
the pipe cross-sectional area and the mass, momentum and energy conservation equations:

5_A +u, 8A =0 (D)
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where p, u and P are respectively the mixture density, velocity and pressure, which are functions of time, ¢, and
space, z, D and A are respectively the local instantaneous pipeline diameter and cross-section area, ¢,,;, is the
heat flux at the i ternal side,of the pipe wall, f, is the Fanning friction factor calculated using Chen’s correlation
[26],and E = plZe +u’/ 2) is the total energy of the mixture per unit volume, while ¢ and P are respectively the
specific internal energy and density of the fluid, which are calculated using interpolation tables built using PC-SAFT
equation of state [27,28].

The numerical solution of the set of quasi-linear hyperbolic equations (1) — (4), closed by initial and boundary
conditions for the flow at either end of the pipeline, is obtained using the finite-volume method [29]. Details of the
implementation of this method were previously described [30] and for brevity are omitted here.

2.3. Pipeline fracture model

Comparison of the various ductile fracture propagation models performed in CO2QUEST project [18] showed
that the HLP model generally underestimates the fracture propagation distance, but in comparison with other more
rigorous FEM-based fracture mechanics models [19], provides an efficient and robust method for predicting the
pipeline fracture propagation and arrest. For this reason, the HLP model was chosen in the present work to study the
incremental impact of impurities on the ductile facture propagation in CO, pipelines.

In the HLP model the crack tip velocity, ., is calculated using an empirical equation based on the Drop Weight
Tear Test (DWTT) energy tests data [5]:

cr?
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. P 0.393
u, =0.67——| 1 (5)
A JDWTT/Ap lerr

150.544 : . . :
where J . =3.296,°C,”" is the material fracture resistance, o, =0.5(0y; +0y) is the flow stress, and F, is

the crack arrest pressure defined by the following empirical equation:

J /A
B, = 0.382&'07 ~cos ™ exp| —3.81-107 ——L ©
P oD,

In this equation Ap is the ligament area of a pre-cracked specimen.

Given relatively high expected speeds of propagating ductile fractures, and relatively little time for the heat
exchange between the fluid and the pipe wall, the latter can be expected to have relatively little impact on the
temperature of the pipe wall. As such, the temperature of the pipe wall is assumed to remain constant in the ductile
fracture propagation model.

2.4. Heat transfer model

In order to resolve the temperature variation in the pipe wall in vicinity of the rupture hole (Fig. 2, a), the heat
conduction equation is applied [31]. Given a relatively small size of the hole, and expected slow variation in the
flow during the release, the analysis is performed for steady-state heat transfer conditions. The heat conduction
equation is then solved subject to the boundary conditions at the pipe wall. In particular, the convective cooling
boundary conditions are applied to define the heat fluxes at the internal and external surfaces of the pipe (Fig. 2, a):

qw,in = _kwvjvw,in = hin (711'11 _wa,in) (8)
qw,ext = _kVVVTH/,e)C[ = hext (TW,EXI - Te)(f) (9)
where T, and T, are respectively the temperatures of the bulk fluids inside and outside the pipe, T,,adT,,,

are the temperatures at the internal and external surfaces of the pipe, while /,, and h,, are the heat transfer

coefficients which are assumed to be spatially uniform.

At the rupture hole, where the flow can be expected to be choked, resulting in a high-intensity flash evaporation,
the wall temperature is set to a boiling temperature of the fluid at the choked pressure, which in the turn can be
predicted by the pipeline decompression model of Section 2.2.

The heat conduction problem was solved using a finite element method in ABAQUS standard v. 6.13 [32]. Fig. 2,
b shows the FEM mesh built for one quarter of the pipe wall segment confined between the x-y and y-z symmetry
planes.
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Fig. 2. Schematic representation of an outflow and heat transfer through the pipe wall near a puncture hole (a), and FEM discretization of the pipe
wall section for the heat transfer analysis in ABAQUS (b).

3. Results and discussion
3.1. Ductile fractures — Impact of CO; stream impurities

In the present section, the impact of impurities on the ductile fracture propagation in CO, transportation pipelines
is performed for CO, mixtures with N,, O,, H,, Ar, H,S and CH,, which are among the major components found in
CO, streams captured using post-combustion, pre-combustion and oxy-fuel technologies [33]. For the sake of
example, the simulations were performed for an air-exposed X65 steel pipeline of an internal diameter of 0.5905 m,
the wall thickness 9.45 mm, and the CVN fracture toughness C, of 50 J. The initial pressure was set to 80 bar, while
the initial fluid temperature has been varied in the range from 0 to 45 °C relevant to conditions of CO, capture and
pipeline transport. In the CFD simulations the 20 m long section of the pipe was discretized uniformly into 500
cells, and the FSI coupling time step was set to 0.1 ms.
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Fig. 3. Variation of the crack propagation speed with the crack length as predicted by the model coupled HLP-CFD for various CO , streams
initially at 80 bar and 15 °C, in a X65 steel pipe of 0.5905 m diameter, 9.45 mm wall thickness and C,=50 J.
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Fig. 3 shows the variation of the crack propagation speed with the crack length, as predicted for high-purity CO,
and its mixtures with impurities, namely binary mixture of CO, with 2% CH, (v/v) and H,, and quaternary CO,
mixture of 96.8% (v/v) purity containing 1.6% (v/v) of N,, 1.2% (v/v) of O, and 0.4% (v/v) of Ar, representative of
of a double-flash oxy-fuel stream. As can be seen from Fig. 3, the variation of the crack propagation speed with
distance is characterized by the following trends:

1. At the initiation of the crack, the crack length is set to 1.2 m, while the crack speed is around 275 m/s as
predicted by the model for the initial pressure of 80 bar, independent of the CO, mixture composition.

2. Immediately after the crack initiation the crack speed drops dramatically and stabilizes at a certain level
which depends on the CO, stream composition and purity. In particular, in case of pure CO,, the crack
speed stabilizes at ca 100 m/s, while for CO, containing 2% CH, , 2% H, and the oxy-fuel mixture, the
crack speed stabilizes around 120, 250 and 200 m/s respectively. The level at which the crack speed
temporarily stabilizes corresponds to the bubble point pressure in the fluid [10].

3. The temporary stabilization is followed by continuous decline of the crack propagation speed and eventual
arrest of the crack. As can be seen from Fig. 3, in the case of pure CO,, the crack arrest length is ca 5.5 m,
while adding 2% CH, extends the fracture to ca 8.5 m, and having ca 3.2% impurities in oxy-fuel stream
results in a fracture of 15 m long, while adding 2% H, extends the fracture length beyond 16 m.
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Fig. 4. Variation of the crack propagation speed predicted by equation (5) and the wave decompression speed described by equation (11) for the
various CO, mixtures initially at 80 bar and 15 °C (a) and 80 bar and 30 °C (b).

The above variations in the crack arrest length can be discussed in the context of BTC methodology, which is
widely used in industry [16]. In BTC method the facture propagation or arrest are judged based on comparison of
the crack speeds and the speed of decompression wave running in fluid. In particular, if the fluid pressure in the pipe

is above the crack arrest pressure, P, described by equation (6), the crack has potential to propagate. Furthermore,
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the propagating crack will eventually arrest if the crack speed at a given pressure is less than the decompression
speed:

ucr < udec (1 0)

The decompression wave speed can be calculated using using the following equation [9]:

(11)

Mdec =c s

l P(P')C (P)

u and P, are respectively the decompression wave speed, the fluid isentropic speed of sound, the

Fd 1

where U,,., €

local velocity of the flow at the rupture plane and the initial pressure in the pipe prior to the fracture propagation.

In Fig. 4, a the crack propagation speed predicted by equation (5) for X65 steel with Cv=50], is plotted along
with the decompression wave speed calculated using equation (11) for various binary CO, mixtures carrying 2%
(v/v) of impurities initially at 80 bar and 30 °C. To evaluate the density and the speed of sound with the pressure
along the isentropic decompression path in equation (11), GERG equation of state was used in REFPROP [34]. As
can be further seen in Fig. 4, a, for all the mixtures except of CO, + 2%H,, the decompression wave can be expected
to run faster than the crack, eventually leading to the crack arrest once the fluid pressure will drop below the crack
arrest pressure of ca 45 bar, as predicted by equation (6). Remarkably, despite the fact that the decompression curve
for CO, + 2%H, mixture crosses the crack propagation curve, the coupled model predicted the fracture arrest (Fig.
3). This can be partially attributed to discrepancies in the physical properties of the fluid predicted by GERG and
PC-SAFT equations of state.

Fig. 4, b shows the crack propagation speeds and the decompression wave speeds predicted for the various CO,
mixtures transported in supercritical state at 80 bar and 30 °C. Remarkably, the decompression wave speed at
supercritical temperatures is not significantly affected by the presence of impurities. The crack propagation speeds
are plotted for 0.5095 m internal diameter pipe made of X65 steel with the facture toughnesses C, of 50 and 200 J
and the wall thicknesses of 9.45 and 11 mm. As can be seen, the wall thickness of 9.45 mm and C, = 50 J cannot
guarantee the crack propagation speeds meeting the criterion (10) at the initial fluid pressures, as such posing a risk
of uncontrolled running fracture. On the other hand, when using X65 steel with C, = 200 J and the wall thickness of
11 mm, the risk of uncontrolled fracture propagation can be eliminated.

3.2. Brittle fractures — Role of heat transfer

This section describes the results of analysis of the temperature variation in vicinity of a pipeline rupture hole,
based on numerical solution of the heat conduction equation for various conditions of heat exchange at the internal
and external pipe walls, relevant to outflow of a low boiling point fluid from a small circular hole in a transportation
pipeline. The study is performed for a medium-scale pipeline constructed using API X70 steel in CO2QUEST
project for conducting CO, blowdown experiments [18]. Main specifications for the test section of the pipeline are
summarized in Table 1.
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Table 1. Main parameters of the pipeline section for the heat transfer study

Parameter Unit Value
Pipeline internal diameter, D mm 51
Pipeline segment length mm 160
Pipe wall thickness, 5w mm 1.5
Puncture diameter, DO mm 4
Density of the steel pipe wall, p kg/m® 7800
Thermal conductivity of steel, kW W/m/K 43

In order to examine the impact of the heat transfer conditions at the pipe internal and external walls on the
temperature distribution near the puncture hole, the heat transfer coefficients were varied over the ranges typical for
convective heat transfer for a turbulent flow in a pipe and around a cylinder [31]. In particular, assuming that the
pipeline is transporting dense-phase CO, stream at pressure around 100 bar, 20 °C temperature and velocities up to
of ca 10 m/s, the heat transfer coefficient at the internal pipe wall, hm , can be estimated at a maximum of ca 1000
W/m?/K. Furthermore, the temperature in the bulk fluid surrounding the pipe is conservatively estimated to be —78
°C, i.e. corresponding to the temperature at the normal sublimation point of CO,. For a mixed convection around the
pipe the maximum value of the heat transfer coefficient at the external pipe wall, /__ , can be estimated to be ca 100
W/m’/K.

Following the study by Saville et al [22], the pipe wall temperature at the circumference of the puncture hole was
assumed to be equal to the saturation point of the fluid at the choked flow pressure. The latter may vary significantly
during the pipeline decompression which can be simulated using the model described in Section 2.2. However, for
the purpose of steady-state analysis in the present study, the temperature at the circumference of the puncture hole is
considered as a model parameter, which for the sake of example was set to —50 °C, i.e. in between the temperatures
of the fluid inside and outside the pipe.
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Fig. 5. Variation of temperature in vicinity of the crack for various combinations of the heat transfer coefficients h[n and hgx .-
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Fig. 5 shows the variation of the pipe wall temperature in vicinity of the puncture hole calculated for the various
combinations of the heat transfer coefficients /,, and £, . Note that in all the cases the temperature variation across

the pipe wall was found to be relatively small compared to its variation along the pipeline.

As can be seen from Fig. 5, in cases where hm > h__ , i.e. the heat transfer inside the pipe is dominant, the pipe

ext ’
wall temperature increases with the distance from the hole. This is consistent with the temperature profiles predicted
by Mahgerefteh and Atti [20] for scenarios of decompression of an overground pipeline, where the high intensity of
heat transfer inside the pipe was due to relatively large transportation flowrate of the fluid. In these cases the pipe
wall temperature is essentially limited by the temperature of the choked flow at the rupture hole. In the turn this
means that these scenarios could pose a potential risk for brittle crack propagation only at late stages of
decompression when the choked flow temperature could drop below the DBTT level (e.g. for X70 steel DBTT is —
75 °C [35], for which the saturation pressure of CO, is ca 1.4 bar).

Fig. 5 also shows that in those cases where the heat transfer inside the pipe is relatively slow compared to that
around the pipe (hin < hm ), the wall temperature decreases with the distance from the puncture hole. These cases

are particularly relevant to leaks from buried pipelines where expansion flow from the puncture hole envelops the
pipe, resulting in high rates of cooling of the pipe wall. While the actual drop in the wall temperature depends on
variation of the heat transfer and flow conditions in the vicinity of the puncture hole, the profiles presented in Fig. 6
show that the pipe wall temperature near the puncture hole may drop below the DBTT level even if the fluid at the
puncture is relatively warm, increasing the risks of embrittlement of the pipe wall material at early stages of the
pipeline decompression.

4. Conclusions

In this study a methodology is described for coupled modelling of an outflow, heat transfer and crack propagation
in pipelines. The main constituent elements of the methodology include the transient dynamically-coupled FSI
model of pipeline fracture propagation and model of heat transfer describing the temperature variation in the pipe
wall in vicinity of the crack.

The FSI model was applied to study the pipeline fracture propagation and arrest upon the conditions relevant to
the dense-phase and super-critical CO, pipeline transportation, covering temperatures from —15 to 45 °C and
accounting for up to ca 3% (v/v) of impurities in the transported CO, stream.

The study shows that the CO, stream impurities have a strong impact on the ductile fracture arrest distance in
pipelines transporting dense-phase CO, at pressures above 80 bar and temperatures below ca 15 °C. This effect is
attributed to the impact of impurities on the fluid bubble-point pressure and the decompression speed. Particularly
long fractures have been predicted for CO, mixtures containing H,, and also the multicomponent mixture
representative of the oxy-fuel capture. At the same time, given relatively low compressibility of dense-phase CO,
the ductile fracture control could be achieved by choosing modern high-grade steels of sufficient material toughness
(C, above ca 50 J) without use of crack arrestors.

On the other hand, at temperatures above ca 15 °C and pressures near and above the CO, mixture cricondenbar
pressure, the speed of decompression wave in the fluid may become lower than the speed of crack propagation in
steel, increasing the chances of uncontrolled running fractures. This applies to warm and hot (supercritical) CO,
streams of any purity where fracture arrestors would be required to minimize the chances of uncontrolled ductile
fracture propagation.

To provide accurate estimation of the temperature variation in the vicinity of a pipeline leak, the heat conduction
through the pipe wall was resolved using a finite element model. Implications of the flow and heat transfer
conditions at the internal and external surfaces of the pipe wall for the brittle fracture propagation in overground and
buried pipelines were discussed.
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