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ARTICLE INFO ABSTRACT

Keywords: During the operation of pressurised pipelines transporting compressible fluids, line packing is employed as an
CO, transport effective method that uses the pipeline itself as a buffer storage, compensating for fluctuations in the fluid supply
P'ipe]i"e or demand. While in large-capacity natural gas transmission systems, reaching maximum operating pressures dur-
hl:e pi(i:: ing line packing is usually not of practical concern, in small capacity pipelines transporting low-compressibility
Tr::] ascientsg fluids, such as liquid or dense-phase CO,, line packing can occur quickly, and therefore, estimating the line pack-

ing times becomes important to ensure avoiding exceeding the pipeline maximum allowable operating pressure.
In this study, a correlation for estimating the line packing time is derived from the transient mass balance in
the pipeline. The proposed correlation accounts for the pipeline overall dimensions, operating pressure and tem-
perature, and the fluid properties, namely density and the expansion coefficient. The correlation is also adopted
for the calculation of pipeline unpacking times caused by unbalanced discharge from a pipeline. A verification
study on line packing in a dense-phase CO, pipeline shows that within the ranges tested, the proposed correlation
estimates conservatively the line packing times with ca. 15 % deviation from the results of simulations obtained
using a rigorous transient pipeline flow model. The proposed correlation is also verified against predictions ob-
tained using a parabolic flow model and is recommended for estimating line packing times for both dense-phase
and gas-phase CO, at pressures and temperatures in the ranges 2 - 12 MPa and 280 - 330 K, respectively. The

Operational flexibility

limitations of the proposed line packing time correlation are discussed.

1. Introduction

During the operation of pipelines transporting compressible fluids,
line packing is a method that uses the pipeline itself as a buffer storage,
compensating for fluctuations in the fluid supply or demand. The
method is widely used in natural gas transmission and distribution
pipelines (Pambour et al., 2017; Shashi Menon, 2005) and can become
useful to ensure flexible and safe operation of large CO, pipeline trans-
portation systems (Mac Dowell and Staffell, 2016; Spitz et al., 2018)
which are emerging as an essential element of the Carbon Capture, Util-
isation and Storage (CCUS) technologies designed to mitigate the global
warming caused by anthropogenic CO, emissions into the atmosphere
(Doctor et al., 2005; Ejeh et al., 2022; ZEP, 2020). However, in contrast
with the natural gas transportation, where the line packing problem
mainly concerns scheduling the gas supply under fluctuating/ uncertain
demand, in CO, pipeline transportation, due to low compressibility of
dense-phase CO,, line packing may result in a rapid increase of fluid
pressure up to the Maximum Allowable Operating Pressure (MAOP)
corresponding to tensile strength of a pipeline (Oosterkamp and Ram-
sen, 2008; Rackley, 2010). Therefore, estimating line packing times

becomes critically important for adopting suitable control strategies for
safe operation of CO, pipelines (Peplinski, 2012; White Rose, 2015).

Computational flow models are commonly used to predict the
linepack amount and transient line packing scenarios in natural gas
pipelines (Abbaspour et al., 2007; Ahmadian Behrooz and Boozar-
jomehry, 2017; Chertkov et al., 2015; Pambour et al., 2016; Rios-
Mercado and Borraz-Sanchez, 2015). These models are particularly use-
ful for analysis of line packing in complex scenarios of operation of long
pipelines and pipeline networks. However, in conceptual engineering
design, simpler algebraic correlation for the linepack capacity and line
packing time are needed.

Recently, Aghajani et al. (2017) applied a transient flow model to
simulate scenarios of line packing in dense-phase CO, in pipelines, pre-
dicting the line packing times for a range of pipeline design and oper-
ational parameters (pipeline outer diameter from 457 to 914 mm, pipe
wall thickness from 8 to 20 mm, pipe length from 50 to 150 km, mass
flow rate from 35 to 150 kg/s, pipeline operating pressure from 8.7 to
11 MPa, MAOP from 11.3 to 15.6 MPa). Although the authors have ex-
plained individual effects of some of these factors (pipeline diameter,
length, inlet flow and MAOP) and applied a neural network modelling

Abbreviations: AAD, Absolute Average Deviation; CCUS, Carbon Capture, Utilization and Storage; MAOP, Maximum Allowable Operating Pressure.
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approach to simulate their integral impact, so far no generalized close
form approximation for line packing time has been constructed.

Accounting for line packing is also important for control of oper-
ability issues that may arise due to flashing of liquid CO, and tran-
sition to two-phase flow when pressure is reduced to below the bub-
ble line pressure in scenarios of unbalanced discharge of fluid from the
pipe — the phenomenon commonly known as unpacking (also called de-
packing or drafting) (Daud, 2018; Oosterkamp and Ramsen, 2008; White
Rose, 2015). In this case, implementing suitable flow assurance control
measures requires estimating the pipeline unpacking time, which how-
ever has received only little attention in literature.

To this end, the present study is aimed at deriving an algebraic cor-
relation for line packing time based on a physical pipe flow model and
applying it for calculating line packing times for pipelines transport-
ing CO,. In Section 2, the two most commonly used transient pipe flow
models are introduced, providing the basis for linepack analysis in this
study. In Section 3, correlations for line packing and unpacking times are
derived. Section 4 presents the results of verification of the line pack-
ing time correlation against the transient model simulations for high-
pressure CO, pipelines, and parametric studies of the impacts of oper-
ating pressure and temperature on line packing times. Section 5 sum-
marises the key findings and conclusions from the study.

2. Theory and methods
2.1. Hyperbolic flow model

The governing equations describing transient one-dimensional
single-phase flow in a horizontal pipe include the mass, momentum and
energy equations that can be written in the following form (Aursand
et al., 2013):

dp | d(pu) _
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where p, u and p are respectively the fluid density, the flow velocity
and the fluid pressure, respectively. ¢ is time, x is the spatial coordinate
along the pipe, D, f and g, are respectively the pipe inner diameter,
the Darcy friction factor and the heat flux at the pipe wall, and E is the
total energy density of the fluid, defined as:

E:p(e+%u2> 4)

Here e is the internal energy of the fluid, which can be calculated as
a function of the fluid temperature, pressure and composition.

In the present study, the friction factor is calculated using the
Colebrook-White equation (Coulson and Richardson, 1999):

)
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where ¢ and Re = 22 are respectively the wall roughness and the flow
Reynolds number, while y is the coefficient of dynamic viscosity of the
fluid.

In Eq. (4), the heat flux is defined by Newton’s law:

Go="h Ty -T) (6)

where T and T, are respectively the temperatures of the fluid inside
the pipe and its surrounding, and 4 is the overall heat transfer coefficient
at the pipe wall.
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The above equations can be solved numerically subject to initial and
boundary conditions and suitable physical properties models.

For line packing scenarios involving sub-sonic flows, the boundary
conditions can be specified by prescribing two flow variables at the pipe
inlet (e.g., the inlet mass flowrate and pressure) and one variable at
the pipe exit (e.g., the outlet flowrate). The initial conditions can be
obtained by integrating the steady-state version of the above equations
given the mass flowrate and the inlet pressure and temperature.

It can be noted that for steady-state incompressible flow, integration
of the momentum equation gives linear pressure drop in the pipe, while
integration of the energy equation over the pipe length results in the fol-
lowing initial temperature distribution along the pipe (Martynov et al.,
2015):

4h x
To(x) = Tamb + (Tm - Tamb) - exp <_pu Cp B) (7)
where T;, is the temperature of fluid at the pipe inlet, and c, is the
specific heat capacity of the fluid, which can be evaluated at the average
pressure and temperature of fluid in the pipe segment.

2.2. Parabolic flow model

The parabolic flow model is a reduced form of the hyperbolic
model presented in Section 2.1, obtained by retaining the continu-
ity and momentum conservation equations, with the inertia terms ne-
glected in the momentum equation as an approximation, and discarding
the energy balance equation assuming isentropic or isothermal flow (
Osiadacz, 1984):

dp | d(pu) _
o T Tox =0 ®
op _ pulul
ox I 2D ©

Egs. (8) and (9) are widely used for simulation of slow transients
in pipes and pipeline networks, e.g., for optimisation of line packing
in natural gas distribution networks (Ahmadian Behrooz and Boozar-
jomehry, 2017; Chertkov et al., 2015; Pambour et al., 2017).

Solving the above equations requires knowledge of initial conditions,
the feed flow rate and pressure boundary conditions as well as correla-
tions for the calculation of the relevant physical properties of the trans-
ported fluid. In the present study, the boundary conditions for the line
packing problem are specified by prescribing the fluid mass flowrates
at the pipeline inlet and outlet. At time # = 0 the mass flowrate is set
constant and the pressure variation in the pipe is obtained by integrat-
ing the momentum Eq. (9) assuming constant density (incompressible
flow).

2.3. Numerical solution

To perform the numerical solution of the parabolic equations of
Section 2.2, they were converted to a non-linear “diffusion” type Partial
Differential Equation (PDE) in pressure (see Appendix for the deriva-
tion):

1 aa_p@_L(a_zI)z_aZ_p_o 10)
cg p D|ox| ot pcg ox 0x2
where ¢, is the process-specific speed of sound, with the index “z” re-
ferring to the thermodynamic variable that is kept constant (e.g., tem-
perature or entropy).

In the present study the boundary conditions for Eq. (10) are spec-
ified based on the mass flowrates prescribed at the inlet and outlet of

the pipe:

2
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where indices “in” and “out” refer to the inlet and outlet locations, G =
p u A is the mass flowrate, and A = = D? / 4 is the pipe cross sectional
area.

The initial pressure distribution in the pipe is calculated using the
integral form of Eq. (9):
_; % x

2p,A%2 D
where index “0” denotes the initial state at ¢ = 0.

The numerical solution of Eqs. (10-13) is obtained using the sec-
ond order accurate in space method of lines (Skeel and Berzins, 1990)
which discretises the spatial domain into N, elements and transforms
the PDE Eq. (10) into a set of Ordinary Differential Equations (ODEs).
The ODEs are then solved using a variable time stepping method in the
PDEPE function in MatLab (MathWorks, 2023). A purpose written Mat-
Lab script for solving Eqgs. (10-13) is made available in Supporting In-
formation. The relevant physical properties of CO, fluid, including the
density, the speed of sound and dynamic viscosity that appear in the
model equations, are calculated using REFPROP package implementing
the Span and Wagner equation of state (Lemmon et al., 2018; Span and
Wagner, 1996).

t=0: p,(X)=piy , (13)

3. Line packing and unpacking times
3.1. Line packing time

For engineering calculations, of particular interest are simple alge-
braic correlations predicting the linepack amount and the line packing
time. These two parameters are commonly defined for a scenario where
a pipeline, initially operating in steady-state, is isolated at the outlet
while the inlet flowrate is kept constant, as schematically presented in
Fig. 1. In a more general scenario, the linepack is caused by imbalance
of the inlet and outlet flow rates, e.g., when the outlet flow rate, G,
is less than the inlet flow rate G,,. The line pack amount, AM; p, is
then defined as the extra amount of fluid accumulated in the pipeline
on the top of its nominal operating capacity. The line packing time, ¢, p,
is the duration that it takes for the pipeline pressure to rise from the
initial pressure, p,, to the line packing pressure, p; p. The history of the
pressure variation can be predicted, e.g., by solving the transient flow
models of Section 2.

The two parameters are linked to each other in the integral form of
the pipeline mass conservation equation, which is in turn obtained by
integrating the continuity Eq. (1) over time and length of the pipe:

e L g P L o(pu)

I ”dxdz~ / [ o (14)

Approximating the integrals in this equation using the mean value
theorem gives:

1p L

L/ —dt~ —1p
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L
where 5 = [ p dx is the fluid density averaged over the pipe length, and
0

Lp
(pu) = [ pu dt is the mass flux averaged over the time ; p.
0

Introducing the notation pu(x =0,7) = p;,u;,, and pu(x = L,t) =
Pouttonr> and subsequently rearranging for ¢; p gives:

V (op—0,) _ AMpp

tip X =
AG AG

where AG = (p;,u, — Poustiow)A = Gy, — Gy, 1is the mass flowrate imbal-
ance between the inlet and outlet of the pipeline, A and V are the
pipeline cross-sectional area and volume, and indexes “0” and “LP” re-
fer to conditions in the pipe at the initial moment t = 0 and the final
time ; p.

(16)

2
Using the process-specific expansion coefficient x, = ”(gz ) = %,
Z

the density variation in Eq. (16) can be approximated to the first order
as:

_ 7, (PLp—7,)
(PLp = 7o) ~ — - —_— an
KZ,() p[?
which upon substitution into Eq. (16) gives:
5 Pip =P
iy ~ A ) LP ) (18)
Kzo AG Po

Eq. (13) provides a correlation for estimating the line packing time
as a function of the pipe volume, inlet mass flowrate and initial and
final operating pressures, and also the expansion coefficient «, , specific
to the line packing process.

3.2. Unpacking time

Although the present study is focused on the line packing phe-
nomenon, the analysis presented in Section 3.1 can be applied to un-
packing operation where discharge of fluid from a pipeline is accompa-
nied by pressure drop to a minimum threshold, p,,;,, prescribed accord-
ing to the hydraulic operation and flow assurance criteria [see, e.g.,
(Daud, 2018; Oosterkamp and Ramsen, 2008; Rose, 2015)]. The un-
packing may happen, e.g., in a scenario of unbalanced discharge of fluid
during the inlet compressor trip. In this case, Eq. (18) is rewritten in the
following form to give an estimate for the unpacking time:

wp ~ Lo V(P Puin)
U™ k., AG 7,

z,0

19)

where AG = G,,, — G,, is the cumulative discharge mass flowrate from
the pipe.

4. Results and discussion
4.1. Verification of the line packing time correlation

In this section, Eq. (18) is applied to predict line packing times
in dense-phase CO, transportation pipelines for a scenario studied by

Fig. 1. Schematic of a pipeline undergoing line packing
due to imbalanced inlet and outlet flowrates.
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Fig. 2. Parity plots comparing the line packing times 1% estimated using Eq.
and t'Le; predicted by Aghajani et al. (2017).

Aghajani et al. (2017). The modelled scenario involved closure of an
isolation valve at the pipe outlet as shown in Fig. 1. In the above study,
the authors constructed 81 test cases to cover practically relevant ranges
of pipeline outer diameters (457 to 914 mm), lengths (50 to 150 km),
wall thicknesses (8 to 20 mm) and also operating pipeline inlet pres-
sures (8.7 to 11 MPa) and flowrates (35 to 150 kg/s). In addition to
these parameters, the inputs to the model also included the pipeline fi-
nal operating pressure p; » that was set to the pipeline MAOP.

When applying Eq. (18), the expansion coefficient «,, was calcu-
lated for scenarios of isothermal and isentropic compression. It can be
noted that for the isothermal case, Eq. (16) can be used directly, with
the density 5, p calculated at T, and j; p. The initial average pressure
in the pipe, j,, was obtained as the mean average of the pipe inlet pres-
sure and the outlet pressure calculated using Eq. (13). In Eq. (5), the
wall roughness ¢ = 0.0457 mm was used. The fluid initial pipeline av-
erage temperature T, was calculated using Eq. (7), assuming the overall
heat transfer coefficient 7 = 2.5W m~2, the inlet temperature of 303 K
and the ambient temperature of 278 K. Given that physical properties
in Egs. (7) and (13) depend on T, and j,, which are not known a priori,
several iterations were performed to resolve the initial pressure and tem-
perature profiles in the pipe and the corresponding average properties,
including density 5, and the expansion coefficient &, , calculated using
the reference equation of state in REFPROP (Lemmon et al., 2018).

The conditions for the tests along with the results of calculations are
provided in the Supporting Information.

Fig. 2 provides the parity plots showing the deviations of predictions
of the line packing time by Eq. (18), tCL"}’,"” , from the reference data t’g
obtained by Aghajani et al. (2017). The results in subplot (a) were ob-
tained using Eq. (18) with the isothermal expansion coefficient, while
in subplot (b) the isentropic expansion was assumed. The figures also
report the Absolute Average Deviations ( %AAD) of tCL”I’,’“’ from t’LE If, for
the entire data set (N = 81 points):

Iip;
AAD = 1- T X 100% (20)
=1 LP,i

Comparison of the results in Fig. 2a and b shows that using the
isentropic expansion coefficient in Eq. (18) (Fig. 2b) gives much bet-
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(18) in the present study, assuming isothermal (a) and isentropic (b) line packing,

ter agreement with the reference data (slightly underestimating the line
packing times, with AAD = 15 %) than assuming the isothermal line
packing (Fig. 2a, AAD = 141 %). The relatively large deviations in the
isothermal case can be attributed to the fact that for the pressure and
temperature conditions studied, the isothermal expansion coefficient of
CO,, k;, is typically several times smaller than its isentropic analogue,
K, that according to Eq. (17), translates in much larger density changes
of the fluid upon the line packing. On the other hand, the relatively small
scatter of the data in Fig. 2b (AAD = 15 %) shows that under the isen-
tropic assumption, Eq. (18) captures well the impacts of the pipeline
design parameters, operating conditions and the fluid density and ex-
pansion coefficient on the line packing times.

4.3. Parametric studies

This section investigates the efficacy of Eq. (18) in describing the
effects of operating pressure and temperature on the line packing time
for CO, transportation pipelines. For this purpose, the line packing time
correlation is benchmarked against the results of simulations for hypo-
thetical scenarios of line packing of CO, pipelines using the parabolic
flow model of Section 2.2, which provides an efficient and robust tool
for simulation of pipeline operations involving slow transients.

Simulation of the line packing scenarios using the parabolic model
involved calculation of pressure evolution in a pipe, following alteration
of the inlet and outlet conditions (in Fig. 1) resulting in imbalanced mass
flow into the pipe. Two hypothetical cases are studied: Case A focusing
on the impact of initial (operating) pressure, and Case B designed to
study the impact of operating temperature on the line packing time. In
the case studies, the operating pressures and temperatures were var-
ied in a wide range (pressure from 2 MPa to 12 MPa and temperature
between 280 K and 380 K), covering realistic conditions of operation
of pipelines transporting both dense phase and gaseous CO,. The flow
rates were chosen from 50 kg s~! to 150 kg s~!, which correspond to
typical CO, emission rates by large industrial installations. The pipe
length, diameter and MAOP were selected to be relevant to, but not
necessarily optimal for, the studied operating conditions. In particular,
the pipeline diameter was set to 1 m, which is close to optimal size for
pipelines transporting the above amounts, while the pipe length was set
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to 33 km, which approximately corresponds to the largest distance be-
tween isolation valves in CO, pipelines (IEA GHG, 2003). The MAOP
was conservatively estimated at 1 MPa above the pipeline nominal op-
erating pressure.

Assuming the line packing process is isentropic, Egs. (10) - (13) are
solved numerically using the method described in Section 2.3, by ad-
vancing the solution in time until the threshold pressure p; p is reached
to give the line packing time, ¢, p, as illustrated in Fig. 3. To achieve the
convergence using the spatial discretisation with N; = 50 points was
found to be sufficient.

Case A: The impact of operating pressure

Firstly, a study is performed to investigate the impact of operating
pressure on the line packing time. For this purpose, the inlet pressure is
varied in the range from 2 to 12 MPa, while the other pipeline design
and operation parameters are kept constant, assuming the pipe diam-
eter, D = 1 m, the pipe length L = 33 km, the initial mass flowrate,
G, = 150 kg s~! and the initial temperature, 7, = 303 K. In this case
study, the line packing is induced by a 50 % increase in the inlet mass
flow rate when the outlet flowrate is unchanged. The line packing pres-
sure threshold p, p is set to 1 MPa above the initial inlet pressure in the
pipe’ Pin,o-

Fig. 4 shows that for the studied range of operating pressures, the
line packing times estimated using Eq. (18) agree reasonably well with
the results obtained from the solution of the parabolic flow model. At
low pressures (below ca. 7 MPa at 303 K), which are relevant to gas-
phase CO, transport, the predicted line packing times are longer than at
higher pressures (above ca. 7 MPa at 303 K) relevant for liquid and
dense-phase CO, transport. This is an expected trend, since gaseous
CO, has higher compressibility than liquid CO,. In practical terms, this
means that pipelines transporting gas phase CO, may offer greater op-
erational flexibility, permitting longer periods (several hours) of tempo-
rary increase in the mass flowrate into the pipeline and disruptions at
the pipeline discharge end, and hence be better at mitigating fluctua-
tions of CO, feed flowrates captured from industrial emitters.

The variation of the line packing time with pressure in Fig. 4 can be
explained with the help of Eq. (18), showing that the line packing time
decreases with the initial pressure and scales with the ratio p/x,, i.e.
it decreases with the fluid expansion coefficient and increases with the
fluid density. In particular, as can be seen in Figure 5(a), at 303 K the ra-
tio p/k, significantly increases with pressure in the gas phase (pressures

Carbon Capture Science & Technology 11 (2024) 100188

Fig. 3. Illustration of the results of calculation of pipeline
pressure variation with time in a line packing scenario
where pressure p, , is reached at time 7, , (D = 0.44 m,
L =100 km, G, = 150 kg s™!, T, = 303 K, p,,, = 11 MPa,
pLp = 11.34 MPa).
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Fig. 4. The line packing times predicted for Case A using the parabolic
model and Eq. (18) for different operating pressures (D = 1 m, L = 33 km,
Giro = Goup = Gout >0) = 150 kgs™', G, (t >0) = 225 kgs™', T, = 303 K,
PLp = Pinp + 1 MPa).

below ca. 7 MPa) - this effect dominates the 7; p variation in Fig. 4, and
remains nearly constant in the liquid phase (pressures above ca. 7 MPa
in Fig. 5) such that ¢; p in Fig. 4 is mainly affected by the initial operating
pressure.

It should be noted that the assumption of isentropic line packing
can be justified only for infinitely short line packing times and for well-
insulated pipes, so may only work as an approximation for real cases
where the pipeline is exchanging heat with the surroundings and the
line packing process is not very fast. In the limit of long line packing
times and high rates of heat transfer at the pipe wall, the line pack-
ing may follow an isothermal path. In Fig. 5a and b, the ratios p/x;
and p/k, as the key physical properties affecting the line packing time
in Eq. (18) are plotted for comparison, showing that isothermal model
leads to longer line packing times than in the isentropic model. In prac-
tical terms, this means that assuming isentropic line packing gives a
conservative estimate of line packing times.

Case B: The impact of operating temperature

In this case, the line packing times are predicted for various initial
CO, pipeline operating temperatures in a scenario of an outlet isolation
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Fig. 6. The line packing times predicted for Case B using the parabolic model
and Eq. (18) at different operating pressures.

valve closure, as shown in Fig. 1, i.e. setting G, (t > 0) = 0, assuming an
initial flowrate of G, = 50 kg s~!. Other design and operating conditions
are unchanged (D = 1 m, L = 80 km and p;,, = 12 MPa). Same as in
Case A, p, p is set at 1 MPa above p;, ,.

Fig. 6 shows that the line packing times predicted by the parabolic
model and Eq. (18) are in good agreement with each other, both vary-
ing non-linearly with the pipeline operating temperature. The predicted
trend of the line packing time variation with temperature can be easily
explained based on Eq. (18), which shows that the line packing times
scale with the p/k, ratio, which also varies with the temperature as
shown in Fig. 5. It can be noted that although the line packing time
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peaks at temperatures in the supercritical phase region (around 345 K),
this peak is outside the expected temperature range of CO, pipelines
operation.

It should be noted that the pressure surge phenomenon induced by
instantaneous closure of the outlet valve cannot not be predicted by the
parabolic model. This is a result of the simplistic form of the model,
which is solely based on the transient continuity equation and cannot
describe wave propagation in the pipe, as would be the case when us-
ing the full hyperbolic flow model. Practically, in a scenario where the
line packing is induced by closure of an isolation valve at the pipe end
(Fig. 1), the formation of pressure surge strongly depends on the valve
type and its closure rate. The water hammer flow theory predicts that the
pressure surge reaches its maximum when the valve closure time is less
than the pipeline communication time, 7,, =2 L /¢, (Chaudhry, 1979),
while by setting the valve closure duration longer than the pipeline
communication time 7., the pressure surge can be significantly reduced
(Yuce and Omer, 2019). In the latter cases, the parabolic flow model
and the proposed line packing time correlation can be expected to be
accurate approximations of the solution to the hyperbolic flow model
(Osiadacz and Gburzynska, 2022). In other words, at high valve closure
rates the pressure surge may happen and this phenomenon cannot be re-
solved by the parabolic flow model, which predicts the pressure increase
only due to the inflow into the pipeline. However, given that the pres-
sure surge lasts only for a short time (commonly associated with 7,,.), in
those cases where the surge magnitude is relatively small compared to
the MAOP, the use of the parabolic model and the proposed line packing
time correlation can still be justified. As such, predictions based on the
parabolic model should always be validated by checking that the pres-
sure surge does not result in pressures exceeding the pipeline MAOP.
In the scenarios studied in this section, the pressure surge estimated
using the Joukowsky formula, Ap = puc,, is less than ca. 70 kPa and
200 kPa for the low-pressure CO, transport (p;, , below ca. 5 MPa) and
dense-phase CO, transport (p;,,, up to 12 MPa) respectively, which are
significantly smaller than the assumed increase in pressure due to line
packing (1 MPa). As such, the use of parabolic model is justified for all
the studied cases.

It also should be emphasised that the line packing times calculated in
this study were obtained for illustration only and separate calculations
should be performed for each specific case and pipeline configuration.

5. Conclusions

Accounting for line packing in the design of pressurised CO, trans-
portation pipelines is important to ensure their efficient and safe op-
eration. In particular, line packing time is an important system de-
sign parameter affecting the choice of suitable pipeline operational and
control strategies, e.g., for maintaining the system pressure below ac-
ceptable MAOP threshold in planned operational or accidental scenar-
ios (Giardinella et al., 2022; Peplinski, 2012; Rose, 2015) and smooth-
ing out short-term fluctuations in the feed flowrates to maintain sta-
ble downstream conditions for CO, utilisation and storage (Mac Dow-
ell and Staffell, 2016; Spitz et al., 2018). To this end, in the present
study, a simple algebraic correlation was derived for estimating the
line packing time as function of the key design and operation parame-
ters of the pipeline (the pipe volume, nominal operating pressure, mass
flowrate and the maximum operating pressure) and physical properties
of the fluid (density and expansion coefficient). The correlation was also
adopted for the calculation of pipeline unpacking times caused by un-
balanced discharge of compressible fluid from a pipeline, which can be-
come practically useful for preventing operability issues that may arise,
e.g., due to flashing of liquid CO, and transition to two-phase flow when
pressure is reduced to below the bubble line pressure (Daud, 2018).

The proposed correlation was shown to deviate by less than 15 %
from results of calculations using a transient flow model for dense-phase
CO, as reported by Aghajani et al. (2017), providing a conservative ap-
proximation with the accuracy acceptable for engineering calculations
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where estimates are usually subject to ca. 10 % variation and uncertain-
ties in the flowrate, pressure and temperature conditions.

The correlation was also verified against predictions of line pack-
ing times based on the parabolic flow model simulations for realistic
pipelines (up to 80 km long) operating at pressures ranging from 2 to
12 MPa, temperatures from 280 to 330 K and MAOPs of 1 MPa above
the nominal operating pressures. The study confirmed that pipelines
transporting gas-phase CO, offer greater operation flexibility, permit-
ting longer periods (several hours) for mitigation of fluctuations in CO,
streams due to a temporary increase in the mass flowrate at the pipeline
inlet (e.g., due to an increase in CO, capture rate from an industrial fa-
cility) or reduced flow at the pipeline discharge end (e.g., due to emer-
gency isolation).

The derived line packing time correlation can be practically useful
during the conceptual design of pipelines, providing engineers with a
rapid method that requires minimal calculations without the recourse
to transient flow simulation packages, which become essential for eval-
uation of line packing scenarios for long pipelines and complex pipeline
networks.

It should be noted that the proposed correlation may become inac-
curate in those scenarios where physical properties of the fluid, partic-
ularly density and compressibility, change significantly during the line
packing process. Also, the range of validity of the proposed line pack-
ing time correlation is limited to scenarios where line packing is not
accompanied by pressure surges, e.g., induced by rapidly closing isola-
tion valves. When this happens, the pressure surge magnitude should be
calculated using suitable flow models or correlations.
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Appendix

For the numerical solution of the parabolic equations of Section 2.2,
they are converted to a PDE in pressure. For this purpose, firstly, the
momentum Eq. (9) is differentiated with respect to x:

Py s o)
ox2 2D odx

@2n

Using the product rule, the spatial derivative of pu® that appears on
the right-hand side of this equation can be expressed as:

(p?) ou | dpu)
= pgud i Vateds 22
ox o ox +u ox 22)

Eliminating in this equation the velocity derivative using the identity
d(pu) = p ou + u dp, gives:

o(pu?) =u[0(pu) 3 M] +ua(l)u)

u (23)
ox ox ox ox
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Substituting Eq. (23) into Eq. (21) and then using the continuity

Eq. (8) to eliminate the partial derivative %, results in:

62

op :_L _zuai_bﬂa_p 24
0x2 2D ot dx

Using the density-pressure relation defined by the process-specific
(e.g., isentropic or isothermal) speed of sound:

_ (o
== <6ﬂ>z @

the density derivatives in equation (24) can be changed to derivatives
of pressure:
op f [ 9 20p ]

o _ w4
ox2 2pe2 | or T ox

(26)

Expressing in this equation the velocity u in terms of the pressure
gradient according to the momentum Eq. (9), results in the final form
of the PDE for pressure:

2 2
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