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Abstract—This work considers a stationary simulation of
pipeline fluid transport, in the presence of impurities and phase
transitions. This simulation finds applications in diverse areas
such as energy carrier transportation, including natural gas and
hydrogen, as well as the efficient transport of carbon dioxide from
emission sources to designated storage sites. Particularly for the
transport of carbon dioxide, which is preferably carried out in
a liquid or supercritical state, the accurate detection of phase
transitions is of utmost importance. Additionally, evaluating the
simulation precision based on the selected pipe subdivision is
crucial for transporting fluids of any kind. Our implementation
includes an algorithm that utilizes the Homogeneous Equilibrium
Model and the GERG-2008 thermodynamic equation of state for
phase transition detection. We have also developed an optimal
pipe subdivision algorithm using empirical formulas derived from
extensive numerical experiments. Rigorous testing of the algo-
rithms has been conducted on realistic fluid transport scenarios,
confirming their effectiveness in addressing the stated technical
challenges.

Index Terms—simulation and modeling; mathematical methods
and numerical algorithms; advanced applications; fluid transport;
carbon dioxide transport; pipe subdivision.

I. INTRODUCTION

This paper is an extension of our conference paper [1],
which focused on the stationary simulation of carbon dioxide
pipeline transport with impurities and phase transition detec-
tion. In this current study, we have expanded our simulations
to include other fluids such as natural gas and hydrogen. Fur-

thermore, we have developed an algorithm for pipe subdivision
to enhance the precision of the simulation as desired.

To reduce greenhouse gas emissions into the atmosphere,
Carbon dioxide Capture and Storage (CCS) systems are cur-
rently being developed. Typically, such systems consist of 3
parts: (1) capturing carbon dioxide (C'O3) at its source; (2)
transporting C' O through pipelines to special storage sites; (3)
and finally injecting it into wells, when underground storage
is used. In this paper, we focus on the second part of the
aforementioned process. It is generally required that C'Os
be in the liquid or supercritical phase during transport in
order to increase the density and mass flows. It is essential
to avoid the transition of fluid phase to gas, which leads to
cavitation and destruction of the pipeline during transportation.
To ensure reliable operation of the C'Oy pipeline, both an
extensive experimental base and stable numerical simulation
of the transportation process are required. At the same time,
for a long-term planning, it is sufficient to simulate a stationary
process of the transportation, with CO3 in a 1-phase state and
an indication of a possible phase transition, in order to prevent
it.

The pioneering work [2] has considered in detail the station-
ary process of transporting pure C'Oy through a pipeline and
pumping it into an underground storage, taking into account
phase transitions. Subsequent papers, including [3]-[10], have
highlighted the significance of considering impurities that can
significantly impact transportation parameters even at low
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concentrations. These papers have investigated both stationary
and dynamic aspects of C'O5 transport. Papers [2]-[9] consider
a Homogeneous Equilibrium Model (HEM), in which different
phases of a fluid are homogeneously mixed and have the same
speed, pressure, temperature and chemical potential. Papers
[51-[71, [9], [10] have also explored the concept of phase
split, where the phases are geometrically separated, and phase
slip, where the phases have different velocities. Additionally,
works such as [5], [7], [9] have examined the formation
of a solid phase of COs (dry ice). Other studies [6], [7],
[9], [10] have focused on fast transient processes that occur
during pipe depressurization, including relevant experimental
investigations. Furthermore, the economic aspects of pipeline
COs transport have been addressed in papers [11]-[14].

In this paper, we describe a stationary simulation of the C'O4
transport process with the possibility of considering impurities,
phase transitions, several sources with different composition,
and networks of complex topology. Simulations of this type
have extended the capabilities of our software MYNTS [15]-
[19]. The system provides an open, freely configurable and
user-friendly specification of modeling, defined as a list of
variables and equations. An open Python code for workflow
procedures is also provided. The main calculations are per-
formed in a fast C++ solver. The system also has a Graphical
User Interface (GUI) with the ability to edit networks and
scenarios. This architecture allows to formulate and quickly
solve very large network problems, as well as the ability to
model different energy carriers and couple different energy
sectors.

For problems of stationary transportation of fluids, we im-
plement standard pipe transport equations with friction terms
by Nikuradse [20], Hofer [21] and spatial discretization of
type [22]. The GERG equation of state [23], [24], which is
currently the ISO standard [25], is used to accurately model the
thermodynamics of fluids, in particular CO, with impurities
and phase transitions. Additionally, we have developed an
algorithm for detecting the proximity to the region of phase
transitions. Numerical experiments were conducted to validate
the implemented algorithms. These experiments demonstrate
that the presence of phase transitions in the system can induce
fast and occasionally abrupt behavior, which in turn influences
the convergence properties of the numerical algorithms em-
ployed for the solution. In the scenarios we have considered,
the divergence, if it occurs, is entirely localized in the region
of phase transitions. On the other hand, scenarios without
phase transitions are converging, which makes it possible to
solve them with detection of proximity to the region of phase
transitions.

Our implementation is based on standard numerical methods
for solving systems of nonlinear equations, described in [26]-
[28], applied to piecewise linear resistive systems in [29]—
[31]. Questions of discretization of differential equations are
considered in detail in general form in [26] and in application
to gas networks in [32]-[34]. Our contribution to this area is
the formulation of global convergence conditions for solution
of nonlinear resistive systems [16] and their application to
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Fig. 1. Phase transitions at fixed temperature: (a),(c) — for pure C'Oz2; (b),(d)
— for COq with impurities. Image from [1].

95% CO2, 3% N2, 2% 02

Fig. 2. Fraction of gaseous phase as a function of pressure and temperature.
Image from [1].

stationary simulation of gas transport networks. We also
constructed a pipe subdivision algorithm to achieve a given
precision of stationary simulation of fluid transport networks
and present it in this work.

Section II reviews the physics of phase transitions applied
to COs with impurities. Section III discusses the transport
equations used. Section IV presents the pipe subdivision
algorithm. In Section V, we describe numerical experiments,
with particular attention paid to the questions of convergence
of iterative processes and precision of simulation. Finally, in
Section VI, we summarize our results.

II. PHYSICS OF PHASE TRANSITIONS

Phase transitions exhibit slight variations in their occur-
rence between pure substances and their mixtures. Figure la
shows the phase transition for pure COs. At a constant
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temperature, the pressure decreases starting in the region of
the liquid state. There is a line of phase transitions on the
diagram. When the pressure decreases, the process proceeds
until it intersects with this line, after that the pressure decrease
stops until all the fluid passes from the liquid state to the
gaseous state. At the same time, Figure 1c shows that during
this process, the average density changes from large values,
typical for the liquid phase, to small values, typical for a gas.
In Figure 1b, the behavior of a mixture, i.e., 95% CO,, 3%
N, 2% Oa, is depicted. In this case, the two-phase state is not
represented by a single line but rather a region on the (7', P)-
diagram. The boundary of this region is called the Vapour-
Liquid Equilibrium (VLE) diagram, or phase envelope. When
the pressure decreases, the point enters this region and the
fluid also passes from the liquid state to the gaseous state, but
here the pressure continues to decrease. Figure 1d shows that
in the 2-phase state, the density decreases in the same way as
for pure substance, but at a decreasing pressure.

The 3D diagram in Figure 2 shows the behavior of frac-
value, which varies in the interval [0,1] and measures the
fraction of the gaseous phase in the fluid. In this figure,
one can observe the region where the phase transition takes
place, which occurs continuously for mixed compositions.
Additionally, the diagram exhibits a discontinuity along a line
originating from the critical point, although this transition
is considered spurious. Above the critical point, there is no
significant distinction between gas and liquid phases. However,
based on the descriptive framework, a transition from gas to
liquid is required at some point. While there is a formal jump
in the quantity frac, physically measurable quantities do not
exhibit such jumps along this line.

Interestingly, this surface resembles the surfaces considered
in the theory of functions of a complex variable. Namely, if we
take this surface, as well as the 1 — frac surface and join them
together, we get an object that looks like a Riemann surface
for a complex square root. The similarity is not accidental, in
both cases there is a 2-sheeted surface without the possibility
of continuously separating the sheets from each other.

For the thermodynamic description of the fluid, the GERG
equation of state and its accompanying implementation [23]-
[25] are used. Technically, it is delivered as a software library
where one can access a variety of functions describing the fluid
state. In addition to the already mentioned phase envelope and
frac-value, we use the Equation Of State (EOS) and energy
functions

z=2z(T,Pz), W=W(T,P,z), (D

where T' is absolute temperature, P is pressure, = is a
vector describing fluid composition, W = (H,U,G, A) is a
vector describing molar energies of different types: enthalpy,
internal energy, Gibbs energy, Helmholtz energy, respectively.
Compressibility factor z enters in the gas law P = pRT'z/p,
where R is the universal gas constant, p is the mass density,
1 is the molar mass.

As an essential parameter for the user, the frac-value or
a conservative algorithm utilizing frac-values in the vicinity
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of the solution can be employed to identify the proximity of
phase transitions:

Algorithm (proximity-alarm):
(T0,P0,x,dT,dP,val)
(TO-dT, TO, TO+dT)
for P in (P0O-dP,P0,PO0+dP)
if frac(T,P,x)!=val return true
return false.

given
for T in

The algorithm considers a 3x3 grid created by (£dP, +dT)-
variations, and if frac differs from the user-specified val at
least at one point, triggers a proximity alarm. This simple
algorithm is applied to every node in the network. It has the
advantage that it works even in the networks with many fluid
compositions, i.e., variable xz-values. Alternative algorithms
based on the construction of the phase envelope produce many
diagrams for different compositions, which complicates the
analysis. At the same time, this algorithm has one drawback,
it can produce a false alarm when approaching a spurious
line. In this case, the user can visually control the solution
trajectory on the (7, P)-diagram by constructing a phase
envelope for the local network segment with constant z. Our
future plans include the development of additional algorithms
for automatic detection of phase transitions that can handle
variable composition of the fluid within the network.

III. PIPE TRANSPORT EQUATIONS

In the stationary case, a pressure drop in the pipe is
described by the equation:

dP/dL = —\pv|v|/(2D) — d(pv*)/dL — pgdh/dL, (2)

where L is the running length along the pipe, v is the speed
of the fluid, D is the internal diameter of the pipe, g is
the gravitational acceleration, and h is the height. The first
term on the right hand side is usually dominant, describing
the contribution of the friction force, defined in terms of the
dimensionless friction coefficient A(k/D, Re) using the Niku-
radse [20] formula or the more accurate Hofer [21] formula.
Here, k is the pipe roughness, Re = 4|Qn|/ (T ftvisc D) is the
Reynolds number, where fi,;s. is the dynamic viscosity and
Qm = pvrD?/4 is the mass flow constant along the pipe.
In addition, the right-hand side includes the convective and
gravitational terms. The flow Q,, = Qnpn is often expressed
in terms of the normal volume flow @) and mass density py
at normal conditions Py = 1.01325 bar, Ty = 273.15 K.
For discretization purposes, we consider a short pipe seg-
ment of length L and integrate the equation over it. Expressing
the velocity in terms of the mass flow, and keeping only the
leading first term for illustration, we get dP/dL = ¢1/p, where
c1 is constant. When performing integration, we substitute
the variable density p with the average p = (p1 + p2)/2
between the endpoints of the segment. In other words, P —
P, = ¢;L/p. As an alternative, we multiply the original
equation by P, use the gas law P/p = RT'z/pu, replace the
variables T" and z with the end averages and, thereby, we get
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(P?—P3?)/2 = ¢, LRTZ/u, in a more familiar quadratic form
for gas dynamics [22].
Temperature profiles are described by the equation

dH/dL = —wDep(T — Ts) i) Qs 3)

according to which the enthalpy change in a segment of the
pipe is equal to the heat exchange with the soil or other
environment. Here, ¢; is the heat transfer coefficient, 7T
is the soil temperature. Note that when the heat exchange
is switched off (¢, = 0), the process described by this
formula is isenthalpic dH = 0, and the temperature change
is related to the pressure change by the well-known formula
dT = pyrdP, where pjr = —(0H/OP)r/(0H/OT)p is the
Joule-Thomson coefficient. The equation can also be modified
by introducing kinetic and gravitational terms.

For discretization purposes, the equation in the form
dH/dL = co(T — Ts) with a constant ¢y, the variable
temperature T is substituted with a constant 7;.. The value of
T,, can be chosen as the average temperature 7" at the endpoint
or the outflow temperature 7,,;, depending on the scenario
that better represents longer segments. After integration, we
get Hy — Hy = ¢ L(T,, — Ts). Further, in an iterative solution
process in which the pressure profile and fluid composition
are kept constant, the enthalpy values can be linearized us-
ing the formula H(T"™') = H(T") + c,(T")(T*T" — T"),
where the superscripts indicate the number of iterations and
¢p = (OH/OT)p is the isobaric molar heat capacity, also
calculated by the GERG software library.

Next, we will consider in more detail the process of conver-
gence of the iterations used for the solution. In our previous
work [19], the architecture of MYNTS system has been
described. Due to software-technical reasons, the solution was
divided into 2 parts: (1) Pressure-Massflow (PM)-iterations,
solved by a sparse non-linear Newtonian solver; and (2) mix-
iterations, solved by a sparse linear solver. PM iterations
determine the pressure, density and mass flow, by solving a
relatively small nonlinear system. This system, however, has
strong numerical instabilities associated with nearly zero Ja-
cobi matrix eigenvalues and requires special stabilization mea-
sures [18]. Mix iterations solve a large linear system defining a
multicomponent fluid composition, determine temperature and
call external modules, such as GERG that would otherwise
be called too often in a fully coupled system. After the
temperature linearization described above, all mix equations
of the system at each iteration become linear, their solution
can be produced by a sparse linear solver such as Pardiso
[35]. Further, these two processes are iterated, while using an
additional stabilization algorithm called weighted relaxation
[19], the result of the combined PM-mix-iteration h(x) is
replaced by a weighted average x; 1 = wh(z;) + (1 — w)x;.

Among the modeling limitations, it should be mentioned
that the GERG module does not consider the solid phase
and derives equilibrium conditions for the liquid and gaseous
phases under the HEM assumptions. The transport equations
considered here treat 2-phase solutions as 1-phase, with the
values of thermodynamic parameters calculated by the GERG
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TABLE I
PARAMETERS OF TEST SCENARIOS
parameter symbol [units] value
total pipe length Liot[km] 150
pipe internal diameter D[m] 0.5
pipe roughness k[mm)] 0.5
heat transfer coefficient cn[W/(m? K)] 4
inlet temperature T1[K] 313.15
soil temperature Ts[K] 283.15
fluid composition 2(CO2, N2,02) | (0.95,0.03,0.02)
inlet pressure pset [bar] 100
outlet norm.vol.flow, scenl | gsetl [103m3/h] 200
outlet norm.vol.flow, scen2 | gset2 [103m3/h] 310
fluid composition z(CO2) 1
inlet pressure pset [bar] 96.01325
outlet norm.vol.flow, scen3a | gset [103m3/A] 200
fluid composition z(CHy) 1
inlet pressure pset [bar] 50.01325
outlet norm.vol.flow, scen3b | gset [103m3 /h] 50
fluid composition z(Hz2) 1
inlet pressure pset [bar] 50.01325
outlet norm.vol.flow, scen3c | gset [103m3/h] 50

module in the fotal system, which also means calculations
within the HEM framework.

At the conclusion of this section, it is important to address
a general aspect concerning the simulation. It is common
for users to assume the uniqueness of solutions obtained in
simulations. However, it should be noted that in general,
this assumption may not hold true. Existence and uniqueness
theorems for solutions are only formulated in rare cases. So,
for example, they are guaranteed for the PM subsystem under
the conditions of generalized resistivity [15]. Being combined
with the mix system, the uniqueness of the solution is not guar-
anteed. Theoretically imaginable is the situation when there
are two stationary solutions, one 1-phase, the other 2-phase,
and it may happen that the stationary solver finds the first one,
but in reality the second one will be realized. Consideration of
dynamic simulation can decide which solution the trajectory
will go to when integrating from a given initial state. But
even for a dynamic solver, saddle points, i.e., bifurcations
of the solution are possible, where, with a small variation,
the solution can go in one direction or the other. Questions
about the uniqueness of stationary solutions and the stability
of dynamic solutions must be investigated in the practical
analysis of simulation results.

IV. PIPE SUBDIVISION ALGORITHM

First, we conduct a series of numerical experiments to
analyze the relationship between precision and pipe subdivi-
sion. Next, we explore various discretization techniques and
evaluate their precision and stability criteria. By carefully
analyzing these criteria, we can determine which discretization
methods are best suited for our needs. Finally, we implement
these derived formulas into our subdivision algorithm. Based
on the data gathered from our experiments and evaluations,
we derive empirical formulas for pipe subdivision.
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TABLE II
DERIVED PARAMETERS OF TEST SCENARIO 3

parameter symbol [units]

value scen3a value scen3b value scen3c

fluid composition
inv. molar mass
mass flow
heat capacity,
molar isobaric, inlet-outlet

p~t [mol /kg]
mlkg/s]
cp[J/(molK)]

317.31-109.50

pure CO2 pure C'Hy pure Ho
22.722 62.332 496.06
109.83 17.937 2.2471

41.675-40.720 | 29.167-29.008

characteristic length, z1[km]
inlet-outlet 126.03-43.491 | 7.4158-7.2457 | 5.1744-5.1462
prec () prec (b) exact answer, N,,q. — 1 level feels the error of n,,., level,
100 zgg while the other n-levels are less sensitive to this error.

! 400 cycling Various discretizations: the schemes, briefly described
001 convergence in the previous section, will be considered in more details
104 200 now. In Hofer friction law (2), we track the leading ~ L/D
N ISUDSSSSSSISSSS: | term dP = — fRdaz,.where fr(z) ~ 1/p(x) with coefficient

it 0 s o s e constant along the pipe segment.
T.K © TK () Hofer-quad: multiply both sides by p, using that p ~ P
310 = / approximately for gases (gas law P = pRTz/u, where the
15 vergence . " convergent coefficient RT'z/y is assumed to change slowly along the pipe
300 cycling region segment and is represented by its nodal average), integration
o gives: lhs = [ PdP = (P} — P?)/2 and rhs ~ [dz = L,
o a known formula for quadratic hydraulic resistance applicable

86 88 90 92 94 9 98 100 220 0 = a0 oo for gases.
P, bar P, bar

Fig. 3. (a),(c) — convergent iterations for scenario without phase transitions;
(b),(d) — cycling iterations for scenario with phase transitions, red color -
iteration 100, blue color — iteration 99. Image from [1].

Testing pipe subdivision: a set of simulations with vari-
able pipe subdivision is considered,

L= Ltot/Ndivv Ndiv = 2n7 n= 1nmar (4)

In our test case, Lio; = 150km, nyee = 10 are selected.
In this section, we designate the symbol L to represent the
length of a pipe segment. The coordinate along the pipe will
be denoted as x, where x ranges from 0 to L;,:. Additionally,
the symbol m will be used to represent the mass flow.

Precision is defined as maximal deviation of n-th solution
from the most precise n,,4,-th solution:

Pp_maz(2)], &)

here for P, and similarly for other variables. The resulting
dependencies of the precision on n are shown on Figure 5.
The dependencies are mostly following ~ L profile. Three
scenarios are considered, with settings described in Table I.
For scen3a/CO,, subdivision Ng;, ~ 16, n = 4, corresponds
to 0P ~ 0.1bar. For scen3b/C Hy, similar 0P is achieved at
Ngin ~ 6. For scen3c/Hs, such 6P is achieved already at
original pipe, Ng;, ~ 1, no subdivision needed.

Further details: the number of mix iterations is set
to nmixit = 30, their convergence is controlled. Phase
transitions do not happen for all scenarios. A slight bent at
n = 9 is a methodical issue: since m,,,,; subdivision is not

0P, = max, |P,(x) —

Hofer-lin: in fr take the nodal average p — (p1 + p2)/2 =
const, then integrate straightforwardly: lhs = P, — P,
rhs ~ [dx/p = L/((p1 + p2)/2). A surprising equivalence:
the leading terms for Hofer-quad and Hofer-lin coincide.

Proof: in Hofer-quad integrated formula, divide lhs =
(P2 —P?)/2 to (P, + P,)/2, use approximate linearity p ~ P
above, obtain rhs ~ L/((p1 + p2)/2) coincident with Hofer-
lin integrated formula. [J

This is what we see on Figure 5, the coincidence of
precision for both schemes, perfect for gases (methane at
50bar), slightly deviating for liquids (supercritical CO3). The
deviation is due to the omitted terms in the friction law, which
are indeed different for two integration schemes, and due to
details of taking nodal average: Tz — (T1z1 + To22)/2 vs
(Th +T2)/2- (21 + 22)/2, etc. At n = N, level, Hofer-quad
and Hofer-lin results coincide at high precision (~ 10~%bar),
so that both schemes provide a consistent discretization for
the same continuous equation.

Stability considerations: according to [16], for conver-
gence of the simulation, the signature of the whole equation
must be Jeq/0(Pi, P»,m) ~ (+ — —), while 9p/OP > 0. In
Hofer-quad, this criterion requires to replace lhs = (Po|Po| —
P1|Py])/2, unfolding the expression to P < 0 unphysical
domain with correct P-signature.

In Hofer-lin, other discretization schemes can be consid-
ered, that theoretically can be more stable. Recovering m-
dependence: rhs ~ Lm|m|/p, if p is replaced to the nodal
average (p1 + p2)/2, it will have a wrong signature w.r.t. P
or P», dependently on the sign of m. A possible alternative
is 7hs ~ Lm|m|/(m > 0?p;1 : p2), C'-continuous in m = 0.
Although less precise than the nodal average, it possesses
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correct P-signatures and should lead to a more stable solution
process. This approach can be extended to other terms in the
friction law in its different formulations.

Practically, Hofer-lin scheme is not yet usable in complex
scenarios like N85 tests described below. In large natural
gas networks, it shows worse stability (div/tot = 7/85) in
comparison with Hofer-quad (div/tot = 1/85). Here div is
the number of divergent cases, while tot is the total number of
cases. The source of the instability can be in the violation of
signature rule, in the leading as well as in sub-leading terms.

Empirical formulas: since numerical experiments show
~ L behavior of precision at large n (small L), here it’s only
needed to find empirically plausible factors. Employing that
the pressure drop is proportional to dP ~ m?/p - L, omitting
constant factors, evaluating relative error of pressure drop due
to p-variation, we have ddP/dP = dp/p, where ¢ denotes
error estimation, d is a change over the pipe. Absolute values
for all changes are taken. This formula assumes intermediate p
values in pipe changing arbitrarily between their nodal values.
An empirical factor 0.5 can be introduced, if the change is
taken between the nodal values and the nodal average. The
resulting empirical formula for relative error of pressure drop
is

errP = 0dP/dP = 0.5dp/p. (6)

For T-dependence, a simplified exponential model can be
used: T = Ts + (T1 — Ts) exp(—x/x1), with the charac-
teristic length 1 = ¢,m/(uDecym). Here the main factor is
proportional to L/xzq, since subdivisions with L ~ z; give
roughly acceptable quality, L < z; fine quality, L > x;
inacceptable. What “roughly acceptable” means can be found
in comparison of discrete and continuous integration of the
simplified model: 6T = |Ty — Ts||(1 4 L/x1)""/5) —1/e],
we obtain errT = 0.132121 at L = x;, conservatively giving
a factor 0.2. Thus, the following expression can serve as an
estimator of relative 7T'-precision:

errT = 6dT/dT = 0.2L/x;. @)

The values of the characteristic length for 150km pipe scenario
with different fluid composition are shown in Table II. Figure 5
confirms that the derived formulas provide tight conservative
estimators for the pipe subdivision error.

Implementation of pipe subdivision: taking the desired
level of relative error, we construct an estimator for subdivision
number, with maximum taken over P- and 7T-estimators.
This estimator should be evaluated for every pipe. If further
accepted by the user, it provides the following subdivision
algorithm with a minimal user assistance.

Algorithm (pipe-subdivision):

given (xlmin,mmin,nmax,err_desired)
for every pipe

compute x1,errT,errP

if x1<x1min or |m|<mmin
errT=0

err=max (errT, errP)
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Fig. 4. Screenshot of MYNTS GUI for scenario without phase transitions.
Image from [1].

n_suggested=[err/err_desired]+1
if n_suggested>nmax
n_suggested=nmax.

Details: for better efficiency, some cutoffs are necessary. At
small x; values, in particular, at small m, the value 7' rapidly
jumps to Ts. Under these conditions, uniform subdivision algo-
rithm would provide too large n_suggested. To prevent this,
for 1 < 1, min OF |M| < Mypin, errT = 0 is set, subdivision
is defined by err P only. In addition, if n_suggested > nupaz,
it is set to Mypaq-

The discretizations used here possess ~ L precision de-
pendence. A study of the other schemes with a higher order
~ L™ dependence is in our further plans. The tradeoff between
precision and stability should be also considered. For higher
order schemes, the empirical formulas should be upgraded,
while the subdivision algorithm remains the same.

The approach requires at least one preliminary simulation
to find all necessary parameters. The pipe subdivision is
sensitive to such details as mass flow, temperature, density,
gas composition, and is performed for a given scenario. If
scenario is changed, subdivision should be repeated starting
from the raw level.

The usage of the algorithm proceeds via specification of
input parameters, listed in Table III. The resulting output val-
ues are stored per pipe and can be visualized. The application
of the algorithm to realistic networks is presented in the next
section.

V. NUMERICAL EXPERIMENTS

To test the implemented algorithms, we apply them to a
number of realistic network problems. At first, we test phase
transition detection, then pipe subdivision algorithm.
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Fig. 5. Dependence of the simulation precision of pressure § P and absolute temperature 67" on subdivision level n; dependence of relative temperature ¢ on

coordinate along the pipe z.

Testing phase transition detection (scenl-2): here we
use a pipe segment with parameters taken from [2]. In our
experiments, two scenarios are considered, see Table I. In the
first scenario, a small flow is set, at which phase transitions do
not occur. The entire pipe is filled with liquid or supercritical
fluid. In the second scenario, a larger flow is set, the pressure
drops more strongly, and a phase transition occurs in the
system. Both scenarios use a mixture of 95% COs, 3% No,
2% Os, see Figure 9 in [2]. The pipe is laid horizontally with
h = 0.

Figure 3 shows the convergence characteristics for our test
scenarios, left column for scenl, right column for scen2. The
dimensionless precision parameter prec = max(res;/norm;)
is defined as the maximum of the residuals of the equa-
tions divided by the normalizing value, for each equation its
own. For the Kirchhoff equation of conservation of flow, the
friction law in quadratic form, and the gas law expressed
with respect to density, the normalization factors norm =
(1kg/s,100bar?,1kg/m?) are chosen, respectively. In our
system, the equations and their normalizing factors can be
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Fig. 7. Distribution of pipe subdivision estimators for the test networks N85.

TABLE III procedure converges. For scen2, as seen in Figure 3(b) and (d),
PARAMETERS OF PIPE SUBDIVISION ALGORITHM the procedure has cycling. In more detail, we see that there is
a converging region for the 1-phase and a part of the 2-phase
parameter meaning state, after which a temperature jump occurs, and oscillations
_acnt"a“o“: P;h" 0/1 (default 0, inactive) are observed in the remaining pipe segment.
input parameters: . . .
pdiv_x1min xl-cutoff (default 1 [m]) Along with the two main scenarios, we ran a number of
pdiv_mmin m-cutoff (default 1 [kg/s]) additional simulations with small gset variations around the
pdiv_nmax _ n-clamp (default 1000) specified values. Simulations show stability of the effects,
pdiv_err_desired relative error desired (default 0.01) K R . .
output values, per pipe: convergence in the 1-phase solution, and divergence in the
pdiv_errP estimated relative error of pressure change 2-phase solution. The reason for this divergence is that EOS
_ pdiv_er'T estimated relative error of temperature change | 4 the enthalpy function receive large derivatives in the phase
pdiv_n_suggested number of subdivisions suggested

transition region. These functions are actually jump-like for a
pure substance and formally continuous for a mixture, but at a
low concentration of impurities, the derivatives are still large.
freely configured by the user. For a purely 1-phase solution A prototype example of such instability is the logistic map:
scenl shown in Figure 3(a) and (c), the value of prec decreases ;41 = ra;(1—x;), which characterizes the behavior of simple
exponentially with the number of iterations and the solution iterations near the root z = 1—1/r. When r rises from 1, and
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passes the value 3, the absolute value of the r.h.s. derivative of
the logistic map equation exceeds 1, which is a critical value
for the convergence of simple iterations. Below this value, the
iterations converge. Above it, limit cycles appear, first with a
multiplicity of 2, then they double, and finally the system goes
to chaos.

Qualitatively, the same effects happen in our case. In
principle, the stabilization algorithm helps to overcome such
divergences, but for an ever higher derivative it becomes less
and less effective. We are going to explore this problem in
more detail in our future work. In order to overcome the
divergence, we can try to adjust the weight parameter in the
stabilizing algorithm. The dynamic solver behaves in much the
same way as weighted relaxation with a low weight; with a
decrease in the integration step, the stability of the integration
also increases. As shown in Figure 1, high derivatives only
occur for EOS in the form p(T, P), changing variables to
P(T, p) could also be a solution of the problem.

At the same time, only scenarios in which phase transitions
and associated divergences do not occur are to be considered
within the scope of the technical task set. For such solutions,
it is required to determine the proximity of the solution to
the region of phase transitions. That can be done using the
proximity-alarm algorithm described above.

Figure 4 shows the screenshots for scenl solution in
MYNTS GUI. At the top, there is the pipe geometry with
the pressure profile shown in color. At the bottom, there is
the solution on the (7, P)-plane, where a part of the phase
envelope is also shown. The yellow disks show the proximity-
alarm triggered in the given node for the values d1" = 1K,
dP = 1bar. The first 2 nodes near pset appear to be close to
the spurious line on the phase diagram. The alarm in them can
be canceled, because they are located top-right to the phase
envelope, in the supercritical region. In general, this visual
criterion is difficult to automate, since phase envelopes can
have a more complex appearance than in the figures of this
paper. Further, the figure shows how the solution trajectory
passes at a safe distance from the phase envelope, providing
the required C'O4 transport without phase transitions.

Testing pipe subdivision algorithm (scen3): here we
consider the same pipe, filled with pure {COs, CHy, Ho}
fluids, in various subdivisions (4). Other settings are given
in Table I. The results are displayed in Figure 5.

The first row shows § P precision dependence on subdivision
number n. Numerical experiments are shown by blue line with
dots. This line closely follows ~ L dependence on the length
of pipe segment, for all fluids. The values of Ng;, = 2™ for
0P = 0.1bar are shown. Two discretizations, Hofer-quad and
Hofer-lin, shown by shades of blue, are almost coincident for
COs and coincident for other fluids.

The second and the third rows show the same numerical
experiments in comparison with 6 P and §7 empirical esti-
mators. The estimators restrict the experiments from above
almost everywhere, they are almost coincident for 6 P(Hs) and
dT(CO3), and closely approaching the experimental points at
large n for other cases.
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The last row shows the temperature distribution in these nu-
merical experiments in comparison with the simplified model,
used in the derivation of §7-estimator. Red and blue lines show
the model results for maximal and minimal value of the heat
capacity cp, see Table II. For CO,, these lines are different,
they restrict the experimental subdivision, shown by gray lines
with dots, from above and from below. For CH,/Hs,, the
upper and lower c,,-values are very close and produce visually
coincident model curves. Also typical for supercritical/liquid
CO5 are much larger values of ¢, in comparison with gaseous
CH,/H,. This leads to a larger characteristic length x; and
a slower temperature drop over the length.

Details: the simplified model should not coincide with
simulation exactly, it contains only the simplest c,d1’ term
in the temperature equation, while the simulation is more pre-
cise, contains additional terms, such as Joule-Thomson effect,
gravity term, etc. In the cases considered, the pressure drop
is small and the pipe is laid horizontally, so such effects are
negligible. However, they can be activated in other scenarios.
Also, the simplified model is valid only for constant c, and x1,
while their variation over the pipe makes the model solution
more approximate. In our simulation, the ¢, dependence on
pressure and temperature is computed by the GERG module.

Applying pipe subdivision algorithm (scen4-6): in the
next scenario scen4, we consider a natural gas network N1
of moderate size, shown in Figure 6 top left. It contains
100 nodes, connected by 111 edges, 34 of them are pipes.
The pipe subdivision algorithm with default settings produced
n_suggested value, visualized in the figure. The value is
peaked at n_suggested = 31 on a 47km long pipe, shown
on a closeup (Figure 6 bottom left), with parameters shown in
Figure 6 right. The pipe possesses a moderate flow and large
errT, that defines the subdivision.

In the following scenario scen5, we consider the same
150km pipe as in scenl-3 experiments, filled by pure CO-,
other parameters selected as in scen3a. The first iteration
of pipe subdivision algorithm produces: errP = 0.173,
errT = 2.04, n_suggested = 205. Again, T-estimator
defines the subdivision. Taking the suggested value, the pipe
is subdivided to 205 equal pieces, and the second iteration of
the algorithm is applied. It produces err P varied in the range
0.00389—7.39-10~° from inlet to outlet, and errT inbetween
0.00973 — 0.01005, the value n_suggested is now 1 — 2. We
see that errT is very close to the desired value 0.01, while
n_suggested is balanced on the border of this value, so that
no further subdivision is necessary. The final result satisfies
all criteria and can be accepted.

Details: errP changes over segments, due to the coupling
to a non-linear density profile. As a result, a uniform sub-
division dz gives non-uniform subdivision dp, initially large,
then smaller, while our estimation supposed uniform dp. In
the given scenario, errP < err_desired, this effect is not
important. In other scenarios, if errP > err_desired, one
more iteration of the algorithm can be needed. The alternative
is to construct an adaptive subdivision, following dp/p profile.

In the next scenario scen6, we consider a set of 85 natural
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gas networks of large size [19], provided for benchmarking by
our industrial partner. Each has 3000 to 4000 edges, mostly
pipes. One iteration of pipe subdivision algorithm has been
applied. The output is shown as a histogram in Figure 7, here
p; 1s probability of location in the i-th bin. The results for
err_desired = 0.01 show that 68% of the pipes do not require
subdivision (n_suggested ~ 1 — 2), 27% require moderate
subdivision (n_suggested ~ 3 — 20), and only the remaining
5% require large subdivision (n_suggested > 20).

VI. CONCLUSION

In this paper, we have considered a numerical simulation
of the stationary process of C'O- transport with impurities
and phase transitions. We have developed the algorithms
that allow to solve scenarios of C'O; transport in the liquid
or supercritical phase and to detect proximity to the phase
transition region. We have analyzed a convergence of the
solution algorithms in connection with fast and abrupt changes
of the equation of state and the enthalpy function in the region
of phase transitions.

The performed numerical experiments show that the sce-
narios with a single C'Oy phase converge. For the obtained
temperature and pressure profiles, a conservative algorithm
for detecting the proximity of phase transitions can be applied,
giving the solution to the technical problem posed. At the same
time, divergences can occur in scenarios with phase transitions
due to the abrupt change of thermodynamic parameters. Ques-
tions about the possible suppression of these divergences as
well as improved detection of phase transitions are the subject
of our further work.

Also, in this paper, an algorithm for subdivision of pipes
for achieving a required precision of simulation is constructed.
The algorithm uses empirical formulas for conservative error
estimation, derived on the basis of numerical experiments.
The application of the algorithm to realistic CO2/CHy/Ho
transport scenarios shows a good correspondence of predicted
and measured precision. An additional study is planned on
implementation of higher order finite difference schemes and
an adaptive non-uniform subdivision for further improvement
of the efficiency of the algorithm.
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