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Abstract

An optimized CO; pipeline transport system is necessary for large-scale carbon capture and seques-
tration (CCS) and also CO; injection plant (Enhanced oil recovery) implementation. In this research,
a CO; pipeline buried underground was numerically analyzed, and the hydrodynamic performances
of CO; pipeline as well as the impacts of multiple factors on pressure drop behavior along the pipeline
were studied. Additionally, the thermal behavior of CO; pipeline under harsh climate of Iran was
investigated. The simulation results exhibit that pipe diameter, and soil temperature affect both the
pressure drop and heat transfer behavior of the fluid. The influence of the soil thermal property
affects the temperature of the pipe wall. The pipe diameter controls the pressure drop and influences
significantly the required output thermal power needed to maintain the favored pipe wall
temperature. Furthermore, the burial depth of the pipeline is very critical for distribution of the
surrounding temperature above the pipeline. The design of pipeline system, insulation type, insu-
lation size were optimized to achieve a lowest CO, temperature variation along the pipeline length.

Keywords: Heat transfer; CO: pipeline; numerical simulation; CFD; solid medium.

1. Introduction

Supercritical fluids are widely used in various industries such as power engineering, aero-
space engineering, chemical engineering, cryogenics, and refrigeration engineering. In the
supercritical region, small temperature and pressure changes can lead to significant changes
in the thermo-physical proper-ties of the fluid [*-31, Convection and conduction heat transfer
of fluids at supercritical pressures have many special features due to the sharp variations of
the thermo-physical properties. The buoyancy forces stemming from the non-uniform density
distribution across the cross section and acceleration or deceleration of the flow due to
expansion or contraction of the fluid are the result of significant axial variations of the bulk
temperature with heating and cooling alike [4-8l, CO: is one of the compounds that can be
employed in supercritical state in various industrial applications. CO2> compression and trans-
portation issues have a long tradition in modern industrial processes. They are gaining impor-
tance in the current worldwide discussion of the global climate change. Anthropogenic carbon
dioxide emissions arise mainly from combustion of fossil fuels [°1 and biomass in power gene-
ration, air-blown gasification [19], industrial processes such as cement production [*1], natural
gas processing, hydrogen production and petroleum refining [*2], building and transport
sectors. The CO:2 capture and storage chain are subdivided into four systems: the system of
capture and compression, the transport system, the injection system and the storage system.
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Among the several approaches to transport CO2, pipeline transportation is the most
economical method to transport large amounts of CO: for long distances [13-14]1, Normally, it
is recommended that the pipeline should be operated at high pressure (usually higher than
the critical pressure of CO2) to increase the transport capability and reduce capital cost of the
pipeline system [15-16]1 The temperature profile of the CO: flow along the pipeline is entangled
with the profile of pressure drop. Due to the heat dissipation rates from pipelines, heat transfer
of hot fluid to the surrounding environment, thermal insulation may be compli-mented with
integrated heating systems to lessen heat loss from the fluid. Thermal designs such as thermal
insulation, direct electrical heating techniques ['71 and pipe-in-pipe systems have been
employed to maintain the temperature of fluids being transported efficiently. Burial pipeline
reduces the risk resulting from axial thermal expansion [*8], In comparison with pipe-in-pipe
thermally-insulated systems, this method illustrates a cost effective thermal insulation.

Zhang et al. [*®1 studied the pressure drop behavior of supercritical CO2 along the pipeline
using ASPEN Plus software. They studied pressure drops and maximum safe transport distance
along the pipeline. They were unable to simulate the temperature differences between the
CO2 and environment precisely because of the limitation of ASPEN Plus software. McCoy and
Rubin [29] applied a one-dimensional model of CO2 flow along the pipeline, but they assumed
the flow temperature of CO:zin the pipeline was always constant as the environmental tempe-
rature which is not a correct assumption.

In the present study, we studied the thermal behavior of CO: transport along the insulated
pipeline numerically based on finite element method (FEM). In this method, we considered
the influences of multiple factors encompassing insulation, heat conduction between the CO2
and environment and environmental temperature, so the thermal behavior of real flow transport
process can be simulated more accurately.

2. Material and methods

In the process of designing CO: transportation pipeline, the most important problem is to
find the maximum safe transport distance. For longer transport distances, a boosting com-
pressor station should be introduced to maintain the pressure value above 160 bar. At a given
inlet pressure, the safe transportation distance depends strongly on ambient temperature. An
increase in ambient temperature reduces CO:z density and increases the velocity along the
pipeline increasing the pressure drop and leading to build up choking conditions. A bigger
pressure drop means higher operating costs and possibly considering recompression stations.
Hence, any optimization of CO2 transport via a pipeline must take the impact of ambient
temperature into account because of heat exchanged between CO: in the pipe and the
surrounddings along the pipeline. In designing a pipeline, the extreme case with the highest
environmental temperature should be taken into consideration to ensure that the pipeline can
work well all through the year. For our study, the maximum value of ambient (soil) tempe-
rature in the south of Iran has been considered. These temperature values are 30°C in the
summer and 15°C in the winter.

2.1. CO2 phase behavior

The properties of CO2 clarified why the working state for CO:2 transport should be either in
liquid or supercritical state. Figure 1 shows the phase diagram of CO2, from which it can be
seen that the critical temperature and pressure of COzare 30.98°C and 7.38 MPa, respectively.
When CO2 becomes a super-critical fluid, it will have a relatively large density, good compre-
ssibility, and small viscosity. Due to higher critical temperature of CO2 than normal soil
temperature, insulation measurements are required to maintain CO: at supercritical state, or
it should be heated after a certain distance. Although Zhang et al. [*°1 proposed that
transporting liquid CO2 at relatively low temperature is preferred to reduce pressure drop
along the pipeline, some studies proposed that CO: should be transported in supercritical
phase [13:.21] 1n this study, CO2 transport was considered in supercritical state.
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Figure 1 Phase diagram of pure CO; (the top-right area is the supercritical area) [1°]
2.2. Non-isothermal transient flow formulation

From the laws of conservation of mass, momentum, and energy, the basic equations
regarding partial differential equations describing a one-dimensional transient single phase
compressible flow may be expressed as follows [221;

o , % 20v _ af T(oz atwy
6t+v6x+pa56x_cPT(1+z(6T)p)( A ) (1)
v v 19p _ _K _ .

E a ;6_)( = ap gsm@ (2)
oT oT | a2 T [0z ow _az (. p(oz q+wv

Tevias(a +;(5)p)£ =2 (1-t (ap)T) () (3)
where a, is the isentropic wave speed defined as:
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and the frictional force per unit length is given by:
w = 2 (5)
The friction factor, f, is calculated from the Colebrook-White equation [231:
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The heat transfer rate of the fluid to the surroundings per unit length is defined as follows:
q=—-nDU(T —T,) (7)

The overall heat-transfer coefficient for a completely buried pipeline is calculated from the
equation 8. In order to have safe operations, pipelines are often buried at a depth of 1.2-1.5
m, ensuring more stable temperatures than that on the surface. Finite element meshes of the
two- layer model are shown in Figs. 2 and 3.

1

= 8
@) B Ew) (8)

Insulated and buried pipelines provide more thermal resistance. Therefore, the convective
heat transfer from the CO2 and heat resistance from the steel pipeline wall can be neglected.
The heat conductivity is 25 W/(mK), and 0.058 W/(mK) for the pipe wall material and
insulation layer material, respectively. The thermal conductivity of the soil is assumed to be
1.21 W/(mK), and the distance between the ground surface and the pipe center is 1.225 m.
The air convection heat transfer coefficient is 5 W/(m?2°K).
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According to [13: 21, 241 the thermal resistance of the convective heat transfer between the
CO:2 and the inner pipe wall is much smaller than that of the pipe wall and the heat insulation
layer, so it is assumed that the temperature of the inner pipe wall is equal to the temperature
of CO2 at the same cross section. The calculated heat transfer coefficient k between the
ground and CO:2 for pipelines with 0.06 m and 0.04 m heat insulation is 0.8524 and 0.985
W/(m°K), respectively. This coefficient for a pipeline without insulation is 2.86 W/ (m°K).

Figure 2 Finite element mesh of the two layers Figure 3 Meshed simulation geometry in finite
model element analysis
2.3. Theory

Finite element is a suitable tool which can simulate the heat transfer in pipelines by
numerical computation. It can predict the transient thermal behavior of the surrounding soil.
Thus, the model is very useful for the surroundings of a pipe that cannot be assumed as a
constant thermal reservoir.

By finite element calculations, the following equations were solved in two steps: 1. Energy
equation for the fluid in the pipe and 2. Heat transfer equations for the pipe wall layers. These
equations are solved for each of the pipe sections along the pipelines, giving the profiles of
the fluid temperature along the pipeline and in the pipe wall. The finite element model
establishes the thermal coupling of the pipelines and solves the two-dimensional heat transfer
equation in the solid medium surrounding the pipe wall, giving the temperature distribution
over the cross sections as well as the interaction between fluid temperatures in embedded
pipes. The combination of 1-dimensional fluid and wall temperature equations along the
pipelines and the 2-dimensional heat transfer equation for the media in each of the cross
sections along the pipeline results a 3-dimensional temperature profile. For an incompressible
fluid in the pipe, the governing equations for this system are:

arf . oS .
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In addition, a set of boundary and initial conditions is required for the calculation. The
temperature T = T(x,y,zt) is the key variable. The parameters in the model are listed in the
nomenclatures.

Fluid temperature varies only in the axial (z) direction. The heat conduction in the first wall
layer, therefore, is always in the radial (r) direction. The temperature of the fluid and the
temperature of the pipe wall were solved with the OLGA model (finite difference method) on
the assumption that radial heat conduction is predominant. Thus, the pipe wall outer surface
serves as an external boundary to the finite element equation. The heat conduction in the rest
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of the cross section is in two spatial directions (x and y). It is feasible to include more than
one radial conduction wall layer in the model.

One needs to determine the number of nodes required to obtain a suitable grid and time
step to obtain numerical solutions to the heat transfer equation. The numerical accuracy is
strongly dependent on the number of internal nodes (N) between external boundaries.

3. Results and discussion

At the ground surface, either a constant temperature or a constant heat transfer coefficient
is usually assumed as a boundary condition. Commonly, pure heat conduction in the soil is
taken into account, i.e. combined heat and water transfer is ignored. For homogeneous
conditions, the material properties (pipe, insulation, and soil) are assumed to be isotropic, and
phase changes are not considered. In order to consider convection as well as radiation, a
constant heat transfer coefficient (14.6 W/(m? K) ) was assumed for the ground surface [25],

Time dependent undisturbed ground temperature was also used for the bottom of the
domain. The symmetry condition was used at the left and the right sides. By taking the supply
and return temperatures for the inside section of the pipe walls as boundary conditions, the
heat loss can be evaluated by heat conduction. The cross section of the simulation geometry
is illustrated in Figures 4 and 5.
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Figure 4 3D meshed simulation geometry Figure 5 Temperature profile plotted by finite
element analysis with insulation; summer case
[Centigrade]

3.1. Finite element analysis of CO: pipeline

Transient numerical simulation of the temperature field around the buried heating pipeline
was run for the chosen values of soil heat conductivity coefficient of 1.2 W/(m?2 K). In transient
simulations, in addition to the impact of environmental temperature, the influences of other
hydraulic parameters were also taken into account.

Experimental works are expensive to perform and are time-consuming. Sometimes there are
risks and environmental issues involved in designing these test facilities, so it is necessary to
investigate the stability of buried pipeline using a computer modeling technique. With the
progress in the development of computational technology, Computational Fluid Dynamics
(CFD) is becoming the most available and useful tool for simulating a wide range of flow,
mass, momentum and energy problems. The given set of axisymmetric conservation equations
were solved computationally using the OLGA 7 flow assurance software via a finite element

Pet Coal (2016); 58 (2): 234-243
ISSN 1337-7027 an open access journal



Petroleum and Coal

approach. The consideration of the temperature trends by CFD simulation provides a useful tool
for understanding the thermal behavior of CO2 pipeline and finding optimum process parameters.
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Figure 6 Temperature profile plotted by finite Figure 7 Temperature profile plotted by finite
element analysis without insulation; summer element analysis with insulation; winter case

case [Centigrade] [Centigrade]
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Figure 8 Temperature profile plotted by finite element analysis without insulation; winter case
[Centigrade]

The mesh generated by OLGA simulator (fig. 4) consists of 527520 triangular cells and
510250 nodes. The temperature profile of CO: pipeline in the summer case is depicted in Figu-
res 5 and 6 with and without insulation, respectively. Similar profiles have been illustrated in
Figures 7 and 8 for the winter conditions. As the figures depict, in both summer and winter
cases, insulation can help us to save more energy and prevent phase changing. Thus, chocking
of the pipeline could be retarded and even removed by applying an appropriate insulation.
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3.2. CO: pipeline hydraulic calculation

For the investigation of the pipeline hydraulic, the following assumptions have been
considered. The transport flow rate was assigned to be 100 million ton COz/year for a 40 km
horizontal pipe line. The inlet conditions of CO2 were assigned to be 17.6 MPa and 50°C (super-
critical state). The flow velocity of CO: inside the pipeline is usually between 1-2 m/s, and an
internal diameter of 0.15 m was considered based on trial calculation. The thickness of the
thermal insulation layer was considered to be 25 mm. The slope angle of the pipeline was
assumed to be zero, and the highest soil temperature is 35°C.

As concluded by other researchers [26-29] the pressure drop along the pipeline is dependent
on the flow velocity, ambient temperature, the thermal insulation layer, as well as geometric
characteristics of the pipeline such as length and elevation changes. The pressure drop along
a 6 inch pipe diameter (k=0.738 W/m°K) resulted from our simulation is sketched in fig.9.
The pressure of the fluid decreases almost linearly along the pipeline because of friction. As
the results illustrate, insulation has no effect on pressure profile of COz transportation (two
curves are the same). This effect has been concluded by Zhang et al. too [3°], Pressure drop
along the pipeline is dominated by friction over the wall, and friction is dependent on CO:2 flow
velocity and viscosity alike. Without insulation, temperature decreases more quickly, thus the
CO2 viscosity increases faster and pressure drop increases too. On the other hand, decreasing
flow viscosity leads to the reduction of the fluid velocity, and consequently, the pressure drop
decreases too. Eventually, these two conflicting effects cause no changes in pressure drop of
CO:z along the pipeline with or without insulation layer.

Figure 10 shows the pressure trend versus time in a specific point of the pipeline. As can
be seen, it takes time to achieve the right pressure value in any point of the pipeline. For our
conditions, this time was about 21 minutes for most of the pipe cross sections. It is due to the
insulation layer causing the heat transferred to the medium to be a time-consuming process.
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Figure 9 Pressure profile for 6 inch pipeline with Figure 10 Pressure trend of CO; pipeline versus
and without insulation [bar] time [bar]

3.3. CO: pipeline thermal behavior

In reality, the properties of the soil such as heat capacity, thermal conductivity and diffusivity
change over time since it alternately wets and dries. These quantities, which also differ along
the pipeline, are difficult to predict. Therefore, tuning parameters of the model is required.
The steady-state heat transfer neglects the response of the ground temperature as a result of
heat accumulation. This assumption might cause larger temperature fluctuations in time due
to the response of the soil resulting from heat accumulation. However, the insulation of the
pipeline might mitigate this effect. Further investigation is required to examine to what extent
these assumptions influence the results. The presence of impurities such as N2, Hz, CO, H20,
S02, NO2, and Ar were not included in the analysis. The temperature profile of CO2 pipeline
with and without insulation, in summer case, is depicted in Figures 11 and 12, respectively.
Similar curves for winter conditions are also shown in Figures 13 and 14.
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In the pipeline without insulation, CO2 temperature approaches the soil temperature
exponentially and finally reaches a level slightly above the soil temperature (30°C in summer
and 15°C in winter). In this point, the decreasing trend of temperature due to Joule-Thomson
effect almost offsets the increasing trend of temperature due to heat conduction from the soil
to the CO: inside the pipe. After that, the CO2 temperature stabilizes at this level, with very
slight decreases along the pipeline.
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It can be seen that CO2 temperature will drop quickly to a level above the soil temperature
within a rather short distance and cause “pipe choking” due to violent vaporization. It should
be cited that the vaporization happens more violently when no thermal insulation layer is
applied, and the temperature also decreases faster, since more heat is transferred from soil
to the CO2, exacerbating the vaporization process. However, as Figures 11 and 13 show, by
using insulation, we can control the temperature and phase change of the CO2. The heat
transfer coefficient between the fluid and the inner wall of the pipeline is demonstrated in
Figure 15, which increases along the pipeline. The main reason behind this is the decrease in
the temperature difference between the CO2 and the medium.

To understand the impact of the pipe size, the pipeline operational parameters were
calculated for different pipe size at the same ambient temperatures (Fig.16). In this case, we
assume inlet temperature to the pipeline is 80 °C. It can be seen that CO: temperature
decreases almost linearly along the pipeline due to heat transfer with the soil. The lower the
pipe diameter, the more the pressure loss. And as a result, the more the pressure loss, the
more temperature decrease. The reason is related to the pressure gradient.
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4. Conclusion

This paper studied the effect of factors such as the ambient temperature and the thermal
insulation layer on the thermodynamic properties of the COzflow in the pipeline and its thermal
behavior. We built a one-dimension static flow model for CO:2 pipeline and studied the hydro-
dynamic performance of CO: flow in the pipeline, as well as the impacts of multiple factors,
including pipe diameter and soil temperature. It proposes certain principles concerning the
design of CO:2 transport pipelines and the determination of their hydraulic parameters with the
thermal insulation layer to ensure a minimum pressure drop in harsh Iranian climate. As can
be seen, insulation layer should be considered for transporting CO2 in supercritical state. Addi-
tionally, to reduce capital cost, it is better to have less pressure and temperature losses. The
size of the pipeline could also assist us to justify the losses. Therefore, the diameter of the
pipe line should be considered too. In the simulation process, the time that the parameters
take to reach the stable value should be taken into account too. This study was conducted
based upon this assumption that the pipeline lies horizontally over the whole distance. In
reality, however, the pipeline will inevitably face typographical slopes in the midway, such as
the cases of climbing mountainous or hilly districts, so the impacts of elevation should be
studied in detail.

Nomenclature
AT A A% Area of the pipe cross section, m?
7,7, T Temperature, K
e, p, p* Density, kg/m?
cf, C,, CY Heat capacity, |/kg.K
m Flow rate of fluid

Cr}; , Cp, € Heat transfer, |/sec.area

A, Ksoil, Kin Conductivity, W /m?K

j. Heat flux, W /m?

Unit outward normal at the FEM domain boundary
Pressure, pa

Time, sec

Velocity, m/s

Spatial coordinate, m

Isentropic wave speed, m/s
Distance, m

Frictional force per unit length, N/m
Gravitational acceleration, m/s?
Inclination angle of pipe, radian
Pipeline diameter, m

Friction factor

Iq

~|H:.@u:gr\ll!ntu><<—|'l:x:
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€ Pipe roughness, m

ri Inner pipeline radius, m

rz Outer pipeline radius with insulation, m

hg Convective heat transfer, W /m?K
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