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Abstract: Fire prevention and extinguishing and CO, sequestration in coal mine gob require
continuous transportation of liquid CO, in pipelines with large height difference (from ground to
underground). However, the temperature and pressure variation of liquid CO; in pipelines with large
height difference is still unclear, which hinders the design of a liquid CO, pipeline transportation
system. The influence of pipe diameter and inlet parameters (temperature and pressure) on the
variation of temperature and pressure of liquid CO, along the 1000 m vertical pipeline was studied
in this paper. The study found that for each pipeline diameter considered there existed a range
of flowrates where safe flow conditions could be ensured, at which no phase transition occurs
throughout the length of the pipeline. When the transporting flow is larger than the maximum
limit flow, phase transition occurs dramatically, which will lead to a sudden drop in temperature
and pressure. When the transporting flow rate is lower than the minimum limit flow rate, phase
transition of CO, occurs slowly along the pipeline. According to the requirement of underground
fire prevention and extinguishing for transporting flow rate and the economic cost of the pipeline
system, the optimum diameter is 32 mm, and the corresponding safe transporting flow range is
507-13,826 kg/h. In addition, when the inlet pressure is constant, if the inlet temperature is too high,
phase transition of CO, occurs dramatically at the entrance. For a 1000 m vertical pipe with diameter
of 32 mm, when the inlet pressure is 14 bar, 16 bar, 18 bar, 20 bar, 22 bar, 24 bar, the corresponding
maximum allowable inlet temperatures are —30 °C, —26 °C, -23 °C, =19 °C, =16 °C and -13 °C,
respectively. This research has significant guidance for safety transportation scheme of liquid CO,
from coal mine surface to underground.

Keywords: coal mine; liquid CO»; pipeline with large height difference; safe transportation; limit
flow; pipe diameter; optimum inlet temperature and pressure

1. Introduction

Coal can produce heat by compound reaction with oxygen (physical adsorption, chemical
adsorption and chemical reaction), and when the heat cannot be dissipated to the surrounding
environment in time, the accumulation of heat will lead to the continuous increase of coal temperature
and cause it to reach the ignition point. This phenomenon is called spontaneous combustion of
coal [1-4]. The spontaneous combustion of coal is one of the main hazards faced by coal mines.
It mainly occurs in the gob of underground mine with the generation of toxic flammable gases, which
can cause gas and coal dust explosion. Thus, the spontaneous combustion of coal seriously threatens
the safety of coal mining [5,6].
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Liquid CO; injection is a popular method of fire prevention and extinguishing, because a large
amount of thermal energy is absorbed during gasification of liquid CO,, which can significantly
reduce the temperature of the fire area, while the gaseous CO; can also inert the area to stifle the fire
source [7-11]. At present, two main methods are used for injection of liquid CO; into gob. One is to
transport small storage cylinder containing liquid CO, from the ground to the vicinity of underground
gob, and then to inject CO; into the fire prevention and extinguishing area [12]; the other is to drill holes
from the ground to the underground gob and directly inject liquid CO, through drilling holes [13].
The first method is complicated in process and cannot continuously inject CO, into the gob for a long
time and large flow rate, so the effect of fire prevention and extinguishing is poor. The second method
can inject CO, with large flow rate, but it can only inject liquid CO, directionally into the fixed position
of the single gob, so this method is mainly used after ignition and when the location of the ignition
source is clear, and it is not suitable for deep mines. Therefore, in order to realize real-time high-flow
injection of liquid CO, into the whole gob with different mining depths and improve the efficiency of
fire prevention and extinguishing, it is necessary to construct a liquid CO; pipeline transportation
system with large height difference from ground to underground.

Moreover, the construction of a pipeline transportation system of liquid CO; is also the prerequisite
for fully utilizing the gob for storage and mineralization of CO,. Controlling the emissions of CO,
is the key to solving the problem of global warming [14,15]. The gob formed after coal mining,
especially the old deep gob, has good gas tightness and CO, adsorption capacity, which provides
an important method for low-cost underground storage of CO,. There are about 7000 coal mines
with a large number of gobs in China, and there is a good prospect for sequestering CO, in the gob.
At present, many scholars are developing new materials to inject into gob, which cannot only prevent
and extinguish fire, but also mineralize a large amount of CO, to realize CO; sequestration [16-22].
However, the precondition to achieve a large amount of CO, sequestration in gob is to transport CO,
to gob in large quantities. The distance from the surface to the underground gob is about 1-5 km.
Previous studies have shown that the cost of transporting liquid CO, is the lowest compared with
transporting gaseous CO, and supercritical CO; in this distance range [23]. Therefore, in order to
make full use of the large amount of CO; storage in gob, it is also necessary to construct a liquid CO,
pipeline transportation system from ground to underground.

At present, many sets of CO, pipeline transportation systems have been constructed worldwide
to inject CO, into underground for CO; enhanced oil recovery (EOR) or enhanced coal bed methane
production (ECBM). For example, a Bravo CO, long-distance pipeline for carbon capture and storage
(CCS)-EOR was constructed between New Mexico and Texas, with a diameter of 0.51 m (20”) and a
length of 351 km [24,25]. The Weyburn CO, monitoring and storage project in Canada has established
a pipeline for transporting supercritical CO, from Great Plains Coal Gasification Plant to Weyburn with
a diameter of 305-356 mm and a length of 328 km [25,26]. The Sleipner project in Norway established
a CO, pipeline with an annual capacity of about 1 million tons and a length of 4 km to transport CO,
to saltwater reservoirs 800-1000 m below the North Sea [27,28]. However, these pipeline systems are
mainly used to transport supercritical CO, and research on liquid CO, pipeline transportation systems,
especially for a large height difference pipeline transportation system, is scarce.

When building a pipeline transportation system for CO,, it is necessary to first grasp the law
of temperature and pressure variation of CO, in the pipeline. Figure 1 is the phase diagram of CO,,
and it can be seen that the phase of CO, depends on both temperature and pressure. Only when the
temperature and pressure are controlled in the area shown in the shadow of the Figure 1 can CO,
remain liquid phase. During the transportation process, the temperature and pressure are in a dynamic
change, and CO; is prone to gasification. Liquid CO, gasification will cause severe vibration of the
pipeline and absorb a large amount of heat rapidly, which will affect the mechanical properties of
the pipeline and easy to form dry ice particles in the pipe to influence the normal transportation of
the pipeline. At the same time, high-pressure bubbles in two-phase flow can easily damage pumps
and other equipment, leading to paralysis of the transportation system. Zhang et al. [23] found that
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gasification occurs easily in the transportation of liquid or supercritical CO;, resulting in a large
pressure drop or even blocking. Teh et al. [29] studied the effects of burial and ambient temperature on
liquid and supercritical CO, pipelines and found that in order to avoid phase transformation during
transportation, pumps/compressors are needed in the transportation pipeline system. For coal mines,
the mining depth is generally 200-1000 m. To build a liquid CO; pipeline transportation system from
the ground to the underground, a large height difference needs to be taken into account. Therefore, it is
necessary to study the temperature and pressure changes of liquid CO, in a larger-height differential
pipeline transportation system, and the measures to prevent gasification in the process. It is difficult to
adjust the temperature and pressure of CO; in vertical roadway of coal mine by installing equipment.
Only by optimizing the pipe diameter, inlet parameters (temperature and pressure of liquid CO; at the
inlet of the pipe), insulation method and other measures can the temperature and pressure of liquid
CO; in the pipeline with large height difference be always within the shaded area in Figure 1.

10000
Sublimation Line
Melting Line
Saturation Line Critical
1000 | Aoy Phase

Solid phase Liquid phase

100

Critical point
31.1T,73.8bar

Pressure (bar)

10}

Triple point
-56.56C,5.18bar

Vapour phase

1 1

0.1
-100 -50 0 50

Temperature ('C)

Figure 1. CO, phase diagram.

Many scholars have studied the method of determining the optimum diameter of a CO, pipeline
transportation system. For example, Mohitpour et al. [30] constructed the calculation model of the
optimal diameter based on the energy balance equation of flowing CO,. Zhang et al. [23,31] obtained
the formula for calculating the optimal pipe diameter based on Peters from the economic point of
view, which involves the factors of pipeline cost, pump/compressor power, heat preservation, and
maintenance, etc. For the determination of inlet parameters, some studies have been carried out to
determine the optimum value by analyzing the temperature and pressure changes along the pipeline
with different inlet parameters combining economic factors. For example, Zhang et al. [23] studied the
pressure drop along the pipeline from the power plant to the injection point in the CO,-ECBM project at
different inlet temperatures and pressures and the number of booster stations needed to be installed
along the pipeline and based on these, the optimum inlet parameters were determined. Witkowsk
et al. [32] studied the variation of pressure drop and density at different inlet temperatures under
isothermal and adiabatic conditions, and determined the influence of inlet temperature on the maximum
safe transportation distance. It can be found that these studies clarify the influence of pipe diameter
and inlet parameters and the determination method of their optimum values from the perspective of
economy and temperature and pressure along the pipeline, which has important guiding significance
for the construction of a liquid CO, pipeline transportation system from coal mine surface to gob.
However, the data about the influence of pipe diameter and inlet parameters on the temperature and
pressure change along the liquid CO, transportation pipeline with large height difference are still scarce,
which is the basic premise of constructing a liquid CO, pipeline transportation system of coal mine.

Therefore, the main purpose of this study was to analyze the temperature and pressure variation
of liquid CO; along large-height difference pipelines with different pipe diameters and inlet parameters,
so as to determine the method to ensure the CO, is always liquid in pipeline with large height
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difference by controlling pipe diameter and inlet parameters. Firstly, using Aspen HYSYS V7.2®
commercial simulation software (Aspen Technology, Inc., Bedford, MA, USA), based on whether
phase change occurs in vertical pipelines with different diameters when transporting liquid CO, with
different flow rates, the limit flow range of each pipe diameter was studied, and the optimum diameter
was determined by combining the liquid CO, flow required for underground fire prevention and
extinguishing. Then, the effect of inlet temperature and pressure on the process of transporting liquid
CO; in vertical pipeline was studied by obtaining the optimal diameter before, and determining the
optimal inlet parameters. This study provides a theoretical basis for the construction of a liquid CO,
pipeline transportation system from coal mine surface to underground.

2. Methods

2.1. The Liquid CO; Pipeline Transportation System from Coal Mine Ground to Underground

The liquid CO, pipeline transportation system from coal mine ground to underground is shown
in Figure 2, which mainly includes liquid CO; cylinder, pipeline, valve and so on. The liquid CO, used
in coal mines is mainly transported from nearby chemical plants and power plants, etc. Therefore,
liquid CO; storage cylinders are set up on the ground of coal mines [12]. The pipeline part mainly
includes three parts: ground pipeline, vertical pipeline and underground pipeline. The vertical pipes
are laid through vertical air intake or return wells in coal mines. Temperature and pressure variation
of liquid CO; along the vertical pipeline is the main content of this study.

Carbon dioxide cylinder

Ground Pipeline

Vertical pipeline

Carbon dioxide Gob Hydraulic support ~ Underground pipeline
Figure 2. Liquid CO;, pipeline transportation system from coal mine ground to underground.

2.2. Method of Studying the Variation of Temperature and Pressure along Pipeline

ASPEN HYSYS® V7.2 commercial simulation software (Aspen Technology, Inc., Bedford, MA,
USA) was used to study the effect of pipe diameter and inlet temperature and pressure on the variation
of liquid CO, temperature and pressure in the pipeline with large height difference. Many scholars
have used this software to do relevant research, which proves the accuracy and scientificity of the
software used to study the temperature and pressure variation rules along the pipeline when CO; is
transported. For instance, Teh et al. [29] used the software to study the pipeline transporting process of
CO,. Luo et al. [33] used ASPEN HYSYS® to study the gas pipeline network in Humber area, UK and
the research results were compared with those of PIPE-FLO®, and they are in good agreement.

Firstly, the steady-state model was used for simulation. The molecular weight, boiling point, ideal
fluid density, critical point of CO,, etc. were input. Peng—Robinson (PR) equation of state was used
for physical calculation [34], as it could strictly calculate any single, two or three-phase system and is
efficient, reliable and widely applicable. Li et al. [35] concluded that PR equation has high accuracy for
pure CO; or the CO; containing impurities of hydrogen sulfide or methane. Luo and Teh et al. [29,33]
also used PR equation to simulate the pipeline transportation process of CO,, which proved that the
calculation results are of reliability. Mohitpour et al. compared the predicted values obtained by
different equation of state with the critical temperature and pressure measured by Dusckek et al. [36,37],
and found that the predicted values of PR equation of state were very close to the experimental data.
All the equations for PR used in this study are the standard form in HYSYS without any modifications.
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Then, the composition of the fluid (pure CO,), pipeline parameters (material, pipe diameter,
length, etc.) and thermodynamic parameters (insulation layer, environmental medium, ambient
temperature, etc.) and other parameters were input. Considering the cost of a pipeline, pipe installation
and maintenance, the lower diameter of pipeline is more suitable for liquid CO, transportation.
According to the diameter standard of pipelines stipulated by the General Administration of Quality
Supervision, Inspection and Quarantine of China, the inner diameters of the pipes were selected to be
15 mm, 20 mm, 25 mm, 32 mm, 40 mm and 50 mm, respectively [38], so as to study the influence of the
pipe diameters. Pipeline material was set as mild steel with roughness of 4.572 x 1075 m [26,29,39,40],
ignoring the influence of local factors such as valves and elbows in the simulation. Because deep
seam mining seldom exceeds 1000 m, the length and the height difference of the pipeline was 1000 m
between the inlet and outlet of pipeline section in the simulation (i.e., 1000 m vertical pipeline).

The overall ambient temperature was set to 20 °C (the ambient temperature in the vertical mine
roadway is generally about 20 °C), the environment medium was air, and there was no insulation
outside the pipeline. For the calculation of heat loss, the standard method from HYSYS was used.

When studying the flow range of pipe with different diameters, the inlet pressure was set to 22 bar
and the inlet temperature was —20 °C. This is due to the fact that storage cylinders are usually used to
store liquid CO; on the surface of coal mines, and the pressure in storage cylinders is generally in the
range of 14-24 bar, while the storage temperature is generally —20 °C or lower [41-44]. In order to
determine the influence of pipe diameter and flow rate on liquid CO, transportation, it was analyzed
whether phase transition occurred in a pipeline of different diameter when transporting CO, with
different mass flow rate. The specific process was as follows:

(1) Setting the pipe diameter, and sequentially setting the predetermined flow rate (i.e., 500, 1000,
2000, 5000, 10,000, 20,000, 50,000, 100,000 kg/h) to obtain phase state data at different positions of
the transporting process.

(2) If there is no phase change within the flow range, expand the range of the preset flow rate (such
as 150,000 kg/h) and repeat step (1); if two-phase flow does not occur during the transporting
process when the flow rate is f;, but it occurs when the flow rate is f,, then the maximum limit
flow rate is between f; and f,.

(3) f3 =(f1 + £,)/2, and determine whether two-phase flow occurs when the flow rate is fs; if it occurs,
f4 = (f; + £3)/2; if it does not occur, then f; = (f; + £3)/2. Then determine whether two-phase flow
occurs when the flow rate is fy.

(4) Repeat step (3) until f; is taken between two adjacent integers m; and my, and two-phase flow
does not occur when the flow rate is mj, but occurs when the flow rate is m,, then take my for
maximum limit flow.

For determining the minimum limit flow, the same method was used. In this way, the accurate
safe transportation flow ranges of pipe with different diameters can be obtained, and the optimal pipe
diameter can be obtained combining the flow demand of CO; for fire prevention and extinguishment
in general mines.

When studying the influence of inlet parameters on CO, transport, the inlet pressure of a 1000 m
vertical pipeline was set to 14 bar, 16 bar, 18 bar, 20 bar, 22 bar, 24 bar, respectively. Based on whether
two-phase flow occurs during transportation, the maximum allowable inlet temperature corresponding
to each inlet pressure was determined step by step by the dichotomy, which was similar to the method
used to determine the limit flow. The setting of other boundary conditions during calculation was the
same as when analyzing the influence of pipe diameter and flow.

3. Results and Discussion

The limit transporting flow corresponding to each diameter was determined by studying the
variation of temperature and pressure of liquid CO, along pipelines with different diameters and
height difference, based on whether two-phase flow occurs or not.
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3.1. Safe Flow Interval

3.1.1. Maximum Limit Transporting Flow of Pipelines with Different Diameters

During the process of determining the maximum safe transporting flow, it was found that when
the flow rate is lower than the maximum limit flow rate, a small change in flow rate will not lead
to a significant change in temperature and pressure, and the difference between different flow rates
cannot be clearly identified on temperature and pressure diagram with distance. However, when it is
larger than the maximum limit flow rate, the results are exactly opposite. In order to clearly show the
temperature and pressure changes along the pipeline at different flow rates, the results of flow rates of

0.4,0.7,1,1.01, 1.02 and 1.03 times the maximum limit flow rate are listed in Figures 3 and 4.
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Figure 3. Curves of CO, temperature (solid line) and liquid holdup (dotted line) with depth at different
flow rates under different pipe diameters: (a) 15 mm diameter; (b) 20 mm diameter; (c) 25 mm diameter;
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Figure 4. Curves of CO, pressure (solid line) and liquid holdup (dotted line) with depth at different
flow rates under different pipe diameters: (a) 15 mm diameter; (b) 20 mm diameter; (c) 25 mm diameter;

(d) 32 mm diameter; (e) 40 mm diameter; (f) 50 mm diameter.

Figure 3 shows the temperature and liquid holdup of liquid CO, along the pipeline at different flow
rates. Liquid holdup (H) refers to the proportion of liquid cross-section area (A1) to total cross-section
area (A) in the process of liquid—gas two-phase flow in pipe, i.e., H = A;/A. According to the calculation
results of liquid holdup, it can be seen that with the increase of flow rate, phase transition of liquid
CO; occurs at a certain point in the pipeline. When the pipe diameters are 15 mm, 20 mm, 25 mm,
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32 mm, 40 mm and 50 mm, the maximum limit flow rates without phase transformation are 1797 kg/h,
4163 kg/h, 7816 kg/h, 15,363 kg/h, 28,003 kg/h and 50,722 kg/h, respectively.

When the flow rate is 0.4 and 0.7 times the maximum limit flow rate, no phase transition occurs
along the pipeline. It can be seen that with the increase of pipeline depth, the temperature of liquid
CO; increases gradually. This is the result of heat exchange between the pipeline and its external
environment [32]. Under the same pipeline parameters, the higher the flow rate, the faster the CO,
velocity of flow, the shorter the heat absorption time of the same mass flowing through the whole
pipeline, which leads to the larger the flow rate and the smaller the temperature rise. For instance,
when the flow rate is 0.4, 0.7 and 1 times the maximum limit flow rate with the 15 mm diameter
pipeline, the liquid CO, temperature at the end of the pipeline reaches 20.3 °C, 13.3 °C and 6.2 °C,
respectively (the inlet liquid CO, temperature of the pipeline is set to —20 °C).

When the flow rate exceeds the maximum limit flow rate, phase transition will occur in CO,
flow, and the higher the flow rate, the earlier the phase transition will occur. A 15 mm pipe diameter
condition is taken as a representative example, the flow rate is 1.01, 1.02 and 1.03 times the maximum
limit flow rate, respectively. At 940 m, 800 m and 680 m of the pipeline, CO; changes from liquid to gas
very quickly. This process absorbs a large amount of heat instantaneously, resulting in a sudden drop
in the temperature of CO; at initial gasification point, which shows a turning point of temperature
curve close to 90 °C.

Figure 4 is the pressure curve of liquid CO, along the pipeline at different flow rates. When the
flow rate is 0.4 and 0.7 times the maximum limit flow rate, the pressure of liquid CO, increases
gradually along the pipeline, but the higher the flow rate, the smaller the pressure rise. When the
diameter of the pipeline is 15 mm, the pressure at the end of the pipeline reaches 100.8 and 80.0 bar,
respectively. In addition, it can be seen that the pressure rise is very small with the maximum limit
flow rate.

Pressure along the pipeline is mainly determined by two factors, namely, static gradient and friction
gradient. Static gradient is mainly determined by mining depth and fluid density. Friction gradient is
determined by friction strength and has a direct relationship with pressure drop [32]. When the sum of
friction gradient and the static gradient is positive, the higher the sum is, the faster the pressure drop
rate is; when the sum is negative, the smaller it is, the faster the pressure rises.

Figure 5 shows the variation of friction gradient and static pressure gradient with pipeline depth
in 15 mm diameter pipeline when the flow rate is 0.4, 0.7, 1, 1.01, 1.02 and 1.03 times the maximum
limit flow rate, respectively. For the condition that there is no two-phase flow (i.e., 0.4, 0.7, 1 times the
maximum limit flow rate), it can be seen that the influence of pipe depth on the friction gradient is
very small, but the static gradient increases with the transportation depth. Additionally, the flow rate
has a great influence on the friction gradient, the higher the flow rate, the greater the friction gradient.
At the end of the pipeline, the friction gradient at the maximum limit flow rate is 8.3 times that at the
0.4 times maximum limit flow rate. The static gradient decreases with the increase of flow rate, but
the decrease is small (change within 2 kPa/m). When the flow rate is large, the pressure drop caused
by the large friction gradient will be larger than the increase of the static pressure gradient, and even
cause the pressure at the end of the pipeline to be lower than the inlet pressure.

When the flow rate is 1.01, 1.02 and 1.03 times the maximum limit flow rate respectively, the
pressure drops sharply after the phase transition occurs, which is due to the rapid increase of the
volume flow rate in the pipeline caused by the appearance of the gas after the phase transition occurs
(the gas volume of the same mass CO; is hundreds of times the liquid volume of CO,), which leads to
the rapid increase of friction resistance.
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Figure 5. Variation of friction gradient (a) and static gradient (b) with depth under different flow rates
of 15 mm pipe diameter.

3.1.2. Minimum Limit Transporting Flow of Pipelines with Different Diameters

It can be seen from the results presented in Section 3.1.1 that the smaller the flow rate, the greater
the heat exchange between CO; and the surrounding environment, resulting in faster temperature
rise along the pipeline. Therefore, it can be inferred that when the flow rate of liquid CO, is very
small, phase transition will also be found in the transporting process, and there is a minimum limit
transporting flow to avoid the occurrence of two-phase flow. When the flow rate of liquid CO; is
small, the changes of liquid holdup, temperature and pressure along the vertical pipeline are shown in
Figures 6 and 7.

Figure 6 shows that the minimum limit flow rates are 336, 389, 417, 461, 504 and 555 kg/h when
the pipe diameters are 15, 20, 25, 32, 40 and 50 mm respectively. Gasification of liquid CO, will occur
during transportation as the flow rate continues to decrease. According to the variation of liquid
holdup along the pipeline (Figure 6), it can be seen that there are three kinds of changes in the phase
state of CO; in the 1000 m vertical pipeline: the whole process of transporting liquid CO,; transporting
liquid CO,, then transporting gas-liquid two-phase CO; after phase transition occurs; transporting
liquid CO,, gas-liquid two-phase CO; after phase transition occurs and gas-phase CO; after complete
gasification in turn. For a pipeline with diameter of 15 mm, when the inlet flow rate is 336 kg/h, the
liquid holdup of the whole pipeline is 1, which means that CO, remains in the liquid phase; but when
the inlet flow rate is reduced to 316 kg/h, the liquid holdup of the pipeline decreases continuously
from the position of 40 m to the end of the pipeline (the liquid holdup at the end of the pipeline is
0.0603), indicating that liquid CO, is gasified gradually during this period, that is to say, liquid CO,
is transported before 40 m, and then gas-liquid two-phase CO; is transported. When the inlet flow
rate continues to decrease to 296 kg/h, gasification begins at 40 m and liquid holdup drops to 0 at 900
m, indicating that liquid CO, is transported before 40 m, gas-liquid two-phase CO, is transported
between 40 m and 900 m, and then gas-liquid CO is transported.

The change of liquid holdup is consistent with that of temperature and pressure. For instance,
when liquid CO; is transported by a pipeline of 15 mm diameter at 296 kg/h, it will remain liquid until
40 m. At this time, the temperature rises rapidly, because the temperature difference between CO, and
the surrounding environment is large in the initial stage, and the flow rate is small. The slow flow
rate leads to the rapid heat transfer between CO, and the surrounding environment; The pressure
rises linearly at this time because the transport medium is pure liquid CO,, and the density change is
less affected by its temperature and pressure change, which makes the static pressure rise rate stable,
and the density change small makes the velocity of CO, along the pipeline stable, which makes the
pressure drop change stable, too; at the same time, the very low flow rate makes the pressure drop
especially low, in two aspects. The two aspects make the pressure rise almost linearly.
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Figure 6. Variations of temperature (solid line) and liquid holdup (dotted line) along the pipeline when
the flow rate is less than or equal to the minimum limit flow rate: (a) 15 mm diameter; (b) 20 mm
diameter; (c¢) 25 mm diameter; (d) 32 mm diameter; (e) 40 mm diameter; (f) 50 mm diameter.
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Figure 7. Variations of pressure (solid line) and liquid holdup (dotted line) along the pipeline when the
flow rate is less than or equal to the minimum limit flow rate: (a) 15 mm diameter; (b) 20 mm diameter;
(c) 25 mm diameter; (d) 32 mm diameter; (e) 40 mm diameter; (f) 50 mm diameter.

From 40 m to 900 m, liquid CO, continues to gasify, and the temperature rises slowly or even
decreases at this time. The main reason is that the heat absorption of CO; gasification inhibits the
temperature rise caused by heat transfer with the surrounding environment. Because the specific heat
capacity of gaseous CO; is much lower than that of liquid CO,, this leads to even lower temperature
when liquid holdup is low in the later stage. While the density of the pipeline decreases due to
the gradual gasification of liquid CO,, which impedes partly the increase of static pressure, and the
pressure drop increases due to the increase of friction between flow and the wall of the pipeline.
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The rate of pressure rise decreases dramatically, and even the pressure does not increase with the
decrease of altitude; that is to say, the pressure decreases.

After 900 m, the temperature of CO, rises rapidly because of the lower specific heat capacity of
fully gasified CO,; convective heat transfer with the surrounding makes the temperature of CO, rise
faster, and the temperature rise slows down near ambient temperature, which is due to the smaller
temperature difference between CO, and the ambient environment. The CO, density of complete
gasification is very low, which makes the rate of static pressure rise very low, and the pressure drop
caused by CO; friction after gasification is much higher than that of liquid state, which makes the
pressure drop.

Comparing Figures 3 and 4, with Figures 6 and 7, it can be found that phase transition occurs
when liquid CO; is transported at very high or very low flow rates, but there are obvious differences
between them. At high flow rate, a sudden change in phase transition occurs, and the rate at which
CO; is converted into gases in pipes is very fast. Conversely, the phase transition of liquid CO, is a
slow process at low flow rate.

The results of Section 3.1.1 show that the pressure drop of CO; before two-phase flow occurs at
high flow rate is much larger than that at low flow rate, which is one of the reasons why the phase
change rate at high flow rate is much higher than that at low flow rate. The volume flow rate of CO,
produced by gasification at high mass flow rate is much higher than that at low mass flow rate, which
further increases the pressure drop of the flow in the pipeline. These two factors lead to the rapid
increase of pressure drop after gasification at high flow rate, which leads to the rapid phase transition
process. At low flow rate, the pressure drop is much lower than that caused by phase change at large
flow rate, which is the main reason for the fast phase change process at high flow rate and the slow
phase change process at low flow rate. Pressure drop is very small before two-phase flow does not
occur at low flow rate. After gasification of two-phase flow, pressure drop does not rise rapidly, and
under this condition the main reason for the two-phase flow is due to sufficient heat transfer with the
surrounding environment. The endothermic effect of gasification can inhibit the heating process caused
by heat transfer and the rate of phase transition, which makes the phase transformation process slow.

In order to further improve the safety, the minimum limit flow rate and maximum limit flow rate
determined based on whether two-phase flow is generated are multiplied by 110% and 90% respectively
as the limit value of actual transport flow. All the results are listed in Table 1. In order to ensure the
effectiveness of fire prevention and fire extinguishing in coal mine, the liquid CO, transporting system
is required to have 1-10 t/h transporting capacity [41,42]. It can be found from Table 1 that the pipe
diameters of 32, 40 and 50 mm can meet the requirements. Considering the economic cost, a 32 mm
pipe diameter is determined as the optimal diameter.

Table 1. Flow range of pipeline transportation of liquid CO, with different diameters.

Actual Limit Flow Inner Diameter of Pipeline

15 mm 20 mm 25 mm 32 mm 40 mm 50 mm

Actual minimum limit flow (kg/h) 370 428 459 507 554 611
Actual maximum limit flow (kg/h) 1617 3747 7034 13,826 25,202 45,649

3.2. Optimum Inlet Temperature and Pressure

Temperature and pressure of liquid CO; at the entrance of the pipeline section can affect
temperature and pressure changes along the pipeline [32]. Only by obtaining the optimum inlet
parameters which can avoid phase change along the pipeline can determine whether it is necessary to
install a temperature controller or a booster pump before the entrance of the pipeline. According to the
results of the study in Section 3.1, a pipe with an inner diameter of 32 mm and a flow rate of 5 t/h was
used to study the optimum inlet temperature and pressure.
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Figures 8 and 9 show the change of temperature and pressure along the pipeline at different inlet
temperatures and inlet pressures. When the inlet pressure is set to 14 bar and the inlet temperature is
—-30 °C, —=32.5 °C and —35 °C, respectively, the temperature rise curve is very smooth and nearly linear,
and it can be judged that there is no phase transition in the transport process. The three lines gradually
approach as the depth increases, and it can be seen that the lower inlet temperature has a higher rate
of rise. This is because the ambient temperature is constant and the lower inlet temperature of the
fluid causes a higher temperature difference, so that the heat transfer rate of the whole depth range
is faster. However, when the inlet temperature is —25 °C and —27.5 °C, respectively, CO; is always
in the gas phase from the starting position, and it can be noticed that both temperature and pressure
dropped rapidly. This is because the volume flow of CO; in the pipeline is very high, resulting in a
very large pressure drop. Simultaneously, according to the basic state equation PV = nRT, where P is
the pressure, V is the gas volume, n is the amount of the substance, T is absolute temperature, and
R is the gas constant, when the three values (V, n, R) are fixed, if the pressure value decreases, the
temperature must go down. According to the above analysis, it can be determined that when the inlet
pressure is 14 bar, the maximum allowable inlet temperature is =30 °C. The maximum allowable inlet
temperature is obtained by the same method under other pressure conditions.

The maximum allowable inlet temperatures corresponding to the six inlet pressures (14 bar, 16 bar,
18 bar, 20 bar, 22 bar, 24 bar) are —30 °C, -26 °C, =23 °C, =19 °C, =16 °C and -13 °C, respectively
(Figure 10). In Figures 8 and 9, for each inlet pressure, the change of fluid temperature and pressure
along the pipeline is basically the same. Under the maximum allowable inlet temperature, the
endpoint temperature rises with the increase of inlet pressure. For example, when the inlet pressure
and temperature are 24 bar and —13 °C (the maximum allowable inlet temperature), the endpoint
temperature and pressure are 5.8 °C and 104.9 bar, respectively. However, when the inlet pressure and
temperature are 14 bar and —30 °C (the maximum allowable inlet temperature), the end temperature
and pressure are —4.0 °C and 108.6 bar, respectively. The end temperature and pressure difference
between the two conditions is 9.8 °C and 3.7 bar, which is far below the initial pressure and temperature
difference of 17 °C and 10 bar. Moreover, in Figure 10, through simple calculations, it is found that for
every 2 bar increase in inlet pressure, the maximum allowable inlet temperature can be increased by
about 34 °C, which indicates that the requirement for the inlet temperature will decrease when the
inlet pressure rises.
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Figure 8. Temperature variation along the pipeline at different inlet temperatures and different inlet
pressures: (a) 14 bar; (b) 16 bar; (c) 18 bar; (d) 20 bar; (e) 22 bar; (f) 24 bar.
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Figure 9. Pressure variation along the pipeline at different inlet temperatures and different inlet
pressures: (a) 14 bar; (b) 16 bar; (c) 18 bar; (d) 20 bar; (e) 22 bar; (f) 24 bar.
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Figure 10. Maximum allowable inlet temperature corresponding to each inlet pressure.
3.3. Discussion on Safe Pipeline Transportation of Liquid CO,

According to Section 3.1, for pipelines with different diameters, there is a flow interval that could
avoid phase transition of liquid CO;. Therefore, when designing a liquid CO; pipeline transportation
system, the pipe diameter and its corresponding maximum and minimum limit flow rates should be
determined according to the actual demand for liquid CO, flow. In actual pipeline transportation, it
is easy to control the flow below the maximum limit flow. However, in many cases it is not possible
to guarantee that the flow is above the minimum limit, such as at the beginning and the end of
the transportation. For example, after the end of the transportation, a large amount of liquid CO,
remains in the pipe, but the flow rate is zero. In these cases, the temperature of the liquid CO,
rises rapidly, and gasification occurs. In order to solve this problem, it is necessary to study the
corresponding countermeasures.

In Section 3.2, it was found that the suitable setting of inlet pressure and temperature could
avoid the phase transition of liquid CO, in the pipeline with large height difference. For every 2 bar
increase in inlet pressure, the maximum allowable inlet temperature can be allowed to rise by about
3—4 °C. When designing the system, it is possible to determine whether to adopt pressure regulation or
temperature control from the perspective of economic cost.

In addition, only three parameters of pipe diameter, flowrate and inlet temperature and pressure
were involved in this study. However, many other factors, such as ambient temperature, type and
thickness of insulation layer, pipe inclination and pipe roughness, also affect the temperature and
pressure changes of liquid CO, during transportation. They are important factors in determining the
safe transportation of liquid CO,. The impact of these parameters also requires further in-depth research.

4. Conclusions

The influence of pipe diameter and inlet temperature and pressure on the temperature and
pressure along a 1000 m vertical pipeline for transporting liquid CO, was studied. Based on the
phase change of liquid CO, during transportation, the transportation flow range of a 1000 m vertical
pipeline with different diameters was determined. According to the requirement of underground fire
prevention and extinguishing for transporting flow rate and economic cost, the optimum diameter of
the pipe is 32 mm, and the transporting flow range is 507-13,826 kg/h. When the transporting flow is
larger than the maximum safe transporting flow, the liquid CO, will change dramatically, which will
lead to a sudden drop in temperature and pressure, and will influence the mechanical performance
of the pipeline. When the transport flow rate is lower than the minimum safe transport flow rate,
the liquid CO; will phase change slowly along the pipeline. In addition, the maximum allowable
inlet temperature corresponding to different settled inlet pressures was determined. When the inlet
pressure is constant, if the inlet temperature is too high, the liquid CO, will change dramatically at
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the entrance of the pipeline. For every 2 bar increase in inlet pressure, the maximum allowable inlet
temperature can be allowed to rise by about 34 °C.
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