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Abstract
Power plants with CCS facilities should be operated flexibly because of the variability in

electricity demand. Load change, start-up and shutdown will occur during flexible CCS
operations. It is necessary to investigate the transient behaviours of CO, flow in the pipeline
during these operations for optimized operation of CCS plants. However, very limited
experimental data for gas-liquid two-phase CO,under CCS conditions are available. As a result,
experimental observations of the CO» transient behaviours were conducted on a CO; gas-liquid
two-phase flow rig. Load change, start-up and shutdown of a CO, flow process were replicated
on the rig. Coriolis flowmeters and high-speed imaging equipment were used to observe the
mass flow rate, thermophysical properties and flow regimes of the CO, flow. There are
significant discrepancies in the mass flow rate of two-phase CO, between the test value and the
reference value during the load change. During the start-up operation, the flow regime transits
from liquid slug flow to gas bubbly flow and the mass flow rate from the Coriolis flowmeter
presents two-step changes. In addition, the depressurization and evaporation of liquid CO> in

the pipeline were observed during the shutdown operation.
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1. Introduction

It is well known that electricity generation from fossil fuel power plants is a major source of
CO, emissions, which makes power plants the first point of interest for implementation of low
emissions technologies such as CCS (Leung et al., 2014). Although it is assumed by IEA GHG
and others that power plants with CCS will operate at base load, power plants are increasingly
required to balance the power grid by compensating for the intermittent electricity supply from
renewable energy resources such as solar stations and wind farms. As a result, in many cases
CCS plants will need to be operated flexibly (Abdilahi et al., 2018; Dowell and Staffell, 2016;
Mechleri et al., 2017; Tait et al., 2016). Load change, start-up and shutdown will occur during
flexible CCS operations. CCS technology has three parts, which are capture, transport and
storage, and pipelines are considered to be the most viable solution for large volume CO>
transportation (Onyebuchi et al., 2018). Transient conditions occur in the pipeline during
flexible CCS operations, which result in phase transition of CO,, flow instability and hydrate
formation (Uilhoorn, 2013). It is therefore necessary to investigate the transient behaviours of
CO; in the pipeline for the optimization of CCS operations and earlier work on the numerical
simulations of transient CO; flow are available. In addition, knowledge on transient behaviours
of CO; will enable an in-depth understanding of the CO, flow characteristics and subsequent
optimal design of the CO; transport pipelines under flexible CCS conditions. There has been
some work on the modelling of CO, flow characteristics in recent years. Chaczykowski and
Osiadacz (2012) carried out the simulations of transient flows in pipelines containing dense
phase and supercritical CO,-rich mixtures. The transient conditions of block valve closure and
variable CO; production rates were selected as case studies. The results showed that the type
and quantity of impurities had a significant influence on the hydraulics of the pipeline
transportation system under transient conditions. Aursand et al. (2013) reviewed current
research challenges related to the transient flow modelling of multiphase CO,-rich mixtures in
pipes. Although numerical simulations have been conducted to analyze the transient behaviours
of CO; flow in the pipeline, there have no experimental investigations to date to validate the

transient numerical models.

Experimental investigations into CO, transient behaviours in CCS pipelines require appropriate
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measurement devices. The Coriolis mass flowmeter (CMF) was recognised as one of the most
promising technologies for fiscal metering in CCS (Collie et al., 2016; Hunter and Leslie, 2009).
CMF is a flow measuring device that depends on the vibration between the fluid and its inner
tubes to create Coriolis acceleration on the fluid and to sense the reaction on the tubes. CMF
measures the mass flow rate of the fluid based on the time delay between the two pick-up
sensors with high accuracy, rangeability and repeatability (Wang and Baker, 2014). In addition
to the mass flow rate, the density of the fluid can also be determined from the resonant
frequency of the tubes and the temperature of the fluid. With increased acceptance in industry,
CMF has been widely applied in single-phase and multiphase flow measurement (Wang and
Baker, 2014). Wang et al. (2018) reported that the CMF combined with soft computing models
can measure the mass flow rate of gas-liquid two-phase CO, with a relative error of 2% over
the range from 250 kg/h to 3200 kg/h. In addition, for flow measurement in transient conditions,
the dynamic response of the CMF is important. It was found from experimental investigations
on a water flow test facility that, with appropriate flow tube design, improved meter drive and
signal processing procedures, high dynamic performance CMF was achievable (Cheesewright
and Clark, 2004; Clark and Cheesewright, 2006). Pope and Wright (2014) investigated the
performance of the CMFs in transient helium gas flows and proved that CMFs satisfy the
requirement from the International Organization of Legal Metrology Recommendation 139.
However, the thermophysical properties of the fluid in above reported work are quite different
from CO; under CCS conditions. Experimental investigations into CO» transient behaviours
using CMFs are required to validate the CMF performance during flexible CCS operations.
Nazeri et al. (2016) studied transient conditions on a CO; flow rig under start and stop
operations using a CMF, but their work focused on gaseous CO, flow in a 6 mm bore pipeline,
the flow characteristics of which are far from those under CCS conditions. Gas-liquid two-
phase CO; is expected in CCS pipelines due to the thermophysical properties of CO; and the
transportation conditions. Moreover, flow regimes of two-phase CO, fluctuate significantly due
to the changes in the flow dynamics and thermophysical properties of CO, during the transient
conditions. In order to visualize the highly dynamic characteristics of transient CO; flow, high-

speed imaging is utilized in conjunction with CMFs in this study.



2. Experimental method

The experimental method in this paper is given in Fig. 1. Three different operation modes of
load change, start-up and shutdown in the CO, transportation pipeline during flexible CCS
operations were created on the experimental rig. During each operation mode, the mass flow
rate, density, temperature and pressure of the two-phase CO; flow from the CMF and the
pressure transducer were recorded. In addition, images of the CO, from high-speed imaging
equipment were also captured. As a result, the mass flow rate, thermophysical properties and
the flow regimes of two-phase CO; flow in the pipeline were varied and observed under a range

of flexible CCS conditions.
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Fig. 1. Experimental method

3. Experimental setup and test conditions

Experimental investigations were conducted on a 25 mm bore horizontal test section of the CO,
gas-liquid two-phase flow rig at North China Electric Power University, as shown in Fig. 2 (a).
COs, is stored in a separator which also serves as a supply vessel. From the separator, the liquid
CO; flow is driven by a piston pump while the gas CO; flow is driven by a compressor. Both
flows are controlled separately and mixed at a downstream mixer. After the horizontal and
vertical test sections, the gas-liquid two-phase CO» returns to the separator. The distance
between the horizontal test section and the mixer is 65D (D=25 mm). The CO; flow in the
horizontal test section is fully developed. Two independent CMFs are installed on the liquid
and gas CO; flow sections to provide references. The measurement uncertainty for liquid phase

and gas phase CO; is 0.16% and 0.3%, respectively.



A CMF, a high-speed imaging equipment and a pressure transducer were installed in series on
the horizontal pipeline, as shown in Fig. 2 (b) and (c). The CMF installed on the horizontal test
section was KROHNE OPTMASS S15. XFC 300 Data Logger was used to record and monitor
the mass flow rate, density and temperature of CO, flow during each test. A transparent acrylic
pipe was also installed in the horizontal test section in order to visualize the liquid phase and
gas phase CO; in the pipe. The transparent acrylic pipe was specially designed to withstand the
high pressure (up to 100 bar) on the two-phase flow rig. A high speed camera (Photron
FASTCAM Mini UX 50) and the lens (AF-S NIKKOR, focal length 50 mm, maximum aperture
f/1.4) were applied to capture the images of CO, flow. The camera was placed at the same
height as the pipe centerline and a continuous white light source was carefully positioned to
obtain the clear pictures of CO; flow. During the experiments the images of CO, flow regimes
and corresponding mass flow rate, density, pressure and temperature of CO, flow under the test

conditions were recorded and analyzed.

In order to study the transient behaviours of CO,, the operation modes of load change, start-up
and shutdown of a CO. flow process were replicated on the test rig. In the load change
operations, two groups of experiments were conducted. Firstly, the gas flow rate changed while
the liquid flow rate was fixed. The step change in the gas flow rate was accomplished by
increasing or decreasing the working speed of the air compressor. In the second group of the
experiments, the step increase or decrease was introduced to the liquid flow rate in the liquid
loop while keeping the gas flow rate constant. When the load changed, a step change in the
mass flow rate of liquid phase or gaseous CO, was observed. While the piston pump in the
liquid phase loop was suddenly started or closed to create the start-up and shutdown modes,

transient CO, two-phase flow regimes in the pipeline were observed.
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4. Results and discussion

4.1. Load change

Fig. 3 shows the transient behaviours of two-phase CO; flow during the load change operations
in the horizontal pipeline. The mass flow rate of liquid phase was fixed at 1500 kg/h while the
mass flow rate of gas phase experienced the step increase or decrease. As shown in Fig. 3 (a)
and (c), it is found that the overshoot and undershoot of CO, mass flow rate from the test meter
occur during the transient changes. Due to the compressibility of gaseous CO, large variations
in gas flow rate affect the vibration between the fluid and its conveying pipe in the CMF, which
results in the overshoot and undershoot of the mass flow rate during the step increase and
decrease. Meanwhile, in comparison with the reference value, which is the sum of the results
from the CMFs in the liquid and gas single-phase loops, there are significant discrepancies in
CO, mass flow rate between the test value and the reference value during the transient changes.
The absolute error and relative error of the results from the CMF are given in Fig. 4. The
maximum absolute error and relative error are -87.89 kg/h and 5.44% during the step increase,
while the maximum absolute error and relative error are -122.43 kg/h and 7.67% during the
step decrease, which cannot meet the requirement of 1.5% measurement uncertainty specified
in the European Union Emissions Trading Scheme under all expected CCS conditions (Hunter
and Leslie, 2009). In order to accurately measure the total mass of CO- flow, the errors during
the transition should be compensated using the soft computing method (Wang et al., 2018; Yan
et al., 2018). In addition, since the gaseous CO; has a higher temperature and a lower density
in comparison with liquid phase CO., the density and temperature of two-phase CO; flow
change correspondingly during the step increase or decrease of the gas mass flow rate (Fig. 3
(b) and (d)). Meanwhile, density and temperature readings from the CMF are good indicators

for measuring the gas void fraction of two-phase CO; flow.



1660

30

1640
= 16204
>
=
P 1600
[
= 1580
2 —— Test value
ﬁ 15604, ottt o NN L Reference value
b i

o017 M«W@WMWWW

1520

T T T T T
0 5 10 15 20 25
Time (s)
() Mass flow rate variation
during step increase

1620

1600

1580
<
2 1560
2
T 1540
3
S 1520
173
S 1500
=

1480 4 — Test value

- Reference value
1460
T T T T T

0 5 10 15
Time (s)

(c) Mass flow rate variation
during step decrease

20

25

30

780

760

Density (kg/m®)

7004 .

680

740

720 4

Time (s)

30

20.98

f20.92

f20.90

r20.96

'
"1 20.94

Temperature (°C)

f20.88

r20.86

(b) Corresponding density and temperature

Density (kg/m°)

change during step increase

770

760
750 it
740 /
730
720
710
700
690

680 -

T T T T
0 5 10

Time (s)

30

r20.92

20.91

r20.90

- 20.89

- 20.93

Temperature (°C)

- 20.88

L
'k 20.87

20.86

(d) Corresponding density and temperature

change during step decrease

Fig. 3. Transient behaviours of the two-phase CO- flow during the step increase or decrease
of gas mass flow rate.
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The liquid CO; is incompressible and the variations in the liquid mass flow rate do not affect

the operation of the CMF. As shown in Fig. 5, there are smooth transitions of CO, mass flow

rate between the start point and the final point during the step increase or decrease of liquid

mass flow rate when the gas mass flow rate is fixed at 120 kg/h. Because the CMF has good



dynamic response, the test value and reference value have a similar trend. However, due to the
sudden changes in the gas volume fraction of two-phase CO, there are also obvious absolute
and relative errors of the results from the CMF, as shown in Fig. 6. In addition, the density and

temperature of CO; flow present step increase or decrease when the liquid mass flow rate

changes.
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Fig. 6. Absolute error and relative error between the test value and the reference value during
the step increase or decrease of liquid mass flow rate.

4.2. Start-up

In the start-up operations, the pipe was initially filled with the gaseous CO.. With the start of
the piston pump in the liquid phase loop, liquid slug of CO, was found in the horizontal test
section of the pipeline, as shown in Fig. 7 (a). After that, the flow regime changed to stratified
flow and the liquid level of CO; gradually increased (Fig. 7 (b)). Finally, the liquid phase filled
the entire pipe, except for small gas bubbles existing at the top of the pipeline (Fig. 7 (c)).
During the start-up process, the mass flow rate measured from the CMF in the horizontal test
section presents two-step changes, as shown in Fig. 8. In addition, it is found that the density
from the CMF gradually increases together with the second step change of the mass flow rate.
Considering the flow images from the high speed camera, it is supposed that the second step
change is related to the occurrence of the liquid slug in the horizontal pipeline. In addition, the
first step change of the mass flow rate is caused by the flow of gaseous CO,. With the start of
the pump in the liquid phase loop, the pressure wave is generated in the pipeline and the wave
forces the stationary gaseous CO; to flow through the CMF in the horizontal test section before

the arrival of the liquid slug.

(@) Liquid slug flow
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(c) Gas bubbly flow
Fig. 7. Flow regime transition during the start-up operations
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up operations

4.3. Shutdown

The transient behaviours of CO, flow during the shutdown operations are given in Fig. 9. The
pipeline was initially filled with liquid phase CO with the mass flow rate of 750 kg/h. The

piston pump in the liquid phase loop was suddenly stopped and the mass flow rate of liquid
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phase CO, dropped to zero in less than 5 seconds, as shown in Fig. 9 (a). In order to accelerate
the depressurization process in the shutdown operations, a regulating value was opened to
release the liquid phase CO; into the atmosphere. Corresponding variations in mass flow rate,
density, pressure and temperature of CO, flow in the horizontal pipeline are shown in Fig. 9
(b)-(d). Due to the large pressure drop between the pipeline and the atmosphere, the CO, flow
was forced to move and the mass flow rate of CO- presented a large increase after opening the
regulating value (Fig. 9 (b)). With the drop of the pressure in the pipeline (Fig. 9 (c)), the mass
flow rate gradually decreased. Meanwhile, the evaporation of the liquid phase CO; occurred,
small gaseous CO; bubbles were generated and the liquid level of CO, dropped, which resulted
in the density drop of the CO- flow (Figure 9 (b)). In addition, due to the endothermic effect

associated with the evaporation, the temperature of the CO. flow decreased (Fig. 9 (d)).
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Fig. 9. Transient behaviours of the CO- flow during the shutdown operations.

5. Conclusions
The transient behaviours of the CO, flow during flexible CCS operations including load change,

start-up and shutdown processes have been investigated on the CO; gas-liquid two-phase flow
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rig using dedicated instrumentation. The following conclusions are drawn from the

experimental results:

(1) There are significant discrepancies between the mass flow rate readings and the reference
values during the load change operations, especially when there is a step increase or
decrease in the mass flow rate of gaseous CO.. This is mainly due to the sudden change of
gas volume fraction in the two-phase flow.

(2) The flow regimes of liquid slug flow, stratified flow and gas bubbly flow are generated
after the start of the liquid phase pump. Meanwhile, two-step changes in the mass flow rate
and corresponding variations in the density of CO- flow were observed. Such an interesting
observation for start-up operations clearly indicates the transition from a gaseous phase to
a liquid phase inside the pipeline.

(3) After the stop of the liquid phase pump and the release of CO- flow into the atmosphere,
the depressurization and evaporation of liquid CO; in the pipeline were observed. This
shutdown process can be identified by the graduate reduction in the density of CO; flow
and the fluctuation in CO2 mass flow rate.

The significant discrepancies of CO, mass flow rate from the CMFs during the load change

operations lead to significant errors in the fiscal metering of CCS. In order to solve the above

problem, the flow compensation of the CMFs with a dynamic neural network will be

investigated in the near future.
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