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Abstract—Carbon Capture and Storage (CCS) is considered
as an important technology to reduce C@ emission from
electrical power generation and other industrial processesn the
CCS chain, i.e. from capture to storage via transportation, it is
essential to realize accurate measurement @O: flows for the
purpose of accounting and potential leakage detection. Howaye
there are some significant challenges for the current flow
metering technologies to achieve the specified 1.5% measurement
uncertainty in the EU-ETS (European Union - Emissions
Trading Scheme) for all expected flow conditions. Moreover,
there are very fewCO: flow test and calibration facilities that can
recreate CCS conditions particularly two-phase CQ@ flow in
pipelines together with accurate measurement standards. Ase
of the most potential flowmeters that may be used in the CCS
chain, Coriolis flowmeters have the advantages of direct
measurement of mass flow rate regardless of its state (liquid, gas,
gas/liquid two-phase or supercritical) in addition to the
measurement of temperature and density of C© for the
characterization of flow conditions This paper assesses the
performance of Coriolis flowmeters incorporating a soft-
computing correction method for gas-liquid two-phaseCO: flow
measurement The correction method includes a pre-trained
backpropagation neural network. Experimental work was
conducted on a purpose-built 25 mm bore two-phas€O: flow
test rig for liquid mass flowrate between300 kg/h and 350 kg/h
and gas mass flowrate from 0 to330 kg/h under the fluid
temperature of 19~21 °C and pressure of 54~58 bar.
Experimental results suggest that the Coriolis flowmeters with
the developed correction method are capable of providinghe
mass flow rate of gas-liquid CQ flow with errors mostly within
+2% and +1.5% on horizontal and vertical pipelines,
respectively.

Keywords—CCS; gas-liquid CO2 flow; flow measurement;
Coriolis mass flowmeter; gas volume fraction;

. INTRODUCTION

Pipelines are considered to be the most viable method for
onshore transportation of high volume of £ftom capture
facilities to storage sites through long distancese typical
range of pressure and temperatf@ CQ pipeline under CCS
conditions is between 85 and 150 bar, and between 13°C to
44°C, respectivelyto ensure a stable single phase flow through
the pipeline [1] However, it is extremely difficult to regulate
the pressure and temperature over long distances and during
transitions (e.g. start-up of the transportation). Moreoter,

CO; transition boundaries between phases are very close and
lie around ambient conditions. For these reasons very small
variations in temperature and pressure may lead to rapid and
substantial changes in the £ghysical properties (gas, liquid,
two-phase or supercritical). This also imposes significant
challengesto the measurement and control of Cflbws in

CCS pipelines.

With regard taCO, flow metering Orifice plate meters and
turbine meters have been used in general single-pb&se
measurement in Enhanced Oil Recover®DRE projects for
many years [2]. However, the Orifice plate and differential-
pressure meteringused for slugging two-phase mixture
measurement at the well-head is reported to give errors up to
80% [3]. Coriolis flowmeters, as one of the most accurate
singe-phase mass flowmeters, were appltedgas or liquid
CQO; single-phase flow measurement [4, 5]. In recent years,
some researchers have attempted to use Coriolis flowmeters for
two-phase or multiphase flow measurement. Coriolis
flowmeters incorporating wh a bubble-effect modela neural
network a fuzzy inference system and additional meters such
as an ultrasonic flowmeter were proposed for air-water two-
phase flow measurement [6]13However, gas-liquid two-
phase COQ flow is more difficult to measur¢han air-water
two-phase flow as the phase transition between liquid and gas
may take place during the measurement. For two-pB&se
flow measurement, commercial Coriolis mass flowmeters were

Carbon capture and storage (CCS) is an effectivé€ld-tested with slugging two-phase eGlow and the
technology to reduce GGemissions into the atmosphere anddifference between the Coriolis flowmeters under test and the
thus mitigate global warming and ocean acidification. For théeférence meter was 5% [3]. However, the characteristics of the
commercial and regulatory purposes, the accurate measureméfe-phase Coflow were not described and the effect of flow
and accounting of COs essential throughout the CCS chain.Patterns on the performance of the Coriolis flowmeters was not
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In this study, the performance of Coriolis flowmetersthe transfer function connecting the hidden layer to the output
manufactured by KROHNE (OPTIMASS 6400 S15) tolayer. The training function is th8ayesian regularization
measure gas-liquid GOlow was investigated through a serieswhilst the learning function is gradient descent with
of experimental tests. The original errors of Coriolismomentum weight and bias learning function. Training stops
flowmeters on horizontal and vertical installations arewhen the maximum number of epochs is reached or the
presented and interpretébivo parameters of interest from the performance is minimized to the goal.

Coriolis flowmeters, i.e. including apparent mass flowrate and

density drop, are analyzed over a range of mass flowrates of ll. EXPERIMENTAL RESULTS ANDDISCUSSION

liquid CO, and entrained gaseou€0O,. Based on the

experimental data, two backpropagation neural networks WitR  Test Faculity and Test Conditions

three layers are established as the soft-computing correction
methods for the Coriolis flowmetén horizontal and vertical
installations respectivelyThe corrected errors of the Cormli
flowmeters for two-phaseCO, flow measurement on both
positions are reported

Fig. 2 shows the schematic of the two-phase I test
facility. As shown in Fig.3, two independent Coriolis
flowmeters were installed before the mixer to provide
references for the individual mass flow rates of the liquid and
gas CO; phases. The reference Coriolis flowmeters equipped
on the facility offer uncertainties of 0.16% for &l@uid flows
Il METHODOLOGY and 0.3% for C@gas flows [15] In the downstream, two

The basic principle and structure of the measuremer@dditional Coriolis flowmeters of the same type were installed
system is shown in Fig. 1. The Coriolis flowmeter providegn the horizontal and vertical test sections, respectively. These
mass flow rate and density of the fluid through analyzing anére the meters under test to assess {herformance of the
processing the internal vibration signals. [Eyen though the developed correction method. In view of the effects of gravity
mass flow rate and density from the flowmeter are erroneow®nd buoyancy on two-phase fluid, both horizontal and vertical
under two-phase flow conditions, the apparent mass flowraigstallations of the meters are considered. Temperature,
and observed density drop still can reflect the variationsuef tr pressure and DP transducers were also installed to record the
flowrate and gas volume fraction to some extefihe flow conditions in the pipelines.
correction method to be incorporated in the flowmeter tc @
correct the apparent mass flow rate of two-phasei€lased [« Swaraer
on a pre-trainedP-ANN (Backpropagation-Atrtificial Neural = w st PP &
Network) ) @ T Back pressure Fractions

)
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Fig. 1. Principle and structure of the measurement system.

The structure of the BP-ANN consists of an input lager,
hidden layer and an output layer. The apparent mass flowrate
and observed density drop from the flowmeter are the two
input variables for the BP-ANN. The number of neurond) (N
in the hidden layer is determined using the equations below, as

proposed by Hecht-Nielson and Rogers and Dot [ ) ) .
Fig. 2. Schematic of the two-phaBe; flow test facility.

N™ <2N'+1 (1)
NTR
H
N TN'+1 @)

where N and NR are the numbers of input variables and
training samples, respectively. However, equations (1) and (2)
give only the range of '\ The exact N for a NN can be
selected through a trial-and-error test and trade-off between
minimizing errors and achieving good generalization capability
of the NN. The output layer has only one node which is the
mass flowrate of two-phasg€O, flow. The transfer functio
between the input and hidden layers is the hyperbolic tangent
sigmoid transfer function. The pure linear function is taken as
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Fig. 3. Photos of part of the test facility.

Experimental work was conducted under the fluid
temperature of 19-42°C and pressure of 54~58 bar. The liquid
and gas C@mass flowrates range from 300 kg/h to 3050 ka/hg  gensor Parameters
and from 0 to 330 kg/h, respectively. The test points in terms . . .
of liquid CO, mass flowrate and gas G@nass flowrate are Several parameters including gas volume fraction,
plotted in Fig. 4. A total of 128 data sets (circular markers ikeference mass flowrate, apparent mass flowrate and observed
Fig. 4, representing liquid flowrates 460, 800, 1300, 1800, density drop are analyzew quantify the behavior of two-
2300 and 3050 kg/h) were collected for the purpose of traininghase C@flow.

Fig. 4, presenting liquid flowrates @00, 550, 1050, 1550, quantity of gas C@ entrainedinto liquid CQ flows and
2050 and 2550 kg/h) for testing the networks. Each data sghjculated from
represents the average of all recorded values within an

Fig. 4. Experimental test points of gas-liquid &@o-phase flow.

approximate window of 100 seconds. On the horizontal test Ov,g

section three typical flow regimes were obseniedluding “:—qv +q *x100% ®3)
stratified flow, intermittent flow and dispersed flow. The flow I Hvg

pattern on the veruqal test section includes bubbly vﬂOthereq\,, andq,, are the volume flowrates of liquid and gas
intermittent flow and dispersed flow. ' 9

phases from the reference flowmeters. According to the
experimental conditions set in Section Ill A, the gas volume

fraction can go up to 87% at the liquid £@wrate of 300
kg/h.

Reference mass flowratg,(, ) is defined as the sum of
liquid and gas C@mass flowrate, which is calculated by

Omr = Om,) +Amg 4)

where g, and g, are the mass flow rates of liquid and gas

phases from the reference flowmeters. In the following analysis
the reference mass flowrate is regarded as the expected mass
flow to calculate the relative error of the mass flowrate feom
Coriolis flowmeter under test.

The apparent mass flowrate is the direct output feom
Coriolis flowmeter. The Coriolis flowmeter has enjoyed much
success in measuring single-phase flow. However, due to the
influenceof the entrained gas, the apparent mass flowrate is
longer the expected mass flow rate of the mixture ,flowt the
error has been found reproducible. Fig. 5 depicts how the



apparent mass flowrates from the Coriolis flowmeters ot
horizontal and vertical sections changes with the referenc
values of the liquid mass flowrate and gas volume fraction. Th 50
apparent and reference mass flowrates are somehow related.
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Fig. 5. Apparent mass flowrate under two-phase . The typical uncorrected mass flow errors of the Coriolis

flowmeteis on horizontal and vertical test sections are plotted

The observed density deviates dramatically from the liquidn Fig. 7. When the liquid mass flowrate is lower than 800

density as the gas G@ntrained into the liquid CClow. The  kg/h, gas and liquid are completely separated and form
observed density deviation (or drop) is determined from thetratified flow in the horizontal test pipe. The high volume of
density of the single liquid flowp() and the apparent density gas in the liquid makes the Coriolis flowmeter on the

(p) from the Coriolis flowmeter under test: horizontal position produces large positive errors. The
flowmeter on the vertical position gives smaller errors as

d=L""P 100% (5)  bubbles go upwards in the liquid. The intermittent flow with
o, high liquid flowrate and less gas entrainment has little effect on

] ] ) .. the performance of Coriolis flowmeters on both horizontal and
Fig. 6 show observed density drop as a function of the liquidyertical positions. As gas GOincreases, the two Coriolis

mass flowrate and gas volume fraction@®;, flow. As more  flowmeters generate negative errors for the dispersed flow.

gas is fednto the pipe, the gas volume fraction goes up angijtferent flow patterns of the two-phase flow tend to show

density drops quicklyAlthough the density is also subject to gifferent trends on the error curves due to the chaotic nature of

similar errors as the mass flow measurement due to the natyfg gas phase distribution within the liquidhe meter

of the two-phase flow, it however can be usedramaicator  grientation also affects the phase distribution in the flow tubes.

of gas volume fraction. In the horizontal installation, the flow tubes are in downward
position and bubbles may get trapped on the inlet side at low
rates due to the buoyancy effe€onsequently, the mass flow
errors of Coriolis flowmeters are either positive or negative and
have different trends from horizontal and vertical installations.



Thanks to the new generation flow transmitter, the results fc
the same installation are reproduciblg [7

Each neural network was trained with 128 data sets ar
then employed on addition&b test data sets. As shown in Fig.
4, the test data are different from the training data in terms ¢
liquid CO, mass flowrate and gas GQntrainment. The
training and test data were acquired from the same test rig (s
Fig. 3) with a pipe diametesf 25 mm. Coriolis flowmeters
were tested on both horizontal and vertical positions and tr

Relative error of mass flowrate (%)

flow patterns covered stratified flow, intermittent flow and =

dispersed flow on the horizontal section and bubbly flow,
intermittent flow and dispersed flow on the vertical section.

Each pre-trained neural network consists of an input layer,
a hidden layer and an output layer. The input layer accepts two
inputs, i.e. apparent mass flowrate and observed density drop.
The hidden layer has five neurons, which is determined
according to equations (1) and (2) and a trial-and-easr t

The output layer is the estimated two-phase @@ss flowrate.  Fig.

The mass flow errors in Fig. 8 are the results processed
through the correction method, i.e. the original errors hav
been corrected via the established neural network. For tt
horizontal installation, the relative errors of the corrected mas
flowrates are mostly reduced to +2%, except for some larg€
errorsat lower flowrate (below 550 kg/h) due to large original
errors at the low flowrate. The performancetibe Coriolis
flowmeter on the vertical section outperforms the one on th =
horizontal installation as the relative errors are mostly withir
+1.5%. N
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IV. CONCULSIONS [6]

The performance of Coriolis flowmeters withBé-ANN
based correction method has been studied for gas-liquid two-
phase CQ@ flow measurement under different installation [7]
conditions. The validity of the proposed method has been
verified through a range of experimental tests on a purpose-
built two-phase C@test rig Experimental resutls presented [€!
have suggest that the relative errors of mass flowrate from
the Coriolis flowmters with the correction method are mostly[9]
within £2% and +15%, respectively, for the horizontal and
vertical installations. In comparison with the original

uncorrected errors, this approach has provided significamto]

improvementin measurement accuracy under two-ph@sk
flow conditions. This outcome has effectively extended the
applicability of Coriolis mass flowmeters from single-phase

flow measurement to two-phase £fow measurement under [11]

CCS conditions. Effort will be made in the future to measure
multiphase C@flows with impurities.

(13]
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