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1 INTRODUCTION
The transport of CO: is becoming increasingly important to facilitate carbon
capture, utilization, and storage (CCUS). As well as for natural gas systems,
accurate measurement and subsequent billing for CCUS is required to show
compliance with national and international emissions-reduction regulations, like the
EU Emissions Trading System (ETS). This requires traceable measurement systems
of COz irrespectively of its thermodynamic state, i.e. gas, liquid or dense phase.

In the recent JIP CO2MET Gas, DNV investigated the performance of flow metering
technologies under gaseous applications and demonstrated that multiple
measurement technologies are capable of measuring within the required accuracy
levels [10]. In the same study, it was highlighted that in the dense and supercritical
domain, accurate measurement may be more challenging due to the fast-changing
physical properties in that domain.

In its follow-up project, JIP CO2MET Liquid, DNV have designed a new large-scale
flow calibration facility for liquid, dense, and supercritical CO2 [3]. An important
aspect of this facility is the development of a traceable flow reference standard to
cover the broad range of operational conditions.

The reference system is designed with three master meter lines, each having the
same flow rate range. Each line undergoes initial calibration using a Small Volume
Prover (SVP), and subsequent verification will typically take place annually. This
setup enables efficient operation with the master meters while maintaining
traceability through the SVP. The master meter lines use two independent
measurement technologies to monitor consistency between the measurements in
each reference line. The selected technologies for the master meters are Coriolis
and ultrasonic.

In collaboration with the industry partners, several challenges were identified
during the design:

1. Results from the past have indicated that ultrasonic meters may
encounter difficulties when applied to the large range of conditions
common to CO2 transport [1], [8].

2. A densitometer based on Coriolis technology will be utilised for converting
the volumetric flow of the ultrasonic meter and the prover to mass flow,
as the equation of state for density determination has been shown to
introduce high uncertainties in the dense and supercritical domain [9].
The densitometer must cover a broad measurement range, which
standard density calibration laboratories do not accommodate.
Additionally, recent studies have reported that Coriolis meters may
exhibit significant systematic biases in density measurements [2].

3. Using an SVP will lead to short proving times and can induce pressure
pulsations, this combined with the high compressibility of CO2 in the
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supercritical domain may lead to large density variations during proving
and hence bad repeatability of the proving runs.

To further investigate the first two challenges, DNV executed several static tests
with multiple ultrasonic technologies and a Coriolis meter. By analysing the health
diagnostics of these technologies and comparing with theoretical values from
equations of state, confidence is given in the functionality of these measurement
devices. For the concerns on pressure pulsations of the SVP, a theoretical
framework was devised and complemented by proving data from the vendor.
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2 STATIC TEST

In 2024 a static CO: test facility was developed by DNV to investigate the
performance of different meter technologies in liquid, dense and supercritical
conditions. The facility is designed for operation up to 100 bara and within a
temperature range of -20 to 50 °C, providing stable and accurately controlled
reference conditions. This range covers the domain with the largest changes in the
physical properties; with density values ranging between 1050 and 250 kg/m? and
speed of sound variations between 750 and 200 m/s, see Figure 2.

This facility was used for two key objectives:
1. Verification of flow meter functionality through diagnostic responses (i.e.;
assessing meter "health" under varying conditions).
2. Evaluation of the meters’ ability to characterize physical properties of CO:2
(e.g. density or speed of sound) in these challenging states.

A photo of an example setup is provided in Figure 1 with a 10” Caldon LEFM 580Ci
ultrasonic meter manufactured by Sensia and a 6” Krohne Altosonic V12D. The
concept of using a CO: static test was demonstrated before for gas in [8] and liquid
in [1].

Figure 1 : Static test facility for CO2, including a 10” Caldon LEFM 580Ci ultrasonic meter (left)
and Krohne Altosonic V12D (right)

The Meter Under Test (MUT) is built in a cold box and connected to a gas and liquid
CO:2 supply to fill the MUT in a controlled way to the demanded pressure. A small
Coriolis meter is attached to the top of the gas venting line to ensure the MUT is
fully filled with liquid (i.e. by using its density measurement). A climate chamber is
positioned in front of the cold box and used to control the temperature inside the
cold box. To monitor stability and homogeneity of temperature throughout the
internal volume of the cold box, temperature sensors were installed in the cold box,
on the MUT body, in the CO: fluid and (when possible) in the meter body.
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Depending on the size of the MUT, long temperature stabilization times were
required to get accurate temperature reference data. In enclosed volumes the
pressure will increase with increasing temperature, so the pressure was controlled
by means of a back pressure valve. Figure 2 shows the operational range in which
the facility operates in the pressure-temperature domain (black dashed area) for
density and speed of sound.
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Figure 2 : Operational range of static test facility for pure CO: for density [kg/m?] (top) and speed
of sound [m/s] (bottom) including operational range of static test indicated by black dashed area.
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2.1 Ultrasonic signals in CO2z rich streams
The concerns raised in the introduction on the application of ultrasonic meters in
the broad range of CO2 conditions are of fundamental acoustic origin:

1. Attenuation: CO: exhibits higher acoustic attenuation than many typical
liquids and gases, making the transfer of ultrasonic wave through the
medium more challenging. Attenuation in CO2 depends on the operating
conditions (pressure and temperature) and the frequency of the acoustic
wave.

2. Acoustic impedance: The large range in density and speed of sound leads
to a larger range of acoustic impedance than typical in liquid or gas
applications. For CO2, the medium impedance changes between gas-like
and liquid-like and has a large intermediate range.

3. Signal propagation: how the signal propagates in the fluid is dependent
on the speed of sound in the fluid. For a given frequency, higher sound
speed will result more spreading of the ultrasonic pulse as it traverses the
flow. If the signal spreads out too much this can result in secondary
reflections (i.e. indirect sound paths) contributing to the received signal. A
further effect that has also to be considered is what sometimes termed
‘beam blowing’” where a high flow velocity combined with a low speed of
sound can result in the maxima of the signal shifting downstream of the
meter. This effect weakens the received signal and in the extreme can
result in the signal cannot be detected reliably, which is why gas ultrasonic
meters have a maximum velocity limit.

Attenuation

The first concern has been studied extensively for CO2 gas in literature and has
been presented at the workshop in the past [8], but less is known for the dense
and supercritical phase. Hence theoretical predictions and experimental data are
less commonly available.

Acoustic impedance
The second item can be analysed by calculating the acoustic impedance

Z = pc (1)

where p is the density and ¢ the speed of sound. The acoustic impedance is
important for proper energy transfer between the transducer (high impedance) and
fluid and the larger the difference in acoustic impedance, the lower the transmission
of acoustic energy. Using the data from Figure 2 leads to a range of acoustic
impedances. To provide some insight, a few example values are taken for the liquid,
dense and supercritical phase:

Z, =8-10° (liquid) (2)
Zp,=4-10° (dense)
Zgc = 6 - 10* (supercritical)

So, between the liquid and supercritical domain a reduction factor of more than 10
in acoustic impedance is obtained. Ultrasonic meters can compensate for this
reduction in transmission by increasing the gain as we will observe in section 2.2.
However, it is also important to understand that although automatic gain control
can compensate for weaker signals, a weaker signal will typically result in a
reduction in signal-to-noise ratio.
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Signal spreading loss

Since ultrasonic signals have a strong directional behaviour, an increase in the
speed of sound changes the beam shape and can lead to a reduction in the received
acoustic signal. To investigate this behaviour, the acoustical equations can be
solved, assuming that the transducer is a plane circular radiating source, see e.g.
[7]. The transducer has a radius a and the acoustic field is assumed to be
axisymmetric, meaning that the field can be described by the length of the radius
vector (distance between transducer face and point of interest in space) and the
angle, i.e. p'(r,0) when omitting the dependence on time. Assuming that r > q, the
normalized acoustic field amplitude can be expressed as

lp'(r,0)| ©
T2z~ POH®
| (ka? _ |2J1(kasin(8))
P(r) = [sin <?> , H(®) = |Tn(0)

where k = w/c is the wave number, with w the angular frequency. P(r) describes
the reduction of the pressure amplitude when moving away from the transducer
and in the far-field it will reduce with 1/r. Therefore, ultrasonic meters with larger
path lengths will have a reduction in received acoustic signal approximately
inversely proportional to the path length. It is noted that for the typical conditions
of an ultrasonic meter the far-field approximation (r > ka?) may not be valid and
the full expression for P(r) in equation (3) should be used.

The P(r) for a transducer of 10 mm diameter operating at 200 kHz in liquid CO2
with speed of sound of 800 m/s (resulting in ka = 15.7) and 100 kHz (resulting in
ka = 7.8) are plotted in Figure 3.
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Figure 3 : Example of the shape of P(r) for ka = 15.7 (solid) and ka = 7.8 (dashed)

The angular dependence in equation (3) is determined by H(#), where J, is the
Bessel function of the first kind of order 1. The shape of the H(8) curve in polar
form is given in Figure 4 for a 200 kHz acoustic signal (solid) and a 100 kHz acoustic
signal (dashed).
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So, translating the effects observed to the range of speed of sound as shown in
Figure 2, the wave number of a fixed transducer frequency increases with
decreasing speed of sound (supercritical region) and decreases going towards the
liquid phase. So, assuming a meter designed to operate in the dense phase, the
beam becomes narrower in the supercritical region and wider going towards the
liquid domain. This makes the ultrasonic meter more prone to beam blowing in the
supercritical domain and the meter needs to account for potential acoustic
reflections/interference in the liquid domain (due to a wider beam angle). Note that
for a static test the acoustic energy will become more concentrated in the
supercritical domain and will typically not be responsible for a decrease in received
signal quality.
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Figure 4 : Example of the shape of H(8), for ka = 15.7 (solid) and ka = 7.8 (dashed)
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2.2 Results: ultrasonic meters
As observed in Figure 2, the range of speed of sound and density is large. As
explained in the previous section, the shape of the ultrasonic signal changes with
changing speed of sound, the acoustic impedance changes and CO: attenuation
changes with conditions, which combined may complicate a proper measurement.
The impact of these effects is investigated in the static test.

Multiple ultrasonic meters were tested in the static test setup and large variations
in performance between different meter vendors were observed (2 out of 5
produced proper measurement and diagnostic results). These differences may
result from experience of the vendor with CO2 applications which leads to different
design choices, like transducer design/frequency or internal signal processing.

As described in the introduction of this section, the meters were tested on functional
performance based on the diagnostics and by comparing the measured speed of
sound values with theoretically determined values from the Equation of State
(EoS). For the theoretical values, the pressure, temperature and composition were
measured and the EOS-CG 2019 [6] was used to calculate the speed of sound.
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2.2.1 Speed of sound results

In this section the results of two meters are presented that performed well, the
Krohne Altosonic V12D and the Caldon LEFM 580Ci. The results are presented in
Figure 5 to Figure 8.

Figure 5 shows the large range of speed of sound (180 - 660 m/s) in which the
meters were tested (Krohne meter data shown). As a comparison the results of the
measurement and EOS-CG are presented. In Figure 6, the relative deviations
between the measured and theoretical values are presented. The uncertainty bars
are added to each test point and intentionally attached to the x-axis. This is to
indicate that most of the uncertainty is expected from the theoretical EoS values
instead of the ultrasonic measurement, owing to the uncertainty on the measured
temperature and pressure and in the EoS. Especially in the supercritical domain
small uncertainties in the temperature and pressure may lead to large variations in
the speed of sound (and density) [9]; this is also reflected in Figure 6. Generally,
for the stable test points at low temperature (liquid CO2) the speed of sound
deviations between measurement and EoS model are within 0.2%. For test points
in the dense CO:2 region, the deviations are within 0.5% and in the supercritical
domain within 1%. The ultrasonic meter had multiple paths and typically the speed
of sound values of the different paths are within 0.05% independent of the CO:
phase, so well below the observed deviations between measurement and EoS.

Similar results were obtained for the 10” Caldon meter. The Caldon meter was
supplied with two different transducer types for this test. One type for paths 1 to
4 in one measurement plane (indicated by P1 - P4) and another type for paths 5
and 6 in the other measurement plane (indicated by P5 - P6).

Achieving a stable temperature during the test on the Caldon meter was more
challenging due to the larger meter size (and larger quantity of CO2) and control
issues with the climate chamber. Hence the uncertainty for the reference speed of
sound values is larger for the Caldon test. To present the results of both ultrasonic
meters in a comparable manner, the so-called En~-number can be used that scales
the observed speed of sound deviation by the uncertainty of the comparison. In
this case, the En-number is defined as the difference between measured and EoS
speed of sound divided by the EoS reference value uncertainty. These results are
provided in Figure 7 and Figure 8 for the Krohne and Caldon meters, respectively.
When the En-numbers are below 1 the speed of sound difference is statistically
insignificant. It can be observed that the En-number results for both meters are
typically less than 1, indicating close agreement between the meters and the
reference values.
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Figure 5 : Speed of sound results of Krohne ultrasonic measurement and EOS-CG as function of
temperature. Error bars indicate the uncertainty in the reference speed of sound.
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Figure 6 : Speed of sound results of Krohne ultrasonic measurement and EOS-CG as function of
temperature. Error bars indicate the uncertainty in the EoS speed of sound
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Diagnostics

The diagnostics of the ultrasonic meters were also logged and the path values for
gain and SNR are presented as a function of speed of sound in Figure 9 for the
Krohne meter and in Figure 10 for the Caldon meter. The diagnostics are logged
per path and therefore can be presented separately to indicate the difference
between different path lengths.

For the Krohne meter, P1 and P5 (top and bottom path) have the same length and
P2 and P4 have the same length, and the averages are presented in Figure 9. For
the Caldon meter the P1 and P4 (top and bottom path) have the same length and
P2 and P3 have the same length, all of the first transducer type. Of the second
transducer type, P5 has the same length as P1-P4 and P6 has the same length as
P2-P3.

As is clear from the diagnostics of the Krohne meter, no significant changes are
observed in the liquid/dense CO2 domain. In the supercritical domain the gain
increases (especially for the mid-plane measurement P3) which is a sign of
increased attenuation and reduced acoustic impedance. As explained in previous
section, this cannot be attributed to the change in beam shape. At the same time
the SNR drops due to the same acoustic changes but does not go below the alarm
limits of the meter.

The behavior of the Caldon meter is similar in character. Since the meter has longer
path lengths due to its larger size, the effect of attenuation is more pronounced in
the gain when going from the liquid/dense CO2 domain towards the supercritical
domain. It is interesting to note that although the gain is increased, the Caldon
meter maintains a high signal quality (SNR).
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Figure 9 : Diagnostic results of the Krohne meter: gain (top) and SNR (bottom) of ultrasonic
measurement as function of speed of sound.
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2.3 Results: Coriolis density meter

The concerns presented before for ultrasonic meters regarding the large range of
physical properties and the impact on signal quality do not play a role for Coriolis
meters. Nevertheless, the range of densities encountered in CO:2 applications
(between 200 and 1050 kg/m?3) is large and crosses a range of values that is difficult
to obtain with other fluids, and therefore difficult to calibrate. The Coriolis
technology is used for density determination in the novel CO2MET Liquid facility to
convert volume flow to mass flow at the reference lines and at the location of the
SVP. Therefore, it is of interest to investigate the difference between measured and
calculated density. Similarly as for the ultrasonic static test, the theoretical values
are calculated based on pressure, temperature, composition and the EOS-CG 2019.
Difficulties with the accuracy of the density calculation, due to high sensitivity to
pressure and temperature, were highlighted in previous work [9].

The Emerson CMFS150 Coriolis meter employed in the study was subjected of
standard two-point calibration using atmospheric air and water according
manufacturer procedure.

The results of the CMF are presented in Figure 11 to Figure 13. The standard
corrections for pressure and speed of sound as outlined in [5] were applied to the
raw density measurements. Figure 11 shows the density range covered by the test
and provides the measured and calculated values. The test covered the liquid,
dense, supercritical and gas phase of CO2. For reasons explained later, a test with
2-propanol was added.

Figure 12 presents the relative and absolute deviation between the EoS and
measurement. As observed the uncertainty on the EoS-calculated value in the
supercritical domain (low densities) is large and the measurement is typically within
the uncertainty limits. For the tests in the dense and liquid phase (at lower
temperature) the uncertainty is lower and a small bias of about 0.3% was observed
which seems reproducible. For some of the points the uncertainty is still relatively
high due to sensitivity to the temperature measurement. To further investigate the
repeatability of this offset, a test at atmospheric pressure with 2-propanol was
performed at different temperatures. The low pressure circumvents potential
pressure correction effects and the density reference values from literature have
low uncertainty. The bias was reproduced but showed a behavior that is
unexplained and is still under investigation. The behavior of the tested serial
number was reproducible and can be compensated.

Temperature stabilization is a key factor affecting the deviations between EoS and
CMF. Both the density of CO: calculated using EoS and the response of the Coriolis
sensor may change with minor temperature fluctuations, meaning that any
instability can result in measurable deviations. This influence is most pronounced
in the dense and supercritical phases where temperature sensitivity is high. Hence,
effective management of the thermal environment around the meter is necessary.

Introducing active CO: circulation within the test setup can help maintain a more
consistent temperature distribution and reduce localized temperature gradients
that may occur under static conditions. This approach improves stabilization and
reduces uncertainty in both density calculation and measurement and provides a
setup that more closely resembles field applications.
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The diagnostics of the CMF were also logged, and two main diagnostics are
presented in Figure 13 for drive gain and tube frequency as a function of density.
The drive gain does not show any significant trend and is within the typical limits
specified by the vendor.
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Figure 11 : Density results of Coriolis measurement and EOS-CG as function of temperature.
Error bars indicate the uncertainty in the reference density.
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measurement as function of density.

N

o
"

(/" 4

Tekna FLEOW NFOGM

MEASUREMENT WORKSHOP NORWEGIAN SOCIETY FOR
v i for e envrgy ransiion OIL AND GAS MEASUREMENT

¢



Global Flow Measurement Workshop
21-24 October 2025

Technical Paper

2.4 Thermodynamics of liquid, dense and supercritical CO2
In a recent paper, the thermodynamic relation between density and speed of sound
was utilized to get more accurate density determination based on isentropic
exponent and measured speed of sound for gases [4]. As demonstrated in section
2.2, ultrasonic meters may be capable of measuring the speed of sound with low
uncertainty, opening the route to a similar concept for liquid, dense and
supercritical COa.

For liquids, the relation between speed of sound and density is often presented in
a slightly different form

K - (4)
p= pox (liquid)

where K is the bulk modulus and ¢ the speed of sound. So basically, when the bulk
modulus is known the density is given as a direct function of the speed of sound.
For a gas the expression is

PE  (gas) ()

P="2
where p is the pressure and «k is the isentropic exponent. For applications where «
is nearly constant (e.g. CO2-rich gas mixtures), the method primarily depends on
the pressure and speed of sound uncertainty. In typical gas applications, these
parameters can be measured with high accuracy and this leads to an accurate
density determination method that does not explicitly require the temperature and
composition (only first order estimate on composition and temperature is required
for k).

So, it is natural to explore a similar method for liquid, dense and supercritical CO-.
In that case, the sensitivity of K on pressure, temperature and composition need
to be investigated. In Figure 14, the behaviour of K in the pressure-temperature
domain is presented (calculated by EOS-CG-2019[6]) and shows a large
dependence on temperature. This can be further illustrated by calculating the
relative sensitivity coefficients

. POK _ ToK (6)
Sy=——, Sp=——a.

K ap K oT
Figure 15, plots the pressure sensitivity, S,;, and the temperature sensitivity, S7, in
the pressure-temperature domain. The pressure dependence is relatively small with
exception of the region near the critical point. The temperature dependence,
however, is large in a larger region of the dense and supercritical range.
Consequently, minor variations in temperature can result in significant
uncertainties in density, making this method less appropriate for dense and
supercritical applications. By means of example for the dense phase at 100 bar and
20 °C and absolute uncertainties of 0.05 bar for pressure and 0.2 K for
temperature, the density uncertainty will be 1.1%. In the supercritical domain at
90 bar and 40 °C, the same uncertainty in pressure and temperature leads to 3.2%
uncertainty in density. It is important to note that this assessment considers only
pressure and temperature; compositional factors should also be included in a
comprehensive evaluation.
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Figure 14 : Bulk modulus of pure CO: in GPa as function of pressure and temperature; black line
indicating vapor pressure curve of CO2.
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Figure 15 : Relative sensitivities of bulk modulus to pressure (top) and temperature (bottom) for
pure CO2 based on EOS-CG 2019.
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3 THEORETICAL ASSESSMENT OF PROVING WITH CO:

A simplified process scheme of the proving configuration is provided in Figure 16.
When one of the reference lines is undergoing the proving sequence, the others
are closed. As we will discuss propagation of pressure waves through the system,
it can already be observed that the system is complex and consists of multiple
acoustic reflection points, i.e. flow conditioners, valves, heat exchanger and pump.
Nevertheless, an attempt will be made to theoretically describe the phenomena
and calculate their impact.

Important geometrical parameters in this diagram are the buffer volume (volume
between the SVP and reference meters), the SVP volume and the length of the
section between SVP and reference meters.
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Figure 16 : Schematic layout of the proving system.
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3.1 Theoretical model
Water hammer of the Small Volume Prover (SVP) by shutting the poppet valve may
impact the provability of the reference flow meters, since fluctuations in pressure
result in fluctuations in density as CO: is partly compressible (depending on the
operational conditions).

A method to account for this effect is to calculate the pressure increase due to
shutting the poppet valve suddenly by means of the Joukowsky equation for water
hammer and calculate the subsequent effect on the mass in the buffer volume
between the SVP and the reference meters

Amy, = Ap - V. (7)

Since the pressure pulse is much faster than the data acquisition system, this
amount of mass may not be fully accounted for during the proving.

To quantify the amount of change in buffer volume mass, the following derivation
has been made. The change in pressure due to water hammer is given by:

Ap = —ZAu, (8)

where Z is the acoustic impedance (so Z = pc), see eq (1) and Au the change in
velocity (i.e. the difference between the liquid velocity before and after shutting
the valve). The Au depends on the flow rate and the opening area of the SVP and
is difficult to quantify.

Thermodynamics provides the relation between the change in pressure and change
in density for an adiabatic process:

1 9
Ap=§Ap. (9)

Combining these equations gives the change in mass buffer due to the Joukowksy
effect:

pVyAu (10)

Amb:_
c

Considering this change in mass buffer as an uncertainty on the mass of the prover,
m,, leads to:

Ambz_VbAu (11)

» Ve

m

which typically needs to be below the API MPMS specification on repeatability per
prover run. Looking at equation (11), it is observed that in order to decrease this
factor, the buffer volume should be much smaller compared to the prover volume.
Also limiting the change in velocity from open to close position of the SVP reduces
this factor. This means that for the low flow rate cases this factor can probably
neglected and the highest flow rate is the worst case. As might be expected, the
more incompressible the medium is (i.e the higher the speed of sound) the lower
the factor becomes. So, the problem comes down to the estimation of Au which
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depends on the specific SVP configuration and operation, and we will estimate this
value by means of experimental data for water in section 3.2.

The analysis so far assumes that the pressure fluctuation is propagation through
the system during the proving procedure and thereby intruding uncertainty to the
mass determination. As mentioned before, the installation contains multiple
reflection points and after some time the pressure fluctuation should be dissipated.
This means that also considering the pressure fluctuations, the high flow rate case
is worst case.

The travel time of the pressure fluctuations depends on the speed of sound and the
length of the buffer section between the SVP and the reference meters

2L, (12)
tb:T.

In typical water hammer calculations, the pressure fluctuation is assumed to travel
towards the reflecting object and return to the original position and is then
dissipated, hence the factor 2 for the travel length.

For large installations where the buffer length is large this can lead to relatively
long times when the speed of sound is low. As an example, assuming a length of
20 m between the SVP and reference meters, and supercritical operation with speed
of sound of 200 m/s, this leads to t, = 0.2 s. For SVPs typical proving times are of
the order of 1 second, so this travel time can become a significant contribution to
the proving time, and the pre-run volume may need to be extended to
accommodate dissipation of this pressure wave, while at the same time the volume
for the proving run should remain sufficiently large for meter proving. Hence prover
volumes should typically be chosen larger for dense/supercritical CO2 compared to
typical water applications.

3.2 Experimental results and conversion to CO:
Using the water hammer calculation as presented in the previous section and
applying the properties of water and an estimate for the Au=1m/s (based on
internal estimates of the SVP geometry), leads to pressure pulses of approximately
17 bar. Clearly these high values are not observed in the lab and a more gradual
change in fluid velocity is obtained when closing the poppet valve.

Experimental data from FMD show that the pressure surge is relatively small. An
example is data of an FMD-060 at 800 m3/h for water, which shows a pressure
pulsation of approximately 0.4 bar (min-max), see Figure 17. This is caused by the
piston already starting to move when the poppet valve is closing, resulting in a
smooth transition between the open and closed position. Using the measured
pressure pulse leads to an effective Au ~ 0.03 m/s for this prover at 800 m3/h.

Recalculating this for CO2 at a lower flow rate of 500 m3/h and using the acoustic
impedance values from equation (2), leads to estimated pressure pulses of

p'L = 0.14 bar (liquid) (13)
p'p = 0.06 bar (dense)
P'sc = 0.01 bar (supercritical)
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which is a significant reduction compared to water, especially in the supercritical
phase where the effect of pressure on density is largest.

It is important to note that these relatively low-pressure fluctuations are obtained
due to the smooth closure of the poppet valve in the FMD prover and due to the
choice of a larger size SVP that allows for a longer pre-run time and lower velocities
through the prover before closing the valve. Based on experimental data of SVPs
the effect of the pressure pulsations can be estimated with this method.
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Figure 17: Experimental data FMD-060 prover for water at 800 m?h.
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4 CONCLUSIONS AND NEXT STEPS
In summary, the reference system for CO2 flow measurement has been designed,
integrating both Coriolis and ultrasonic meters as master meters. Concerns
regarding the accuracy of EoS density calculations were identified in the past, so a
concept utilizing densitometers in conjunction with the prover and the ultrasonic
meters. The traceability of this metrological approach is provided by an SVP.

During development of this metrological concept, several challenges were
identified: ensuring the functionality/accuracy of the ultrasonic meter across
varying CO:2 phases, determining the accuracy of densitometers in these conditions
and establishing an estimate in the sensitivity of the proving procedure for a
partially compressible liquid.

Based on the static tests, ultrasonic metering technology has been qualified as the
volumetric master meter concept for the DNV CO2MET Liquid facility, alongside
Coriolis technology for mass flow. Some ultrasonic meters performed better than
others, with two of the meters tests producing results that were significantly better
than results that have been presented in the past, e.g [1]. The results in this paper
indicate that some manufacturers have gained experience and improved/optimised
their meters for CO:2 applications.

Difficulties that have been addressed in the past on the density calculation via an
EoS, can be partly circumvented by using a direct density measurement from e.g.
Coriolis technology. The obtained results were reproducible and with proper density
calibration this technology can be a superior alternative to EoS-based methods,
especially in the supercritical domain.

Utilizing the speed of sound to calculate CO2 density in the dense and supercritical
domain, does not provide the same low uncertainty as for natural gas mixtures [4].
This is due to the strong temperature dependence of the bulk modulus, and hence
the higher sensitivity of the method to uncertainty in the temperature
measurement.

Looking forward, the next critical step is the construction of the liquid, dense and
supercritical industry-scale facility, which will enable validation, demonstration and
eventually calibration of metering systems under real-world conditions. Success
will also depend on expanding collaboration with industry partners, whose
engagement is essential for establishing such a facility, building best practices and
accommodate technology innovation.
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NOTATION
speed of sound tp travel time of pressure wave
bulk modulus
length buffer volume K isentropic exponent
mass of buffer/prover P density
pressure pulsation/fluctuation Au difference in _v_elocity between
relative sensitivity of bulk open and closed position SVP
volume of buffer/prover
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