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The accuracy performance of Coriolis Flow Meters in measuring CO2 under varying process conditions may be
subject to consideration of multiple factors including, but not limited to, gas compressibility effect (also known as
Velocity of Sound effect), temperature effect, pressure effect and zero effect. Empirically, these influences can be
determined through physical testing with COq. This paper presents recent test results from three different lab-
oratories around the world for four different sizes of Coriolis meters under two different physical properties i.e.
gaseous and supercritical CO3. The paper also discusses how a Coriolis flow meter performance can withstand

these influences. Further, discussion is included on the value of the transferability of accuracy performance on
water to accuracy performance on COy, as an alternative to insufficient capabilities and unavailability of test
standards that cover the potential range of end-use operational applications.

1. Introduction

The need for reliable measurements of CO3 is no longer an industrial
challenge connected only to process optimization goals. Accurate
accountability of CO, has become an essential requirement with wider
social responsibility to facilitate global warming challenges and achieve
Net Zero Energy targets.

There are various forms of regulations, standards and legislations to
govern CO, emissions, which can have significant discrepancy as it re-
lates to the emission control. What they all agree on however, is that COy
should be accurately measured and reported, predominantly in mass
units. To measure CO, in mass units, there is a common consensus
among industry leaders and technical researchers that Coriolis Flow
Metering is the most versatile and accurate technology throughout CCUS
value chain in gas, liquid and supercritical phase.

1.1. CO; operating conditions for industrial applications

The expected operating phases for the industrial sector cover gas,
liquid and supercritical states of CO2. What is important to consider is
the temperature and pressure ranges. There is a number of existing
publications that discuss the potential operating temperature and pres-
sure ranges for CO; applications across the value chain. For example, in
publication [1] the authors evaluated a range of flow metering tech-
nologies at the following applications along the CO4 transport line:

- Ship loading/offloading liquid phase with vapour return
- Pipeline injection in liquid phase

- Offshore pipeline in liquid and gas phase

- Onshore pipeline in supercritical phase

Also, Chris Mills, uses the phase diagram of the CO,, Fig. 1, to
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propose the potential window of operation for the CCUS industry [2]. It
describes the expected operating window to be in the temperature
ranges of —40 °C-100 °C with an expected operating pressure that can
go up to 150 bar pressures including the dense/supercritical phase. In
some cases, higher operating pressure (nearly 200 bar) may be necessary
to achieve higher transportation efficiency.

From a measurement standpoint, the main differences between gas,
dense/liquid and supercritical phase include the density and the velocity
of sound in CO,.

2. Coriolis flow meter and CO-

Coriolis technology has been extensively used for decades in appli-
cations with extremely harsh conditions while mandating high mea-
surement accuracy requirements. For example, in low temperature
applications, Coriolis meters have been successfully used for LNG and
LN, measurement in temperature as low as —190 °C [3] and super
cryogenic applications in temperature range of —250 °C to —270 °C [4].
In high temperature applications such as asphalt production, the Coriolis
flow meters are operated successfully at temperatures up to 350 °C. In
terms of high-pressure applications, one example is CNG measurement
with a typical operating pressure up to 300 bar. Considering that CO,
applications fall within these extremes, the opinion of this paper that
Coriolis Flow Meters will be more than suitable for CO, measurement in
the applications highlighted in Fig. 1.

Safety considerations like material compatibility relevant to super-
critical conditions as described in Ref. [5] are out of scope of this
research.

The potential influences of impurities to the boundaries of the CO5
phases and potential two-phase operations have been discussed exten-
sively in numerous publications. For example, Liu and Fuent attempt to
propose a method for correcting accuracy performance of mass
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Fig. 1. CCUS expected operating conditions for industrial applications as
described by Chris Mills in Ref. [2].

Table 1
Some properties of different common fluids used for testing at laboratories
globally.

Property H, CHy4 N, CO,
Molecular Weight, (kg/kmol) 2.016 16.04 28.01 44.01
Density (gas),@ 15 °C, 1 bar, kg/m3 0.085 0.68 1.17 1.85
Boiling point, °C —252.8 —161.5 -210 —56.6
Critical point, °C —234 —82 —147 31
Critical point, bar 13.3 45.9 33.9 73.77
Speed of Sound @ 15 °C, 1 bar, m/s 1294 441 346 264

measurement in multi-phase flow [6]. However, for the purpose of this
paper, the field of interest is metrological performance of Coriolis meters
at single phase (either gas, liquid or supercritical), since single phase
measurement is the basis for custody transfer applications and the pri-
mary driver for development of metering standards.

2.1. Main influencing factors on Coriolis mass measurement

As mentioned previously, Coriolis technology covers a wide range of
applications with different conditions. There is a list of commonly
known effects which impact the final results of measurement. The
contribution of each of these effects to the final measurement uncer-
tainty will vary from one application to another. Examples of the un-
certainty analyses can be found in different publications such as [7].
However, regardless of the application, the general factors to consider in
measurement uncertainty using Coriolis technology include:

- Temperature effect,

- Pressure effect,

- Zero effect,

- Viscosity effect,

- Compressibility effect (also known as velocity of sound effect).

Except for the zero effect, these effects can be modelled and cor-
rected for each application, potentially facilitating the transferability of
accuracy performance from water to the intended measurement appli-
cations. This is called the water transferability concept and will be dis-
cussed in detail in section 4 of this paper.

To minimize the zero effect, the meter shall be installed in accor-
dance with the manufacturer recommendations. After proper determi-
nation of the zero effect in the final installation at process conditions, it
can be stated with confidence that the zero effect will have limited in-
fluence on the specified measurement range.
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Theoretical VoS vs speed of sound different sizes of Coriolis flow meters with
low frequency and sizes larger than 2inch
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Fig. 2. Comparison of the VoS effects for different sizes of low frequent Coriolis
meters family for different gases.

2.2. How does COz measurement with Coriolis differ from other common
gases?

Table 1 presents properties of multiple fluids including hydrogen
(Hy) and carbon dioxide (CO5) which are most associated with sus-
tainability and energy transition applications. It also includes methane
(CHy4) and Nitrogen (N2) which are common fluids used in performance
tests at different laboratories globally.

It is clear that CO is the heaviest gas (i.e. the density is bigger than
the listed gases) with the lowest speed of sound. The relatively high
density of CO; results in greater mass flow for an equivalent volume flow
compared to the other gases in the table. This facilitates favourable flow
rate rangeability in comparison to Hy, for example. This will be dis-
cussed in section 3 of this paper.

Compared to other common gases for industrial applications, the low
speed of sound of CO, causes a larger velocity of sound effect (VoS ef-
fect) for Coriolis meters. Fig. 2 presents the velocity of sound effect for
different sizes of Coriolis meters with low natural frequency (less than
100 Hz) at different gases. Natural frequency influence on the amplitude
of the VoS effect will be discussed further in the following section.

2.3. What is important for CO2 measurement with Coriolis flow meter?

Considering the 5 effects listed in section 2.1, it can be said that
Viscosity effect and Zero effects are not relevant or inconsequential.
Viscosity effect is only applicable for high viscous fluids like fuel oils;
CO, in any state, has a viscosity smaller 20 ¢107° Pa s which is
significantly smaller than water. Also, the Zero effect is a standalone
effect which determines the low-end of the mass flow range based on the
application rangeability requirements.

It is in the opinion of this paper that any temperature effect during
CO2 measurement is not uniquely different from other common industry
applications. The temperature effect is well-known and typically auto-
matically compensated in modern Coriolis meters based on the internal
RTD element.

Similarly, the pressure effect is not unique to COp, it is fluid inde-
pendent. This effect is dependent on the construction and geometry of a
Coriolis flow meter. This implies that pressure corrections can be applied
for supercritical CO5 applications like in high demand oil and gas in-
dustry applications.

That leaves the compressibility/VoS effect as the remaining element
for further discussion in this paper. The phenomenon was explained by
Hemp and Kutin in Ref. [8]. In their paper, Hemp and Kutin conclude
that the mass error E;, can be estimated by equation (1).
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Table 2
Comparison of the VoS effect at gas CO, phase for different meter sizes with
ultra-low natural frequency (100 Hz) and low frequency (200 Hz).
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Table 3
Comparison of impurity influence to VoS effect on a 4-inch meter with different
natural frequencies.

Meter Size D, mm Frequency, Hz Em, % Speed of sound difference in a gas phase (240 ... 250) m/s
2 inch 30 100 0.07 Size r, mm Frequency, Hz AEm, %
2 inch 30 200 0.28
5 i i 100 o016 4-inch 36.5 100 0.036
3 inch 45 200 0.64 4-inch 36.5 200 0.143
4 inch 70 100 0.39 Speed of sound difference in a dense phase (420 ... 570) m/s
4 inch 70 200 1.55 X
Size T, mm Frequency, Hz AEm, %
4-inch 36.5 100 0.068
1 /27 2 4-inch 36.5 200 0.272
En=SF 3 (Tf r) )

where f is the natural frequency of the Coriolis tube vibration, r is the
inner radius of the Coriolis tubes, c is the speed of sound in a measured
fluid, SF is a scale factor determined for each Coriolis meter dependant
on construction which addresses assumptions made in the publication
[8].

It can be derived from equation (1), that the velocity of sound effect
plays a significant role for larger Coriolis meters with high natural fre-
quency at applications where fluids have a low speed of sound. In
Table 2 below, theoretical velocity of sound effect values are calculated
for 2 inch, 3 inch and 4 inch meters with different natural frequencies,
for a medium with a speed of sound equal to 250 m/s. This assumed for
pure CO; in gas phase at 20 °C and 20 bar.

One clear conclusion from Table 2 is that Coriolis meters smaller
than 2 inch and with operating frequency below 200 Hz, have negligible
VoS effect. For larger meters or meters with high natural frequency, the
assessment should be done separately. The table also shows that a 3-inch
meter with a frequency 100 Hz has a small effect, while a similar size
meter with higher frequency can experience a significant mass error
shift.

One approach to avoid or mitigate influences of VoS effect in CO4
measurement would be to design measurement systems with multiple
runs made of smaller size meters, but that may not be desirable due to
large throughput needs, space limitation or pressure drop limitations.
Alternatively, if larger sizes are desired, the best option would be to
select Coriolis flow meters with the lowest possible operational
frequency.

Regardless, it is important to highlight that it is possible to estimate
and correct for this effect. In some modern Coriolis flow meters, this is
already implemented internally. One approach is described in a recent
patent “Method of compensating for mass flow using known density”,
that enables the determination of the speed of sound in CO2 by using
process pressure and process temperature. This is used to calculate the
actual VoS effect and deploy the relevant correction accordingly.

2.4. Influences of impurity in gaseous and supercritical CO2 phases on
Coriolis flow meters

The impurity of COs is of crucial relevance in the emission control
directives. For example, impurity determination indicates the amount of
CO5 that has actually been captured, stored and used. If purity is
determined as 99 %, this indicated that 99 % of the measured amount is
actual CO2 molecules and 1 % is made of another mixture of gasses. This
simple example shows the significance of analytical devices in the pro-
cess of actual content measurement. This, however, is not the subject of
this paper and will be left for further evaluation and discussion in future
publications.

Presence of impurities in CO;, alters its speed of sound. Therefore, use
of equation (1) without consideration of the impact of impurities on the
speed of sound, could lead to incorrect estimation of the mass error shift.
For example, the speed of sound for gaseous COs is around 250 m/s and
for supercritical COq it is 450 m/s and higher [9]. Based on Fig. 2, a
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logical assumption is that supercritical CO2 measurement is affected less
by impurity as it is less sensitive to variation. However, potential vari-
ation of the speed of sound in supercritical CO5 due to impurity can be
much more significant.

In [9], analysis has been done to evaluate the impact on the speed of
sound for 12 different mixtures of COy at both gas and dense/super-
critical conditions. For example, at 20 °C and 30 bar (gas state) the speed
of sound of CO, mixtures varies between 240 m/s and 250 m/s, showing
a bandwidth of 10 m/s. For dense phase CO5 at 20 °C and 150 bars, the
speed of sound of the same CO5 mixtures can vary between 420 m/s and
570 m/s, showing a bandwidth of 150 m/s. The concentration of CO4
evaluated in Ref. [9] varied from 80 % to 100 %.

Calculating the difference in mass error shift (AEm) using equation
(1) for these cases for a meter with inner radius r = 36.5mm, natural
frequency f = 200 Hz and an assumed scale factor of 1, it can be derived
that for gas phase, the potential mass error difference can be 0.14 %
while for the dense phase the potential difference is 0.27 %. Table 3
presents the results for a similar size meter (4 inch) with two natural
frequencies f 100 Hz and 200 Hz.

2.5. Determining flow rate boundaries for Coriolis meters

Coriolis measuring technology is quite unique because it is used to
directly measure mass flow and produce mass totals. Typically, the
minimum flowrate of a Coriolis flow meter is determined by its behav-
iour under no flow conditions, the so-called zero effect. In a manufac-
turer product datasheet, this item is typically referred to as zero
stability.

Zero stability Zg,.. becomes relevant when the flow rate reaches the
low end of the flow range, where meter accuracy begins to deviate from
the stated accuracy rating A as depicted in the turndown section. When
operating at flow rates Q where meter accuracy begins to deviate from
the stated accuracy rating, accuracy is governed by equation (2) [10]:

A :prec/Q*l()O% 2)

Vice versa, if you have a targeted maximum permissible error Eperm,
the corresponding minimum flow rate Qun can be calculated using
equation (3) below:

Zspec

_ 3
Eperm /100%

Qmin =

where Zg,. is a characteristic of the Coriolis meter, usually expressed in a
mass flowrate unit, for example kg/h.

Determination of the maximum flowrate Qmqy for gas applications
relates to the speed of sound value in the medium and allowed pressure
loss. This in turn, depends on various factors like operating temperature,
pressure, and gas composition [10]. The recommended approach to

calculate maximum flowrate is described in equation (4) below:
Quax=S8- M 'SOSgas P gass 4)

where S is the cross-sectional area of the measuring tubes inside the flow
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meter, M is the maximum Mach factor allowed for the meter, S0Sg; is
the speed of sound in the measured fluid and pges is an actual fluid
density.

Equation (4) shows that Qg is dependent on the application con-
ditions. Equation (3) shows that Q; is determined by the meter’s
construction. In other words, zero stability is a critical parameter to
achieve best rangeability for gas applications.

3. Test results of Emerson’s Coriolis flow meters on CO4

In relation to the discussion in section 2, this paper presents recent
test results to further illustrates the performance of Coriolis Flow meters
in COy measurement. The presented results are of four different sizes of
Coriolis meters measuring CO in gas and supercritical phases.

3.1. CO2 gas tests

At the time of the publication of this paper, flow meter tests against a
traceable reference on CO; in gas phase are considerably more feasible
compared to testing on CO5 in liquid/supercritical phases [1]. Condi-
tions of CO in gas phase are close to typical natural gas test conditions
with few minor considerations such as temperature and pressure con-
trol. Some of the laboratories have performed the conversion from
Natural gas to gaseous CO or duplicated their capabilities to a new lab
with minor adjustments.

The work done by Putten and Kruithof in Ref. [11], presents test
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Orifice flow meter at TUV SUD [13].

results of the Emerson Coriolis Flow Meters CMF200 and CMF300 in
parallel against a unique reference system consisting of nozzles, turbine
meters and Coriolis meters. In this test, the meters were tested on natural
gas with various compositions at different operating pressures to
establish a base line measurement. After this, the meters were tested on
different compositions of COy at varying operating pressure. Fig. 3
presents the relative performance of the two Coriolis meters within 0.25
% in comparison with the reference system. Even though VoS correction
values are considered to be negligible for the CMF200 and CMF300, the
VoS effect has been automatically implemented during the test. The
meter calibration factors were determined through water calibration
and no additional meter factors were implemented.

Fig. 4 shows another set of tests which have been performed on CO2
gas with CMF300 and CMF400 at Fortis BC in Canada. Fortis BC is
ISO17025 accredited to operate a traceable reference system on CO,.
More information on the history of traceability and uncertainties of the
laboratory can be found in the work of Tang [12].

Average process conditions for these tests have been 99 % pure CO»
gas at 16 bar and at 23 °C. During the test, the temperature deviation
through the test remained below +2 °C. Both Coriolis meters have been
calibrated under normal conditions on water. During the tests at Fortis
BC, the published pressure correction has been applied. Also, the
embedded VoS correction was activated for the CMF400 while the
CMF300 was tested without any VoS correction.

Results show that both Coriolis meters meet the expected specifica-
tions, yet the CMF300 has a slight positive bias. This can either be
attributed to the VoS or the uncertainty of the laboratory. As discussed in
section 2, a theoretical VoS correction may apply, however, in this
scenario it is smaller in magnitude than the combined accuracy speci-
fication of the meter and the uncertainty of the lab. The decision to
introduce the correction or not requires more testing and analysis.

3.2. COq liquid/supercritical tests

As highlighted earlier, capabilities for testing flowmeters at liquid/
supercritical COy conditions are extremely limited. Only few publica-
tions exist presenting test results for liquefied or supercritical tests.
Furthermore, they are often limited to small flow meter sizes. Significant
pressure 70-200 bar and temperature control capabilities are required
to reproduce supercritical CO5 conditions, thus making it less feasible
now.

Yet, Brown and Chinello [13] from TUV SUD National Engineering
Laboratory experimented with a 1-inch Coriolis meter CMF100. The
Coriolis meter was tested against an orifice plate at liquid and super-
critical conditions. Results are presented in Fig. 5. Before the test at CO,
the Coriolis meter was calibrated on water and no VoS corrections have
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been applied. As we discussed in section 2 of the paper, small meters are
much less sensitive to VoS effect. In addition to this, the meter has
ultra-low natural frequency (<100Hz). During the tests, published
temperature and pressure corrections have been applied. Fig. 6 is a
schematic representation of the test setup.

As can be seen in Fig. 5, all results fall within a limit determined by
the root of the sum of squares of the laboratory uncertainty and in-
strument specifications. The same as for previously mentioned gas tests
the calibration settings of the Coriolis meter have not been change after
the standard water calibration.

4. Water transferability for Coriolis flow meters intended to
measure CO,

Water Transferability in Coriolis Flow Meters, as a principle, takes
advantage of the flow meter capabilities for direct mass measurement. In
other words, the meter measures the amount of molecules flowing
through the meter regardless of what kind of molecule passes through.
With that principle in mind, the Coriolis flow meter performance on
water can be transferred with confidence to other fluids where physical
tests are not feasible due to either technical, commercial or safety con-
straints. To prove water transferability, extensive tests have been per-
formed by calibrating meters on water and tested on other mediums
such as gases, oils and hydrocarbons. The outcome of these tests is that
the calibration factors determined on water, need no further modifica-
tion for accurately measuring a wide variety of fluids in either liquid, gas
or supercritical phase; implementation of meter correction factors is not
required.

For the purpose of this paper, all test results presented in section 3
have been achieved without any preliminary calibration on CO,. The
Coriolis meters were initially calibrated on water at ambient tempera-
ture and 1 bar pressure. It is critical to highlight that this does not imply
or suggest that water transferability is viable without correction or
consideration of the conditions and physical properties of the measured
product. For example, if the meter is intended to operate at higher
pressure, then the pressure correction must be applied for the water
transferability to be viable. Similarly for temperature and VoS
corrections.

5. Conclusions

Coriolis flow meters offer accurate and reliable mass measurement
for a multitude of applications, including accurate accountability of CO5
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for industrial applications. Similar to other widely known applications
in the oil and gas industry, Coriolis flow meters are subject to some
influencing factors such as extreme temperature and pressure effects.
These effects can be transferred without any further investigation to CO5
measurement. Even though the VoS is a well-known and predictable
effect on Coriolis when measuring gases, it may be uniquely relevant to
CO, due to the significantly low speed of sound through the medium,
even more for applications where impurities may be significant. The
magnitude of this effect is smaller for meters with ultra-low natural
frequencies (i.e. below 100 Hz).
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