
 
 Abstract— Carbon Capture and Storage (CCS), seen as a necessary technology to mitigate global greenhouse gas emissions, 

requires traceable fiscal metering technologies for large-scale deployment. The present work assesses ultrasonic measurement 
principles for CO₂. Static tests with pure CO₂ at pressure and temperature conditions relevant for CCS transport via ships and 
pipelines were undertaken; and the performance of the ultrasonic signals assessed. The effect that the CO₂ attenuation has on the 
signal quality is evaluated over various densities. The speed of sound measurements are presented and compared to theoretical 
figures. The results demonstrate that acoustic coupling efficiency of the ultrasonic wave from the transducer into the liquid is strong 
at high densities, but it deteriorates at transport conditions above 293 K. Consequently, measurement perspectives for shipping and 
pipeline conditions below 280 K show superior performance for the ultrasonic system under test. This paper also explores the 
limitations of ultrasonic technology for speed of sound and inter-channel variations. 
 

Index Terms— Carbon capture and storage, Carbon dioxide, Ultrasonic transducer arrays, Diagnosis, CO₂ thermodynamics  
 

I. Introduction 
ARBON Capture and Storage (CCS) is of the upmost relevance to assist in the reduction of carbon dioxide emissions and 

meet climate targets [1, 2]. The IEA's sustainable development scenario [3] estimates that the annual CO₂ trade within CCS 
by 2050 will be 5 Gt. In Europe, the European Trading System (ETS) is an enabler of the CCS, with the associated regulations 
specifying accurate measurement-based methodologies to quantify the stored CO₂. The deployment of large-scale CCS will hence 
create a niche for flow metering not only to enable fair business and reliable custody transfer, but also for fiscal purposes. The 
importance of accurate measurements will grow with the expected increase in CO₂ price, which currently is above 70€ per tonne 
in Europe. There are, however, key challenges related to CO₂ flow metering in CCS that must be addressed [4].  

Transport of large volumes of CO₂ is done via pipelines, with CO₂ being in a liquid or dense phase. At shorter distances, CO₂ 
may also be transported in a compressed gaseous phase. For long distances and intermediate or smaller volumes, modular transport 
of refrigerated liquified CO₂ by ship, train or truck could be competitive [5]. Compared with most other fluid commodities, CO₂ is 
in all transport modes at conditions that are in proximity to the vapor-liquid equilibrium curve, from the triple point to the critical 
point. The corresponding rapid changes of properties with temperature and pressure could pose specific challenges for flow 
metering [6-11].  

However different CCS operating conditions are from those of water or natural gas transport, existing metering technologies 
fostered in the oil and gas industry have caught the attention for potential use within CCS. At least two benchmarking studies of 
flow metering technologies for application in fiscal metering for CCS have been independently conducted in recent years [12, 13]. 
The studies highlight the potential of Coriolis and ultrasonic methods for CCS. Verifications tests of these technologies, however, 
have been restricted to CO₂ and CO₂ -rich natural gas, mostly at temperatures above 288 K or liquid CO₂ or CO₂ -rich mixtures at 
low flow rates [14-20], with limited applicability for CCS. 

The present work addresses ultrasonic flow measurements in CCS. Ultrasonic meters are non-invasive and have the potential to 
provide high accuracy. Further, they cause no additional pressure drop, in contrast to Coriolis and differential pressure -based 
technologies [12]. However, the attenuation of ultrasound waves through CO₂, dominated by the fluid's molecular thermal 
relaxation properties [21], has been identified as a challenge. Thermal relaxation arises due to the energy exchanged between 
molecular vibrations and translations. Although molecular thermal relaxation is not unique for CO₂, the predominant deterrent is 
that the acoustic attenuation peak for gaseous CO₂ is in the frequency range typically used in ultrasonic flowmeters, reaching 
attenuation coefficients up to 6 times that of natural gas at 80 kHz [16]. This effect is, however, less prominent for liquid CO₂, as 
the relaxation frequency is approximately proportional to density up to 900 kg×m-3 [22-24]. With impurities present that have 
faster relaxation times, the thermal relaxation frequency could also be drastically reduced, which can be leveraged in acoustic 
measurements [24]. Previous and ongoing research has looked into the capabilities of ultrasonic techniques for CO₂ capture and 
transport processes [14-16, 25]. Of particular relevance is the work in [16], where the performance of ultrasonic time-of-flight 
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meters with CO₂ -rich fluid was evaluated. The encouraging results of the referred work is mostly relevant for enhanced oil or gas 
recovery (EOR or EGR) operations or extraction of CO₂ -rich natural gas. The potential for use of ultrasonic meters for transport 
within CCS is yet to be independently confirmed for pure and close-to-pure CO₂. Their use in these types of applications is of 
interest given the ability of such meters to handle large flow rates through larger pipe sizes using a single flow meter. 

The diagnostics of a time-of-flight ultrasonic flow meter unit are analysed here. The present work differs from already published 
research in terms of the properties of the fluid, the range of experimental conditions, and the evaluation method. Due to the lack 
of a traceable liquid CO₂ flow facility at relevant scale worldwide [13], the experiments were conducted under controlled static 
conditions. The experimental campaign looks to assess the performance of the meter at operational settings relevant for CCS 
shipping and pipeline transport. The evaluation method is based on enclosing liquid and dense CO₂ within a spool piece, at different 
pressures and temperatures, and assessing the meter diagnostics. Statistical analysis was performed on the experimental data to 
assess the quality of the measurements and to help understand the relationship of key variables against reference parameters. This 
novel approach aims to provide a better understanding of the potential use of ultrasonic meters for CCS by addressing some of the 
questions raised regarding the applicability of the technology for CO₂ service.  

The remainder of this paper is organized into five sections as follows. Section II provides an overview of the experimental 
method including the setup, test matrix, and details of the ultrasonic meter under test as well as the characterization of the reference 
measurements. Section III discusses the experimental results and highlights of the ultrasonic meter performance. The main 
conclusions of this study and direction for future work is summarised in Section IV. 

II. METHODOLOGY  

A. Experimental setup   
To explore the capabilities of ultrasonic technology for CCS, a series of experiments were conducted at the Thermal engineering 
laboratories of SINTEF and NTNU in Trondheim, Norway. A schematic of the experimental configuration is depicted in Fig. 1, 
indicating the main parts of the apparatus. The setup consists of an 8-inch (200 mm) diameter Panametrics Sentinel LCT Ultrasonic 
Flow meter with blind flanges bolted onto each end and an internal volume of 24 l. The meter was placed inside a temperature-

controlled room, with temperature stability within ±1 K 
accuracy. The remotely mounted meter electronics, 
separated from the flow meter spool, were kept outside the 
freezing room. The meter spool was enclosed inside an 
insulated box for better temperature stability. The insulated 
box was equipped with electric heating for enhanced 
temperature control above 273 K. The blind flanges sealing 
the  spool were each modified with a drilled and tapped hole 
in the centre to accommodate a tube for filling / emptying 
CO₂ in one end, and the temperature measurement probe in 
the opposite end. Temperature was measured 91 mm into the 
spool using a 100 Ω, 3-wire, stainless steel RTD probe (PR-
10E-3-100-1/8-6, designated PT100) with Class A accuracy 
as per IEC60751, i.e., ±(0.015+0.02×T)°C.  

The tube from the meter was connected to a manifold with a pressure safety relief valve, a vacuum pump, a safe vent, the feeding 
cylinders containing CO₂ of 99.5% purity, a pressure transmitter, and a level meter. The 200 bar (20 MPa) Keller PAA-33x pressure 
transmitter (PT) had a specified precision of 0.1% full scale (FS), or 0.02 MPa. The level meter, which was situated above the flow 
meter inside the insulated box, was installed to detect possible changes in phase.  

The flow cell pressure could be logged continuously using the manufacturer's proprietary data acquisition system. The 
temperature and level measurement signals were acquired through a Keysight data acquisition switch unit (Agilent 34970a).  

To account for a safety margin of 1.2 MPa to the setting of the pressure release valve (VR-1), the maximum operating pressure 
was 9 MPa. 

 
Fig. 1.  Schematic of setup for experimental tests on ultrasonic flow meter. 
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B. Experimental procedures   
Before CO₂ was fed into the system, with the setup at ambient temperature, all gas from within the setup was evacuated, after 

which valve V2 was closed. As the freezing room reached the desired temperature, the meter was charged by opening valves V1a 
and V1b. When the fluid temperature had stabilized and the desired pressure was reached, valves V1a and V1b were closed before 
starting the measurements.  

Measurements were acquired in decreasing order of density (see Fig. 2). In general, that meant starting at the lowest temperature 
and at the highest pressure for that temperature setting. To release pressure from the spool, either at the same temperature, or if 
needed when going to the next higher temperature, valve V2 
was opened slightly while V1b remained closed, flushing the 
line from the meter body in the process. If needed, injecting 
more fluid into the setup was still possible at pressures below 
5.7 MPa (pressure of the feeding cylinder). 

Care was taken when selecting experimental points close to 
the saturation curve to avoid gasification of the fluid. A 
margin of at least 0.07 MPa was used for all temperature 
points. If a phase change was detected, for instance from the 
level meter, actions were taken to ensure the fluid in the flow 
meter cell was always in the liquid state. All experiments were 
conducted at controlled temperature conditions. Data was 
gathered for at least 5 min for every test point.  

The primary concern of the study is the performance of the 
meter given the acoustic characteristics of CO₂; where the 
attenuation coefficient and speed of sound are theoretically 
known and can be computed from Lin and Trusler model [24] 
and Span-Wagner equation of state (EOS) [26], respectively. 
However, as discussed below, our attempts to replicate these 
were only partially successful.  

C. Experimental matrix   
The fluid test condition and property ranges are summarised in TABLE I. The experimental matrix was designed to cover fluid 

properties typical to both shipping and pipeline transport conditions for CCS. Data were collected at 20 different fluid conditions: 
Six low-temperature (LT) test points, ran at pressures above the saturation curve for temperatures of 234 K, 244 K, and 249 K (see 
TABLE II), and twelve high-pressure (HP) test points at pressures up to 9 MPa and temperatures between 269 K and 294 K (see 
TABLE III); two additional test points to cover the lower end of the operational envelope of the experimental setup, combining 
low-temperature and high-pressure conditions (designated LH in TABLE IV) were also gathered. 
 
 

TABLE I 
  EXPERIMENTAL TEST CONDITIONS AND FLUID PROPERTIES. 
 
 

Pressure [MPa] 1.5 – 9.0 (±0.02)  
Temperature [K] 233 – 293 (±1) 
Density [kg×m-3] 760 – 1125 
Speed of Sound [m×s-1] 330 – 875 
Phase Liquid / Dense 

 
 
 
 
 

TABLE II. 
LOW-TEMPERATURE (LT) TEST POINTS. 
 

Test 
Point 

Setpoint 
temperature 

[K] 

Setpoint 
pressure 
[MPa] 

Measured 
temperature 

[K] 

Measured 
pressure 
[MPa] 

Density 
[ kg×m-3]  

LT-1 249 2.5 249.242 2.516 1052.5 
LT-2 249 1.9 249.094 1.855 1050.5 
LT-3 244 2.4 244.032 2.359 1075.2 
LT-4 244 2.0 243.860 1.956 1074.5 
LT-5 244 1.5 243.831 1.519 1073.1 
LT-6 234 1.2 233.765 1.222 1114.6 

TABLE III.  
 HIGH-PRESSURE (HP) TEST POINTS. 
 

t Point Setpoint 
temperature 

[K] 

Setpoint 
pressure 
[MPa] 

Measured 
temperature 

[K] 

Measured 
pressure 
[MPa] 

Density 
[ kg×m-3]  

HP-1 269 5.7 268.760 5.6767 970.92 
HP-2 273 8.9 272.879 8.9334 969.17 
HP-3 273 6.6 272.946 6.636 953.95 
HP-4 273 3.7 272.546 3.725 933.68 
HP-5 281 9.0 280.947 9.028 925.58 
HP-6 281 8.1 280.794 8.102 918.93 
HP-7 281 7.1 280.680 7.097 910.73 
HP-8 281 4.5 280.438 4.467 883.99 
HP-9 295 9.0 294.575 9.037 832.18 
HP-10 295 8.0 294.431 8.041 816.66 
HP-11 295 7.0 294.333 7.008 795.72 
HP-12 295 6.0 294.217 6.055 768.79 
 

 
TABLE IV. 

LOW-TEMPERATURE AND HIGH-PRESSURE (LH) TEST POINTS. 
 

Test 
Point 

Setpoint 
temperature 

[K] 

Setpoint 
pressure 
[MPa] 

Measured 
temperature 

[K] 

Measured 
pressure 
[MPa] 

Density 
[ kg×m-3]  

LH-1 234 4.5 234.016 4.4778 1122.7 
LH-2 238 7.5 238.220 7.489 1114.8 

 
Fig. 2.  Experimental matrix showing high-pressure (HP) points in diamonds, 
low-temperature (LT) in circles, and low-temperature/high-pressure (LH) in 
squares, along with the CO₂  gas-liquid saturation curve,  isochoric curves, and 
exemplary conditions relevant for pipeline and ship transport of CO₂  in CCS.  
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D. Characterisation of reference measurements   
Reference measurements for pressure and temperature were characterized. The initial examination consisted of setting up a 

target temperature of 278.65 K (5.5°C) in the control system of the freezing room and 280.15 K (7°C) in the insulated box. Once 
the temperature inside the spool had reached stable conditions, the temperature signal was monitored over a 120 min period, i.e., 
15 times the measurement windows (5 min) for every test point in the experimental campaign (see Fig. 3a). This period is sufficient 
to characterise the temperature measurement; given how short the measurement window is for every experimental point, no long-
term temperature drift was assessed. The measured temperature, sampled every second, averaged around 280.437 K with a variation 
within a 0.011 K interval and standard deviation of 0.002 K, well within the accuracy limits of the PT100 at the given operating 
range (±0.155 K). A similar, yet shorter, test of 20 min was conducted at a lower temperature target of 250.15 K (-23°C). In this 
case, as for all test points below 273 K, the heating system inside the insulation box was disabled to ease temperature control, 
hence leaving the temperature control to the freezing room system. The maximum temperature measurement variation was still 
within an acceptable interval of 0.085 K and had a standard deviation of 0.008 K, while the accuracy of the PT100 at the given 
temperature was ±0.475 K.  

The pressure measurements for the same 120-minute 
period in Fig. 3a averaged 4.64 MPa ±0.035 MPa SD. The 
variation is  

larger than the accuracy of the pressure sensor (±0.02 
MPa), hence indicating the deviation responds to an actual 
physical phenomenon, which is supported by the 
correlation between temperature and pressure variations 
plotted in Fig. 3b.  

The temperature and pressure variations reported above 
correspond to estimated changes in the fluid sound speed of 
up to 0.286 m×s-1 or 0.06% of the theoretical speed at the 
setup conditions, calculated using the Span-Wagner EOS 
[26]. Any deviations in the measured speed of sound, from 
theoretical values, below 0.06% can be attributed to the 
setup uncertainty. 

E. Ultrasonic measurements   
The ultrasonic meter used in this test utilizes multiple 

measurement paths through the measurement volume. Fig. 
4 shows a simplified cutaway of a single path, ultrasonic 
flow meter where Lpath is the path length across the pipe and 
through the fluid that the ultrasonic signal passes, Q is the 
angle between the pipe centreline and the transducer path, 
and tup and tdn are the upstream and downstream transit 
times taken by the ultrasonic signal to pass through the 
fluid. The time it takes the signal to travel through the fluid 
in the upstream and downstream directions is different 
when the fluid is flowing, and this is how the meter 
normally calculates the volumetric flow rate. For this entire 
test series, the liquid/dense phase CO₂ fluid was always 
static, with the exception of any internal convective 
currents that may have arisen within the enclosed volume. 
The speed of sound measurement is a direct result of time-
based calculations of the signal processing and the 
geometric parameters of the flow cell.  

The transducer frequency of the meter used for this test 
was 500 kHz. The meter under test consisted of a 4-path 
chordal configuration with two orthogonal measurement 
planes. With the meter positioned horizontally, paths, or 
channels (Ch), 1 and 4 correspond to the outermost 
transducers, near the top and bottom of the meter body, 
respectively. The innermost transducers, with the longer 
path length, are referred in the following as Ch2 and Ch3. 
Each of the two pairs of perpendicular, crisscrossing paths 
are at the same radial distance from the pipe centerline and are symmetrical about the axial center line of the pipe from top to 

  
(a) 

 
(b) 

Fig. 3.  Reference signal monitoring showing (a) temperature and pressure drift 
over a 120 min period and (b) measured pressure as a function of measured 
temperature 

 

 

 

(a) (b) 
Fig. 4.  Simplified cutaway of (a) a single path, ultrasonic flow meter showing the path 
length (Lpath) and the upstream and downstream transit times, tup and tdn, respectively, 
and (b) cross-section view of the position of the channels 1 to 4.  
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bottom of the pipe.  
The real time diagnostic data from the ultrasonic meter was acquired via the meter manufacturer’s data logging and display 

software which included capabilities such as historical tracking of diagnostics and a full configuration audit trail. The main 
parameters monitored and logged during each test point were individual channel flow velocities, up and down transit times, speed 
of sound measurements, signal to noise ratio, and other receiver diagnostics for further inter-channel variance assessment. 
 

F. Estimation of the sound attenuation coefficient of liquid CO₂   
One of the most relevant question marks relating to ultrasonic meter performance is sound attenuation through CO₂, associated 

with a long vibrational relaxation time. Although sound attenuation in liquid or supercritical CO₂ is lower than for the gas phase 
[22], it has implications in the ultrasound signals and hence needs a close assessment. The acoustic attenuation was computed 
similarly to Lin and Trusler [24] for CO₂ in liquid and supercritical states. The present work estimates the vibrational relaxation 
time of pure CO₂ [27] as proposed by Deng et al. [28], i.e. considering the CO₂ characteristic temperature of different vibrational 
modes.  

Acoustic attenuation in general decreases with density in the investigated domain (see Fig. 5), mainly driven by the increase in 
molecular thermal relaxation frequency. The absorption coefficient α for the test conditions in the present work, based on models 
in [24] and [28], is shown in Fig. 6. The trends are consistent with Lin and Trusler predictions for higher pressure and temperature 
ranges. 

III. RESULTS AND DISCUSSION  

A. Performance   
The performance of the ultrasonic meter was assessed by monitoring the following four parameters. 

1) Gain   
The meter electronics work to keep the received signal voltage at a constant level via an automatic gain control circuit. Gain is 

an indication of the acoustic signal strength. Fig. 7 shows the amplitude gain of all paths for all 20 test points. An early observation 
is that the signal from transmission to receiver transducer in dense/liquid CO₂ is less attenuated when the fluid is colder, and the 
density is higher.   

The gain levels of the outer paths, Ch1 and Ch4, are seen to 
be lower than the gain for the inner paths, Ch2 and Ch3. This is 
consistent with the longer path lengths between the outer 
compared to the inner transducer pairs, resulting in larger 
acoustic attenuation in the former.  

The continuous gain increase with decreasing density is 
related to two factors. Firstly, increased fluid density with a 
better matched acoustic impedance with the transducer results 
in higher energy permeation, which translates to stronger 
signals and lower needed receiver gains [29]. As the acoustic 
impedance of the fluid further deviates from that of the sensor, 
less of the wave is "absorbed" into the transducer. Weaker 
received signals force an increase in the automatic gain 
controller, therefore higher gain values. Secondly, acoustic 
attenuation, which is mainly driven by the increase in molecular 
thermal relaxation frequency, decreases with increasing density 
as we know from theory (see Fig. 5).  

 
 

Fig. 5. Theoretical attenuation of CO2 at an acoustic frequency 500 kHz as a 
function of density based on the model of [24, 28]. 

Fig. 6.  Ultrasonic absorption coefficient of liquid CO2 at 500 kHz computed 
from [24] and [28] 

 
Fig. 7.  Density vs. amplitude gain of all four channels (Ch1-blue, Ch2-red, 
Ch3-black, and Ch4-green) and the different groups of test points defined in 
Tables II – IV (high pressure (HP) test points in diamonds, low temperature 
(LT) in circles and low-temperature/high-pressure (HL) in squares).  

700 800 900 1000 1100 1200

 (kg m -3
)

0

10

20

30

40

50

 (m
-1

)

T =234 K

T =249 K

T =265 K

T =280 K

T =295 K

230 240 250 260 270 280 290 300

T  (K)

0

10

20

30

40

50

 (m
-1

)

P = 1.0 MPa

P = 2.5 MPa

P = 5.0 MPa

P = 7.5 MPa

P =10.0 MPa

P =20.0 MPa

10

15

20

25

30

35

40

45

700 800 900 1000 1100 1200

Ga
in

 [−
]

ρ [kg m-3]

HP_Ch1 HP_Ch2 HP_Ch3 HP_Ch4
LT_Ch1 LT_Ch2 LT_Ch3 LT_Ch4
LH_Ch1 LH_Ch2 LH_Ch3 LH_Ch4

© 2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other 
uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes, 

creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works. 

This is the accepted version of an article published in IEEE Sensors Journal 
http://dx.doi.org/10.1109/JSEN.2022.3180075



 

Whereas the overall trend in Fig. 7 is clear, it can also be observed that gains between symmetrical paths (Ch1/Ch4 and Ch2/Ch3) 
begin to diverge for the higher temperature points, below the fluid density of 1000 kg×m-3. The signal noise increases with 
decreasing density, as will be discussed further, and even relatively small differences in signal quality will be apparently larger 
from channel to channel, forcing the gain controller to react differently, even for symmetrical paths.  

Fig. 8 shows the relation between the signal strength and the sound attenuation of the CO₂. Fig. 8b illustrates the surplus 
attenuation, which could theoretically be attributed to the impedance mismatch. 
  

   
(a) (b) 

Fig. 8.  Gain increase with (a) signal attenuation as an exponential function of the path length through the medium attenuation and (b) attenuation coefficient 
of all paths for all data points  

 
 

2) Signal-to-Noise Ratio (SNR)   
 The SNR is another indication of the signal quality. The 
performance of the meter could be impaired if the transducers 
receive background acoustic noise from extraneous sources. SNR 
is expected to be an issue, even at static conditions, when the fluid 
is extremely attenuative, in which case, regardless of how much 
gain is applied, all that is picked up by a receiving transducer is 
noise. SNR was monitored across all test points as a health 
indicator in the present test campaign and will be used as baseline 
in future flow tests as well. Fig. 9 shows the range of the SNR 
measured among all four channels for all data points plotted in 
order of increasing temperature. Similar to the gain data, the SNR 
values show a decreasing signal quality with increasing 
temperature and decreasing  density.  The  SNR  for the 
measurement points at temperatures below 249 K were 
consistently above 20, with a maximum registered of 83.2.  The 
SNR for the high-pressure (HP) data shows lower figures, with 
sustained measurements with SNR below 20 for temperatures of 
281 K and above.  

Various factors can decrease the SNR of the acoustic signals across the flow meters. The presence of gas bubbles, or non-
homogenous mixing of two liquids in a liquid meter will cause low SNR. In the present case, after ruling out gasification of the 
fluid within the spool, signal attenuation and impedance matching factors are the alternative source of the evidenced signal 
degradation. 

For selected measurements, the raw transducer signals were monitored and recorded. Fig. 10 compares the raw signals from the 
transducers on Ch3, with (a) being the base case with SNR equal to 51.2 during a static water calibration at the Panametrics factory 
prior to the test, (b) an SNR of 45.9 during test point LH-2, and (c) one of the lowest registered SNR values of 8.1 in the present 
CO₂ experiments at test point HP-9. Received signals are cleaner and more pronounced at higher density.   
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Fig. 9.  Range of signal-to-noise (SNR) measured shown as blue bars for 
all test points. Mean SNR is indicated by circles and standard deviation by 
error bars. The data include all channels and is presented in increasing 
temperature order.  
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(c) 

Fig. 10.  Channel 3 Raw signals from transducers showing upstream and downstream through transmission signals from (a) static water calibration SNR of 51.2, 
(b) test point LH-2 SNR of 45.9, and (c) test point HP-9 with SNR of  8.1.  

 

3) Inter-channel variance   
The measurement principle of transit time ultrasonic flow 

meters is based on the concept that the difference between the 
upstream and downstream signal transit times, Dt, is directly 
proportional to the flow velocity [30]. Under no-flow conditions, 
theoretically, Dt should tend to zero.  

Fig. 11 shows the combined ranges of the measured transit time 
differences for all channels for every test point. The intrinsic 
variation in signal transit times due to different lengths among the 
paths is also contained within the reported ranges.  

The absolute value of the average time differences per channel 
is below 4 ns for the low-temperature points and below 10 ns for 
most high-pressure points, except for HP-11 and HP-12 where the 
average Dt was -30 ns and 27 ns, respectively. The cause of these 
evident increase is the degradation in signal quality as the CO₂ 
density – and speed of sound – decreased considerably from the 
low temperature points, leading to an increase in attenuation and 
larger impedance mismatch, as discussed above. 

Comparing the signal from the base case (water) and LH-2 in 
Fig. 10 (a) and (b), respectively, against the test points of varying 
density in Fig. 12, i.e., LT-1, HP-2, HP-7, and HP-12, the change in signal shape to the point of nearly-no-clear signal in Fig. 12 
(d) with the lowest density, is clear.  When the signal amplitude falls to that of the noise, the ability of the meter to process the 
signals is diminished and the resulting measurements can be incorrect. 

While this behavior may seem detrimental to using ultrasonic flow meters for pipeline transport measurements, there are other 
techniques that could be implemented to better compensate for  the reduced signal quality of the lower fluid densities. These 
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Fig. 11.  Ranges of transit time differences (Dt) shown as grey bars for all test 
points. Mean transit times are shown using circles and standard deviation using 
error bars. The ranges include all channels and are presented in increasing 
temperature order of the associated data points.  
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options may be explored in possible future tests. 

    
(a) (b) (c) (d) 

Fig. 12.  Channel 1 Raw signals from transducers showing upstream and downstream through transmission signals for (a) LT1, (b) HP2, (c) HP7, and (d) HP12.  
 

4) Speed of Sound   
Fig. 13 shows the measured speed of sound (c) for all test 
points contrasted against theoretical values from Wagner-
Span EOS [26]. Span-Wagner EOS was derived based on 
existing datasets that encompass the conditions of the current 
test matrix, i.e. Novikov and Trenlin at 288-373 K 3-10 MPa. 
Reportedly, although no reasonable uncertainty estimation of 
the above-mentioned dataset is provided, the overall 
uncertainty of the Span-Wagner model for speed of sound 
calculations in the region of interest is expectedly ±0.5% to 
±1.0%. The measured and calculated speed of sound show the 
same trend of decreasing speed with decreasing density, i.e., 
increasing temperature and decreasing pressure. The 
measured data are consistently higher than the model 
estimates, with deviations up to 3% for temperatures below 
273 K and increasing deviations for lower densities, up to 
12.8% for HP-12 at 294 K as seen in the inner graph therein.  

Several factors can contribute to the deviations between the 
theoretical sound speed and the meter measurements. Firstly, 
an error in the water temperature measurement during static 
calibration of the meter could yield deviations in the speed of 
sound measurements, yet such error should expectedly 
account for less than one percent and be somewhat consistent throughout the tests. Secondly, signal distortion, as per the signal 
quality reviewed above, shows dramatic changes across the density range, which is likely to play a larger role in the measurement 
errors noted. Thirdly, signal processing algorithms can be potentially locking onto an echo rather than the main through 
transmission signal, yet the data collected at the time of the test is insufficient to confirm this hypothesis.     

  

IV. CONCLUSIONS  
The acoustic signal quality from a multi-path ultrasonic flow meter transducers transmitting through dense/liquid CO₂ at 20 

temperature and pressure conditions was evaluated using a specially built test setup. The main contribution of this work is the 
demonstration that ultrasonic meters have a real potential for measurement of liquid CO₂ streams.  

Changes in the fluid density at different testing conditions lead to a change of the acoustic coupling efficiency of the ultrasonic 
wave from the transducers into the CO₂. Higher densities result in higher acoustic impedance and better coupling which yields 
higher signal quality.  

Estimations of the absorption coefficient illustrate that vibrational relaxation at the operational frequencies of 500 kHz, will 
keep sound absorption at a level at which measurements of the speed of sound are possible. For most high pressure/high temperature  
points,  the  ultrasonic  signals  were  still  strong enough to traverse through the fluid enabling measurement of relevant data by 
the meter. There was signal degradation at the lowest densities, and the speed of sound measurements show a significant reduction 
in accuracy and stability for temperatures above 293 K, relevant for onshore CCS pipeline transport. The new knowledge represents 
another contribution of the work, as it challenges the idea that water calibration is sufficient prior to deployment of metering units 
in the field. The settings of the meter need to be optimized for CCS applications. Further work shall be undertaken to assess 
alternative techniques to compensate for the reduced signal quality of the lower fluid densities, relevant for CCS pipeline transport.  

Ensuring the signal being processed is the actual acoustic signal and not just noise, is important. Looking at the raw transducer 
signals, the signal peaks of the acoustic signal is still apparent, even as the surrounding noise increases at low CO₂ densities. 
Diagnostic logs can also be reviewed for errors, warnings, and other signs which would indicate problems with the signal 
processing. Issues did arise during the data points taken on the less dense fluid. Future tests will be performed targeting extended 
experimental conditions around those where issues were evidenced followed by a closer observation of the raw signals. Also, 
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Fig. 13.  Measured and theoretical speed of sound (c). The mean speed of sound 
for all measurement channels are shown using diamonds and standard deviation 
of the measurements using error bars. The Span-Wagner EOS [26] is used to 
calculate the theoretical values, and its reported model accuracy as error bars 
for all test points. The data are arranged in increasing temperature order. The 
inner graph shows the percentage deviation of speed of sound (c) measurements 
from Span-Wagner EOS for different densities. 
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future tests could find more optimal ways of processing the weaker signals encountered in what is considered relevant conditions 
of pipeline transport for CCS. 

This study, limited to static conditions, precludes the evaluation of dynamic effects that are known to influence the performance 
and accuracy of ultrasonic flow meters, such as velocity profile and turbulence.  
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