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1 INTRODUCTION: 

Having it over the past decade established as one of the preferred measurements for high pressure 

natural gas, the application range of ultrasonic flow meters is also shifting towards the more difficult 

applications. One type of these applications is natural gas with a high content of carbon dioxide (CO2). 

The concentration of CO2 varies considerably over the various reservoirs. A few examples of this are 

shown in table 1. 

 

Component 

Reservoir 

Groningen 

(NL) 

Laeq 

(F) 

Uch 

(PK) 

Uthmaniyah 

(SA) 

Ardjuna 

(ID) 

CH4 81.3 69 27.3 55.5 65.7 

C2H6 2.9 3 0.7 18 8.5 

C3H8 0.4 0.9 0.3 9.8 14.5 

C4H10 0.1 0.5 0.3 4.5 5.1 

C5+ 0.1 0.5 - 1.6 0.8 

N2 14.3 1.5 25.2 0.2 1.3 

H2S - 15.3 - 1.5 - 

CO2 0.9 9.3 46.2 8.9 4.1 
TABLE 1: COMPOSITION OF NATURAL GAS RESERVOIRS IN DIFFERENT PARTS OF THE WORLD (ROJEV 1997, BAHADRI, 

MOKHATAB ET AL. 2007, BAKAR AND ALI 2010) 

The molecular structure of CO2 has the ability to absorb ultrasonic acoustic signal and as such the 

signal strength might become unacceptable for custody transfer gas flow measurement.  

 

KROHNE has performed a large number of tests at different concentrations of CO2 with different 

pressures, different path lengths and different transducer operating frequencies. This paper describes 

the outcome of these tests and presents a practical solution for high CO2 applications. 

2 THEORY OF ACOUSTIC ABSORPTION BY CO2  

Nowadays, it is well known that CO2 in natural gas application absorbs the acoustic signal of an 

ultrasonic flow meter. During the first installations of ultrasonic flow meters in the 90’s the absorption 

of CO2 was not well known. The enthusiasm to use this relative new ultrasonic flow measurement 

technique resulted in an installation at a major brewery company, controlling the inlet of CO2 to the 

beer production process. Of course the meter did not work and soon the cause became clear. The 

enthusiasm of installing ultrasonic flow meters in all different beer companies worldwide was lowered 

and the focus went back to natural gas applications. 

 

For natural gas applications also absorption is to be expected. The absorption of natural gas can be 

defined by the Lambert/Beer law: 
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Whereby:  

αn = the attenuation coefficient of component n,   

cn = the concentration of component n, 

l   = the path length 

p  = the acoustic pressure 

p0 = the acoustic reference pressure at l  = 0. 

 

Each component has a specific attenuation coefficient.  

 

In general the attenuation coefficient consists of two types of absorption mechanisms: 

1. Classical absorption (viscosity & thermal conductance) 

2. Absorption by molecular thermal relaxation. 

 

Each will be explained in the next two paragraphs. 

2.1 CLASSICAL ABSORPTION 

The classical absorption is based on the loss of energy due to viscosity effects and due to thermal 

conductance.  

 

Viscosity: 

The absorption by viscosity is relatively easy to explain. Acoustic waves traveling through a medium 

results in the for- and backwards movements of particles (see Figure 1). As a result of the viscosity the 

movement of the particles will undergo friction and energy is lost. It is comparable to the different 

way a wave propagates through water and in oil. The wave traveling through oil will attenuate much 

faster. 

 
FIGURE 1: ACOUSTIC WAVE TRAVELING THROUGH A MEDIUM 

Thermal conductance 

The second part of classical absorption is the thermal conductance absorption. An acoustic wave in a 

medium creates high and low density regions (see Figure 1). Better said, the acoustic wave is a 

variation of local pressures. There are regions with elevated pressure. In these regions the law of 

Boyle/Gay-Lussac applies:  

   

 
          

 

Because the local pressure is increased the volume will decrease (creating a density change) but also 

the temperature will slightly increase, creating a region with an elevated temperature with respect to its 
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surroundings. Due to thermal conductivity of the gas the energy will be transported outside this 

elevated temperature region. Creating an energy loss of the initial acoustic pressure wave and as such 

the acoustic wave will attenuate. 

 

The general equation for the classical attenuation coefficient is: 

 

   
  

    
 
(  ⁄   

      

  
) 

Whereby: 

αc = Classical attenuation coefficient   ω  = 2πf with f is the frequency 

c   = Speed of Sound     ρ0 = Reference density 

η   = Viscosity      γ  = Ratio of heat capacities 

κ   = Thermal conductivity    cp = Heat capacity (P is constant) 

 

Clearly the viscosity term (η) and the thermal conductivity term (κ) can be seen in the equation above. 

Overall the attenuation coefficient is linear to the quadratic frequency (ω2 = 4π2f2) of the transducers. 

The higher the operating frequency of a transducer, the higher the attenuation coefficient and the 

higher the absorption. 

 

This classical absorption cannot explain why CO2 absorbs much more energy than other components 

within natural gas applications. The viscosities and heat capacities are all similar. For the absorption of 

acoustic energy by CO2 another additional effect is responsible. This is the absorption due to 

molecular  thermal relaxation. 

2.2 ABSORPTION BY MOLECULAR THERMAL RELAXATION 

As described in paragraph 2.1 the gas molecules will, due to the acoustic wave, move back- and 

forward. A gas molecule has three so called external degrees of freedom (translation or movement in 

the x, y and z direction). The CO2 molecule is a linear polyatomic molecule (Figure 2). Beside the 

three external degrees of freedom the CO2 molecule also has a number of internal degrees of freedom. 

Internally the C=O bonding can rotate and vibrate. 

 
FIGURE 2: THE CO2 MOLECULE 

To transfer energy between the external state (movements of x, y, z) and the internal state (vibration, 

rotation) takes a certain amount of time called the relaxation time. If an acoustic wave passes by with a 

long time period (low frequency) which is much larger than the relaxation period, the energy will 

transfer from the external state into the internal state and back again without any loss of energy. If the 

time period of the acoustic wave is much shorter (high frequency) than there is no time to transfer 

energy from the external state into the internal state and also no energy is lost. When the time period 

of the acoustic wave and the relaxation time are identical then transfer will take place. The transfer is 

however not optimal and energy is getting lost. The acoustic wave will attenuate. 

The attenuation coefficient of the molecular thermal relaxation can be calculated according to: 
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Whereby 

αmtr  = Absorption coefficient due to molecular thermal relaxation 

fmtr  = Relaxation frequency of the molecular thermal relaxation 

[α]max  = Maximum of absorption per wavelength 

     = Wavelength     f    = Frequency 

 

For the MTR (Molecular Thermal Relaxation) of CO2 its maximum is around 0.13 Np at a frequency 

of about 30 kHz. The curve of the αmtr λ is presented in Figure 3 

 
FIGURE 3: ABSORPTION COEFFICIENT MOLECULAR THERMAL  RELAXATION 

The maximum of the curve in Figure 3 correspond to the relaxation frequency being equal to the 

acoustic frequency. The curve as presented in Figure 3 is valid for atmospheric conditions. In general 

natural gas applications are at much higher pressures. Due to a higher pressure the number of molecule 

collisions will increase and as such the relaxation time will decrease and the relaxation frequency will 

increase. This means the curve will shift to a higher frequency. This shift is proportional to the 

pressure. For high pressure applications it is therefore more useful to use on the horizontal axis the 

frequency divided by the pressure [Hz/bar] 

 

A second point of attention is for wet natural gas application. The absorption curve as presented in 

Figure 3 is also dependent on the water content. The water presence lowers the average number of 

collisions of the molecules. The transfer of energy between the internal and external state becomes less 

active. To maintain the same amount of collisions the frequency needs to be increased. The absorption 

per wavelength (αλ) remains constant but due to the smaller wavelength (λ) the absorption coefficient 

will increase. 
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3 PRACTICAL STUDY ON ACOUSTIC ABSORPTION BY CO2 

This chapter discusses the absorption calculation method specifically for ultrasonic flow meters and 

also shows results of the absorbing tests done. 

3.1 THEORY OF ABSORPTION OF AN ULTRASONIC FLOW METER 

The operational principle is well known. An acoustic pulse is transmitted from a downstream 

transducer to the upstream transducer and vice versa. An acoustical pulse transmitting with the flow 

travels faster than against the flow. This creates a time difference and it is the time difference which 

determines the velocity inside the pipe.  

 

When an acoustical pulse travels through a medium it strength decreases because of: 

1. Spherical expansion: The acoustic pressure decreases reciprocal to its path length. 

 

   
 

 
 

 

Remark: For acoustic energy the energy decreases according to l2 

 

2. Absorption: According to the previously discussed Lambert/Beer law: 

 

    [                    ]   

 

αCO2 = The attenuation coefficient of CO2   

cCO2 = The concentration of CO2 

α = The averaged attenuation coefficient of all other components 

 

The acoustic pressure of an acoustic pulse is additionally dependent on: 

 

3. The pressure of the medium (P): The higher the pressure the easier the acoustic pulse is 

transferred into the gaseous environment. 

    

 

4. The excitation voltage (V) of the transducer: The higher the voltage the more energy can be 

transferred. 

    

 

Combining above point results in the following equation: 

 

       
 

 
   [                    ]   

 

ka is called the acoustic efficiency constant and is a meter/transducer specific constant. 

 

 

 

 



AGA Operations Conference, May 19-22, 2013 

 

ULTRASONIC FLOW MEASUREMENT IN HIGH CO2 APPLICATIONS  page 6 

 

3.2 CO2 TEST RESULTS. 

To test the absorption of CO2 under pressurized conditions two transducers are installed on a step 

engine and are placed inside a pressure vessel (see Figure 4). The path length, pressure and the 

concentration of CO2 can be varied. The base gas used was nitrogen. Tests were done under the 

following operational conditions: 

 The concentration of CO2 was varied between 0 and 30% 

 The pressure was varied between 0 and 20 barg (290 psig) 

 The path length could be changed between 0.1 m (4”) and 0.9 m (36”). 

 The frequency of the transducers of varied between 150 kHz and 330 kHz 

 
FIGURE 4: TEST SET UP CO2 ABSORPTION TESTING 

The relations as discussed in paragraph 3.1 were found during the tests and are presented in the 

following figures: 

 

1. Figure 5:    
 

 
: In principle the relation should be   

 

 
     . In this case however there is no 

CO2. There is only N2 and the absorption coefficient of N2 is very low. Therefore, on the 

signal strength only the 
 

 
 behavior is visible.  

Remark: A reciprocal curve fit and an exponential curve fit (dotted) are presented in Figure 5. Clearly the reciprocal curve fits better. 

 
FIGURE 5: SIGNAL STRENGTH VS. PATH LENGTH (RECIPROCAL; 1/L ) 
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2. Figure 6:        : In this case the exponential relation is clearly visible. Tests are done at 

high concentrations of CO2 and as such the exponential relation is much stronger than the 

reciprocal relation.  

 

 
FIGURE 6: SIGNAL STRENGTH VS. PATH LENGTH (EXPONENTIAL) 

3. Figure 7:    : For different path length the relation between the signal strength and the 

pressure is presented. The linear relation is clearly visible 

 
FIGURE 7: SIGNAL STRENGTH VS. PRESSURE (LINEAR) FOR DIFFERENT PATH LENGTHS 

4. Figure 8:         : At different constant pressures the %CO2 is changed. The vertical axis is a 

logarithmic scale and as such exponential relations will be presented as a linear line. 

 
FIGURE 8: SIGNAL STRENGTH VS CONCENTRATION CO2 (EXPONENTIAL) 

The test resulted in a number of attenuation coefficient for CO2 at different conditions (Pressure, 

Speed of Sound and Frequency). In Figure 9 the measured attenuation coefficient under different 

conditions are plotted against the theoretical value. The results fit the model well.  
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FIGURE 9: MEASURED ABSORPTION COEFFICIENT VS THEORY 

Based on the model (Par. 3.1) and using the attenuation coefficient of CO2 (Figure 9) the gain of the 

ALTOSONIC V12 for each test situation could be reconstructed. The measured gain versus the 

reconstructed gain can be seen in Figure 10 . A good agreement is found. 

 
FIGURE 10: RECONSTRUCTION OF GAIN VS. MEASURED GAIN OF THE ALTOSONIC V12 

4 PRACTICAL SOLUTION WITHIN ULTRASONIC FLOW METERS 

The previous chapters have shown why CO2 absorbs the acoustic energy more than other natural gas 

components. The practical tests confirmed the theory. To find a solution for high CO2 natural gas 

applications a closer look should be taken to the previous discussed equation: 

 

       
 

 
   [                    ]   

 

To review a high CO2 natural gas application the pressure (P), concentration of CO2 (cCO2) and 

absorption coefficient (αCO2 and α) are set. To solve this application with an ultrasonic flow meter only 

the path length (l), the excitation voltage (V) and the frequency (f) can be used to fit a specific 

application. 
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Frequency optimization 

The reason that the frequency can be used to optimize for a specific application is that the attenuation 

coefficient of CO2 is dependent on frequency divided by Pressure as can be seen in Figure 3 and 

Figure 9. The transducer operating frequency should be chosen outside the maximum absorption 

range. Especially it is advisable to go to lower frequencies while at higher frequencies also the 

classical absorption start to increase to the power of 3 (paragraph 2.1) 

 

Power enhancement 

The energy transmitted by the transducers is dependent on the power transmitted to the transducers. 

When using intrinsically safe transducers the maximum power allowed to fire the transducers is 

limited. Using a flame proof electrical safety design does not has this limitation and the power to the 

transducer can be substantially increased. 

 

Acoustic efficiency constant (ka) 

The acoustic efficiency coefficient indicates how efficiently electrical energy is transferred into 

acoustical energy. This efficiency factor is manufacturer dependent. Tests have shown that there are 

no large differences between the various manufacturers; they all lie well within a bandwidth of 6 dB. 

 

Path length 

The path length is a dominant factor due to the spherical expansion ( 
 

 
 ) and the exponential 

absorption (      ).  

 

To lower the path length in general ultrasonic flow meters with smaller diameters can be used. The 

drawback however would be a higher pressure drop due to the restriction in diameter. If the meters are 

installed in a cross over station the use of smaller diameters is possible but only if the number of 

parallel lines can be increased. Another way to shorten the path length is by inserting the transducer 

into the gas stream. However this means a smaller part of the total gas stream will then be measured 

which results in a reduced the accuracy of the meter.  

 

For the ALTOSONIC V12 of KROHNE an additional option is available. The ALTOSONIC V12 uses 

reflective technology which doubles the path length. To shorten the path length KROHNE can also 

deliver an ALTOSONIC V12D. The “D” stands for “Direct” indicating that no reflective paths are 

used but only direct paths. The drawback is that the unique OIML R137 class 0.5 approval of the 

ALTOSONIC V12 is lowered to OIML R137 class 1.0 which is similar to the direct path meters of 

most other manufacturers. The reason for this is that the benefits of reflective technology (swirl 

insensitive and multiple diagnostic features) are considerably reduced in a direct path lay-out.  

 

To show this, in the next chapter the flow profile influences on the ALTOSONIC V12 in relation to 

the V12D is presented and it shows the reason why the installation effect on a direct path meter is 

larger than that of a meter using reflective technology. 
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5 IMPACT ON INSTALLATION EFFECTS 

To test the installation effect of a reflecting path technology compared to a direct path technology, test 

were performed at the high pressure gas test facility of Open Grid Europe GmbH at Lintorf . 

 
FIGURE 11: TEST FACILITY OGE AT LINTORF (GERMANY) 

Two meters were installed in series (see Figure 11) and were tested under different upstream flowing 

conditions. The downstream meter is an ALTOSONIC V12 and the upstream meter is an 

ALTOSONIC V12D. The “D” stands for “direct” and indicates that this is a direct path ultrasonic flow 

meter (see Figure 12, right side). The ALTOSONIC V12 uses the reflective technology as presented in 

Figure 12 on the left side. 

 
FIGURE 12: PATH LAYOUT OF ALTOSONIC V12 AND V12D 

The performed test are schematically presented in Figure 13 and consisted of the following tests: 

 Baseline test  

 Bend at 10D and 5D before the ALTOSONIC V12D & V12 

 Out-of-plane bend at 10D and 5D before the ALTOSONIC V12D & V12 

 Asymmetrical swirl flow profile distortion at 20D by using a dedicated swirl plate (made by 

PTB). This swirl plate (Figure 14) creates a swirl angle of about 45 degrees at 10 D behind the 

plate. These test were done with 2 types of flow conditioners and without flow conditioning. 
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FIGURE 13: 10D & 5D PERTURBATION TEST WITH AND WITHOUT FLOW CONDITIONERS 

 
FIGURE 14: ASYMMETRIC SWIRL PERTURBATION PLATE 

In previous papers [1], [2] the effect of swirl or cross flow on ultrasonic flow meters has been discussed. 

It is known that a single bend creates two opposite rotating vortices in the gas stream and that an out-

of-plane bend creates a single large bulk rotation of the gas stream (see Figure 15). 

 
FIGURE 15: CROSS FLOW AND/OR SWIRL AFTER SINGLE BEND (LEFT) AND OUT-OF-PLANE BEND (RIGHT) 

As proven and presented in previous papers, by using reflective technology (ALTOSONIC V12) the 

individual path readings becomes totally insensitive to swirl. When using a direct path design, the 

additional cross flow results in a substantial error which is dependent on the position of the path. By 

combining the results of the various paths, and depending on the type of swirl, the total error might be 

reduced.  

 

In Figure 16 the effect of a bulk rotation (created by an out-of-plane bend) and a double vortex 

(created by a single bend) are shown in the ALOSONIC V12D. First a theoretical evaluation will be 

given on how the ALTOSONIC V12D would compensate for those types of swirl than practical 

results will be presented who will confirm the theoretical evaluation. 
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5.1 THEORETICAL COMPENSATION OF SWIRLS ALTOSONIC V12D 

First the theoretical compensation of a single swirl will be discussed and after that the compensation 

for the 2 opposite rotating vortices 

 

Single (bulk) swirl 
(left side of Figure 16) 

If a single bulk swirl is present inside the ALTOSONIC V12D, the bottom path (#1) will read a higher 

velocity, the top path (#5) will read a lower velocity and the middle path (#3) will not be influenced. 

The same accounts for the paths at chord 0.5. If the bottom path (#1) read higher due to the swirl than 

path #2 will read lower because of its opposite orientation. Path #4 will than read higher. It can be 

concluded that the paths at chord 0.8 (#1 & #5) and path at chord 0.5 (#2 & #4) compensate each 

other. The center path (#3) will not be influenced 

 
FIGURE 16: COMPENSATION FOR SWIRLS IN 5-PATH METER 

Double swirl (Two opposite rotating vorticities) 
(right side of Figure 16) 

After a single bend a double swirl is present in the gas stream. In this case the bottom path reads a 

lower value. Also the top path reads a lower value. The compensation effect as discussed in the single 

swirl situation is for the double swirl situation not present. The compensation of the under reading of 

the bottom and top path is now done by the over reading of the centre path. 

 

Both of the above discussed theoretical profile distortions in comparison to an ideal profile are 

presented in Figure 17. 

 
FIGURE 17: SIMULATED FLOW PROFILE READINGS ALTOSONIC V12D 

5.2 PRACTICAL TEST RESULTS ON SWIRLS WITH AN ALTOSONIC V12D 

Baseline test: 

At first a baseline test is performed. In this ideal situation it is to be expected that any ultrasonic flow 

meter independent on its path concept (reflective or direct) will show an ideal flow profile. As can be 

seen in Figure 18 , the flow profile reading of the ALTOSONIC V12 & V12D are similar and close to 

the theoretical ideal flow profile. 
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FIGURE 18: IDEAL PROFILE, NO DIFFERENCE DIRECT & REFLECTING 

Single swirl distortion 

The single swirl test was created by two types of flow distortions; using the swirl plate and using an 

out-of-plane bend. As discussed previously, the ALTOSONIC V12 is totally insensitive to swirl [1], [2]. 

To evaluate the cross flow the response of the ALTOSONIC V12D needs to be reviewed. The results 

are presented in Figure 19 (ALTOSONIC V12D is on the right side). From the data it can be 

concluded that the swirl plate creates much more swirl than the out-of-plane bend. Also the behavior 

of the ALTOSONIC V12D is similar to the discussed theoretical behavior in paragraph 5.1 and Figure 

17.  

 

The flow profiles of the ALTOSONIC V12 (left side of Figure 19) are flow profiles without the swirl 

components. Notice the difference in scaling between ALTOSONIC V12D (-60% to 40%) and V12 (-

12% to 8%). The swirl or cross flow effects are much larger than the flow profile changes.  

The swirl plate creates a single asymmetrical rotating gas flow as encountered in many real life 

installations. If the rotation is eliminated using the reflective technique, what remains is only the 

asymmetry. This asymmetry is clearly visible in the graph left of Figure 19 (“V12 swirlplate”).  

 

In the out-of-plane bend test special care has been taken to create a single symmetrical rotating gas 

flow. Then, due to the centrifugal force of the rotating gas stream, the gas is pushed to the outside of 

the pipe wall creating a more flat profile. This flat profile is clearly visible in the graph left of Figure 

19 (“V12 out-of-plane”). 

 
FIGURE 19: INFLUENCE ON PATH READING OF SINGLE SWIRL (OUT-OF-PLANE) 

Double swirl distortion: 

After a bend two rotating vortices are present. In Figure 20, on the right side the results of the flow 

profile reading of the ALTOSONIC V12D is presented. Again the practical results fit the theoretical 

results. Both outer paths read higher and are compensated by the center paths.  
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In Figure 20, on the left side the results for the ALTOSONIC V12 are shown including that whereby 

the meter is rotated over 90 degrees.  

 
FIGURE 20: INFLUENCE ON PATH READING OF DOUBLE SWIRL (BEND) 

In Figure 21 the axial flow profile after a single bend is presented together with the path positions of 

the ALTOSONIC V12 under normal installation (5 horizontal paths, right side of Figure 21) and  

under rotated installation (5 vertical paths, left side).  

 

In the normal horizontal installation the path through the center will read lower due to a dent in the 

axial flow profile. To compensate this “loss of gas” the readings of the top and bottom path will read 

slightly higher. This result can be seen in Figure 20 (“V12 bend”).  

 

In case the meter will be rotated than an asymmetrical flow profile will be present. This can also be 

seen in Figure 20 (“V12 bend, 90”). 

 
FIGURE 21: AXIAL FLOW PROFILE AFTER SINGLE BEND 

If all the results are combined in one graph (Figure 21) it is clear that the direct path meter 

ALTOSONIC V12D is influenced by the cross flow while the ALTOSONIC V12 is not.  

 
FIGURE 22: ALL FLOW PROFILES DURING TESTS 

As a result the high accuracy rating on installation of the ALTOSONIC V12 (class OIML 0.5) cannot 

be met by a direct path design.  
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Meter deviations 

In Figure 23 the flow weighted mean error (FWME) of each of the tests are presented. On the right 

side the results of the ALTOSONIC V12, using reflective technique, can be seen. All different 

installation effects are lying in a bandwidth of ±0.16% being the limits to acquire class OIML 0.5.  

On the left side the results of the direct path meter the ALTOSONIC V12D can be seen. The 

bandwidth of the installation effects lie within  ±0.33% which is the applicable bandwidth for OIML 

class 1.0. 

 

 
FIGURE 23: FWME OF V12D (LEFT) AND V12 (RIGHT) 

6 CONCLUSIONS 

The molecular thermal relaxation of CO2 results in high absorption of the acoustical signals. When 

installing ultrasonic flow meters in natural gas applications with high levels of CO2 the effect of the 

absorption of CO2 needs to be reviewed carefully. Aspects such as the operating frequency of the 

transducers, power enhancement and path length adjustment can help in creating a successful 

installation of an ultrasonic flow meter.  

On path length KROHNE has the ability to offer various solutions to meet the application 

requirements. If the high end ultrasonic gas flow meter, the ALTOSONIC V12, due to its reflective 

technology cannot cope with the high levels of CO2 than the direct path meter, the ALTOSONIC 

V12D can be used. The drawback however is that the impact of the installation effects will increase 

and the class OIML R137 class 0.5 approval is lowered to a class OIML R137 class 1.0  approval, 

which is similar to the approval that the direct path meters from other main manufacturers have.  
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