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Abstract. The implementation of the “power-to-gas” concept, where hydrogen and natural gas are blended and
transported in the existing network, requires a quick, on-site method to monitor the content of hydrogen in the
mixture. We evaluate a rapid characterisation of this mixture based on the measurement of the speed of sound,
using micromachined ultrasonic transducers (MUTs). Two MUT-based prototypes were implemented to analyse
a mixture of natural gas and hydrogen under controlled conditions. Changes in the hydrogen content below
2 mol % (in a mixture that was adjusted between 6 mol % and 16 mol %) were discriminated by both devices,
including the uncertainty due to the temperature compensation and the time-delay estimation. The obtained
values of the speed of sound were consistent with those calculated from independent, non-acoustic measurements
performed with a gas chromatograph and a density sensor. An MUT-based flow meter is thus capable of reporting
both gas intake and the molar fraction of hydrogen, provided that the source of natural gas is kept constant.

1 Introduction

The production of hydrogen from electrolysis and its in-
troduction into the existing pipelines as a blend with nat-
ural gas (NG) offers an interesting possibility for coupling
the electrical and the gas grid – a concept termed “power-
to-gas” (Melaina et al., 2013; Liu et al., 2017). In such a
case, monitoring the hydrogen content in the mixture at dif-
ferent stages of the distribution network becomes necessary
because of billing purposes and safety concerns; its price
for the end-user should be adjusted, given that hydrogen re-
duces the calorific value per unit volume, and the failure of
different components of the gas infrastructure (e.g. pipes,
compressors, turbines) becomes a risk if a certain concen-
tration threshold is passed, which may range from 5 mol %
to 20 mol % (Müller-Syring and Henel, 2014; Melaina et al.,
2013; Slim et al., 2006). Although the composition of such
mixtures can be accurately measured in process gas chro-
matographs (PGCs), a fast, on-site, and low-cost method –
even if less accurate – would offer a significant advantage for

monitoring hydrogen in households and factories. Resolving
concentration differences of 1 mol % is a desirable quality
for such a system, given an order-of-magnitude estimation of
the safety limit of 10 mol %. This could be achieved by mea-
suring a physical variable that varies significantly with the
addition of hydrogen, such as thermal conductivity, density,
or speed of sound.

In this work, we explore the feasibility of performing a
quick, on-site detection of composition changes in natural
gas blends by a measurement of the speed of sound. We en-
vision that a flow meter based on ultrasonic transducers could
be used both to quantify the gas consumption and to estimate
the hydrogen content, given that it requires no additional sen-
sors to report the speed of sound. Assuming an operation
in end-devices (e.g. in households), such that the differen-
tial pressure is in the range of tens of millibars, an ideal gas
behaviour can be safely assumed, and the relationship be-
tween the speed of sound and composition can be obtained
by Laplace’s equation (Eq. 1a). The speed of sound (c) of the
mixture depends on three variables: the molar isobaric spe-
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cific heat (Cp), the molar isochoric specific heat (Cv), and
the molar mass (M). These properties are in turn given by a
linear combination of the molar fractions (xi) of each com-
ponent in the mixture, as shown in Eqs. (1b)–(1d) (Dixon
and Greenwood, 1925). If the analysed mixture were binary
(e.g. a hypothetical case of H2 in CH4), then the speed of
sound would offer a direct measurement of the hydrogen con-
tent, provided that the temperature of the mixture is known.
Vyas et al. (2006) demonstrate an application of this acoustic
principle for characterising “binary mixtures”, such as hydro-
gen in air, helium in air, and CO2 in air – whereby air, being
itself a mixture, is treated as a pure gas with certain effective
properties. Likewise, natural gas is itself a mixture that, be-
sides methane, also includes ethane, propane, nitrogen, and
other gases (Cerbe and Lendt, 2017). Depending on the ge-
ographical source and the extraction method, the content of
CH4 in natural gas can vary from 98 vol % to around 80 vol %
(Cerbe and Lendt, 2017). If, however, the source of the nat-
ural gas is kept constant, its composition varies only very
slightly, and the concentration of hydrogen can be calibrated
with a series of measurements of the speed of sound (or with
the knowledge of the composition of the respective sort of
natural gas). This is due to the linear character of Eqs. (1b)–
(1d), which enables grouping all the components pertaining
to natural gas with an effective value of MNG, Cp,NG, and
Cv,NG. This simplification is only possible in the ideal gas
regime, where particle–particle interactions are neglected.
For high pressures, roughly above 10 bar (Cézar de Almeida
et al., 2014), Eqs. (1a)–(1d) would need to be adjusted, and
new terms for every pairwise interaction between molecules
in the mixture would need to be considered (Trusler, 1991).
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M
, (1a)

Cp =
∑

xiCp,i, (1b)

Cv =
∑

xiCv,i, (1c)
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Other on-site sensing methods for blends of hydrogen and
natural gas reported in the literature include the platinum-
based sensor of Blokland et al. (2021) and the infrared spec-
troscopy approach of Bolwien (2022). The platinum-based
sensor alters an electric capacitance based on the adsorption
of hydrogen and was proven to measure concentrations from
0.1 vol % to 30 vol %, regardless of the carrier gas, without
hysteresis, and in real time. The calibration of its capacitance
curve requires a series of measurements under different tem-
peratures and hydrogen partial pressures to obtain a set of
five constants that are susceptible to the readout frequency
of the circuitry. An acoustic measurement, instead, is not de-
pendent on the properties of the sensors, is not limited to
a concentration of 30 vol %, and requires only the calibra-
tion of the sound path. The spectroscopy analysis reported by

Bolwien (2022) makes a robust detection of the main com-
ponents in natural gas and measures the amount of hydrogen
based on a thermal conductivity measurement. This approach
is not limited to ideal gases and is therefore very suitable for
pipelines and applications where the composition of natural
gas varies. An acoustic measurement offers a simpler, low-
cost alternative for low pressures and it also reports the flow
velocity without additional sensors. Among the variety of
available ultrasonic transducers (UTs), the use of microma-
chined ones (MUTs) is of particular interest, given that they
are of a smaller size than their classical “bulk” piezoelectric
counterparts. We have previously developed and tested two
kinds of electrostatic, air-coupled MUTs for purposes other
than gas analysis (Koch et al., 2021; Monsalve et al., 2022);
therefore, it is our aim in this study to evaluate whether these
devices can be used to detect changes near 1 mol % in the
molar fraction of hydrogen in an actual blend with natural
gas.

2 Method

2.1 Measurement of the speed of sound

We have constructed two prototypes to measure the speed
of sound via the estimation of the travelling time of ultra-
sound waves in both flow directions (upstream and down-
stream). Based on both time delays (t1, t2), the flow velocity
(v) and the speed of sound (c) can be determined according to
Eqs. (2) and (3), respectively, if the length of the sound path
(L) is known (See Fig. 1). These well-known expressions
follow from a system of two equations and two unknowns
for the transit times of the upstream and downstream direc-
tions (Köchner et al., 1996). The sound path can be calibrated
for a gas whose thermodynamic properties can be retrieved
from the literature. The measurement time of such a system
is only limited by the sound path – with a speed of sound
near 400 m s−1, a measurement may last 1 ms (40 cm path)
down to tens of microseconds (4 mm path).

v =
L

2cosα

(
t1− t2

t1t2

)
, (2)

c =
L

2

(
t1+ t2

t1t2

)
. (3)

The geometrical arrangement of the transducers in each pro-
totype varies considerably, given that they operate in very dif-
ferent frequency regimes. The first prototype, “A”, is based
on capacitive MUTs (CMUTs) operating at 1.65 MHz (Koch
et al., 2021). The high operation frequency enables a very
fine resolution in the measurement of time delays. Given the
high absorption coefficient that is expected at these frequen-
cies, the sound path needs to be kept around the centime-
tre range. Even at such close distances, the correspondingly
small wavelength (sub-millimetre range) indicates that waves
within the duct (6 mm diameter) are propagated as in an open
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space. The pitch–catch measurement in this prototype is per-
formed in the classical diagonal arrangement illustrated in
Fig. 1a, and the time delay is calculated by the phase shift
between the sent and received signal. The second prototype,
“B”, is based on “in-plane” or “lateral” CMUTs (L-CMUTs),
whose natural frequency is close to 54 kHz, and it can be op-
erated in a wide frequency range because of the transducer’s
relatively high damping coefficient (Monsalve et al., 2022).
At such a significantly lower frequency, one would expect a
considerable loss in the achievable resolution; however, the
correspondingly lower absorption coefficient enables a con-
struction that uses a much longer sound path in order to in-
crease the sensitivity of the time of flight to slight changes
in the speed of sound. This was achieved by utilising the
duct (5 mm diameter), not only as a means to transport the
fluid but also as a waveguide (Fig. 1b). As long as the ratio
between the diameter and wavelength is less than ∼ 0.586,
waves are forced to propagate with a constant pressure pro-
file, therefore excluding the possibility of reflections within
the duct (Trusler, 1991). If an excitation at a higher frequency
occurs, multiple propagation modes are activated, and the
pressure signal becomes distorted. Taking this into account, a
linear chirp signal sweeping between 16–20 kHz was chosen
for the excitation of the transducers. The time delay is then
calculated by the peak of the cross-correlation integral be-
tween the sent and received signals (Silvia, 1987). The main
features of these prototypes are summarised in Table 1.

2.2 Preparation of the gas mixture

The aforementioned prototypes were exposed to a series of
mixtures of natural gas with hydrogen, following the scheme
described in Fig. 2. The mixture was regulated by a mass flow
controller (Brooks® 5851S), and a sample was extracted for
analysis in a PGC (Thermo Scientific® TRACE 1310) each
time that the hydrogen content was adjusted. The gas flow
was monitored by a gas counter (Ritter® TG 5/1), regulating
it to nearly 6 L min−1 during the whole measurement. The
gas was directed then to the CMUT prototype and subse-
quently to the L-CMUT prototype to which a density sensor
(TrueDyne® DGF-I1) was coupled at the inlet. This density
sensor provides accurate pressure and temperature measure-
ments required for the calculation of the molar mass of the
mixture. Table 2 shows the composition of the natural gas
mixture without hydrogen enrichment.

3 Results and discussion

The measurement of the molar mass of the characterised
mixtures, shown in Fig. 3, exhibits a good agreement be-
tween the sample taken to the gas chromatograph and the
on-site measurement of the density. As expected, the inclu-
sion of hydrogen reduces the molar mass in an approximately
linear fashion. A theoretical curve based on the composition
of the reference natural gas sample (Table 2) was added as a

reference. The composition measurements for these samples
reveal that the molar fractions of the individual components
did not diminish exactly in proportion to the added content
of hydrogen, causing slight deviations from the theoretical
curve. Although the reported values of density do yield dif-
ferent values for the analysed mixtures, the error bars due
to the propagated uncertainty coming from the measurement
of absolute pressure (±500 Pa) and temperature (±0.06 °C)
overlapped for consecutive measurements. The concentration
reported by the gas chromatograph is subject to the uncer-
tainty in the readings of its thermal conductivity detector,
which results in the horizontal error bars of the figure, as
well as in a propagated uncertainty in the molar mass.

The previous results can be used to calculate the expected
speed of sound based on Eq. (1a). The molar fractions of each
component, as reported by the gas chromatograph, enable us
to determine not only the molar mass of the mixture but also
its specific heats (isochoric and isobaric) and, with them, the
adiabatic constant (γ ). This requires the knowledge of the
thermodynamic properties of each component in the mixture,
which can be consulted from the literature (Lemmon et al.,
2023). These properties are listed in Table 3. The calcula-
tion of the speed of sound based on the gas chromatograph,
then, is based on the obtained adiabatic constant and molar
mass. In the case of the density sensor, it suffices to take the
adiabatic constant, since it measures the pressure and den-
sity directly. The sample with the lowest hydrogen content
(6 %) was used to calibrate the sound path – L in Eq. (3) –
for the MUT-based prototypes, taking the calculated speed of
sound from the composition report of the gas chromatograph;
hence, no difference in the speed of sound, as reported by the
MUT prototypes and by the gas chromatograph, is expected
for this first data point.

The values of the speed of sound, as measured with both
the acoustic and non-acoustic measurements, are presented
in Fig. 4. All results were compensated to 20 °C, based on
the measured temperature (which varied between 19 and
22 °C). Despite operating at different frequencies, under dif-
ferent sound propagation conditions, and with different nu-
merical procedures to determine the time delay, the results
from both MUT-based prototypes are consistent, save for one
measurement where the error bars do not overlap. The error
in the acoustic measurements is given by a combination of
the statistic fluctuation in the time-delay estimation (10 mea-
surements at least) and the propagated error from the temper-
ature compensation. All changes in concentration (most of
which were below 2 %) were discriminated by the transduc-
ers with non-overlapping uncertainties. These results are also
in agreement with the non-acoustic measurements. Hence,
the measurement of the speed of sound is sensitive enough to
detect the changes in the composition of the mixture.

The measured values of the speed of sound at the given
compositions were used to estimate the thermodynamic
properties of the natural gas sample (MNG, Cp,NG, and
Cv,NG) with a least squares regression based on Eqs. (1a)–
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Figure 1. (a) Scheme of the arrangement and (c) rendering of the assembled prototype A, based on CMUT. (b) Scheme of the arrangement
and (d) rendering of the assembled prototype B, based on L-CMUT and a commercial MEMS microphone. The gas enters the corresponding
duct with a velocity “v”, and the ultrasound pulses travel from the transmitter “Tx” to the receiver “Rx” through a sound path of length “L”,
requiring a transit time of “t1” or “t2”.

Table 1. Overview of the main features of the prototypes used for the measurement of the speed of sound.

Prototype A Prototype B

Operation frequency 1.65 MHz 16–20 kHz
Sampling frequency 125 MHz 1 MHz
Bias voltage 50 V 30 V
Signal amplitude 50 V 10 V
Sound path 11 mm 46 cm
Duct diameter 6 mm 5 mm
Angle of wave propagation 45° 0°
Transmitter CMUT (Koch et al., 2021) L-CMUT (Monsalve et al., 2022)
Receiver CMUT (Koch et al., 2021) Knowles® SPU0410LR5H

(1d); the results are presented in Table 4. These values differ
from the calculation following from the composition report
of the PGC and the standard tabulated values (Table 3), but
they are consistent for both MUT prototypes. The calcula-
tion of these three variables from a least squares regression is
very sensitive to uncertainties in the data points from which

the uncertainty in the concentration axis played an important
role. Note, however, that the purpose of these prototypes is
not the determination of the thermodynamic properties but
the identification of concentration changes, which are the
variable of interest in the targeted application.
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Figure 2. Measurement set-up for the preparation of the mix-
ture and its characterisation with a process gas chromatograph, the
MUT-based prototypes, and a density sensor.

Table 2. Measurement of the composition of the reference natural
gas performed by a PGC.

Component Molar fraction

Methane, CH4 90.34± 0.90 %
Ethane, C2H3 5.61± 0.17 %
Propane, C3H8 1.08± 0.35 %
Isobutane, CH(CH3)3 0.17± 0.02 %
n-butane, C4H10 0.13± 0.01 %
Isopentane, C5H12 0.03± 0.003 %
Hexane isomers 0.0067± 0.0007 %
Carbon dioxide, CO2 1.31± 0.06 %
Nitrogen, N2 1.29± 0.06 %
Hydrogen, H2 0.010± 0.001 %

The characterisation of the gas mixture with two physi-
cal variables, density, and speed of sound, begs the question
as to which one could be more effective or if they could be
combined. Under the present conditions, where the source of
natural gas was kept constant, any of these variables could
be used to detect the molar fraction of hydrogen. The mea-
surement of density would be, at first glace, more appeal-
ing due to its linearity. The measurements reveal, nonethe-
less, that the error bars in the density measurement of con-
secutive values of hydrogen concentration oftentimes over-
lapped, whereas this was not the case in the measurement of
the speed of sound. Among other reasons, this was related
to the compensation of both the temperature and pressure
that the density measurement requires, which increases the
experimental uncertainty, whereas the estimation based on
the speed of sound requires only a temperature compensa-
tion. Under different conditions, where small fluctuations on

Table 3. Thermodynamic properties of the main components in the
gas mixture obtained from Lemmon et al. (2023) for a temperature
of 293.15 K and a pressure of 101.3 kPa.

ρ Cp Cv

(kg m−3) (J (mol K)−1) (J (mol K)−1)

H2 0.083752 28.802 20.484
CH4 0.66816 35.625 27.229
C2H6 1.2601 52.255 43.661
C3H8 1.8650 73.374 64.422
C4H10 2.4958 99.555 89.881
N2 1.1648 29.172 20.816
CO2 1.8393 37.235 28.714

Table 4. Estimated thermodynamic properties of the natural gas
sample according to the composition measurement (PGC) and ac-
cording to a least squares regression of the speed of sound measure-
ment with both prototypes.

PGC L-CMUT CMUT

Cp,NG (J (mol K)−1) 36.7± 0.4 41± 2 42± 5
Cv,NG (J (mol K)−1) 28.4± 0.3 26± 1 24± 2
MNG (g mol−1) 17.5± 0.2 21± 1 23± 1

the composition of natural gas are expected to occur, it may
become interesting to combine both measurements, not as a
means of redundancy but as a strategy to compensate such
fluctuations, taking into account that the variation in the adi-
abatic coefficient (though moderate) would make these two
variables independent from each another. This implies that a
system of two equations and two unknowns could be formu-
lated to detect a further variable.

4 Conclusions

Changes in the concentration of a mixture of hydrogen and
natural gas in the range between 6 mol %–16 mol % were de-
tected by means of time-of-flight measurements with two
kinds of micromachined ultrasonic transducers, CMUT and
L-CMUT, using two alternative approaches for the emis-
sion of sound, resolving differences below 2 mol % (and near
1 mol % in the upper measurement range) with a potentially
higher accuracy due to the low uncertainty in the time-delay
estimation. The calculated speed of sound of the mixture is
consistent with non-acoustic measurements performed with
a gas chromatograph and a density sensor. An on-site mea-
surement of either the density or of the speed of sound can
provide a quick and reliable characterisation of a hydrogen-
enriched blend of natural gas, as long as the composition of
the latter remains constant; nonetheless, a lower experimen-
tal uncertainty was achieved with the ultrasonic transducers
than with the density sensor because in the former case only
the temperature needs to be compensated. For sections of the
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Figure 3. Calculation of the molar mass of the mixtures of hydrogen and natural gas reported by the gas chromatograph and the density
sensor. A calculation based on the composition of the natural gas sample in Table 2 is provided as a reference.

Figure 4. Values of the speed of sound based on the measurements of the gas chromatograph and density sensor, as well as the direct
measurement performed by the two MUT-based prototypes. A theoretical calculation based on the composition of the natural gas sample in
Table 2 is provided as a reference.

pipeline network where the geographical source of natural
gas is kept constant, a gas counter based on MUTs can pro-
vide the end-user with accurate information about both vol-
ume flow and hydrogen concentration.
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