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Discrimination and Concentration Measurement of Different Binary Gas
Mixtures with a Simple Resonator through Viscosity and Mass Density

Measurements

L. Iglesias, M.T. Boudjiet, I. Dufour∗

Univ. Bordeaux, IMS, UMR 5218, F-33400 Talence, France

Abstract

Compared to physical microsensors based on the measurement of physical properties of gases, chemical
microsensors are attractive for detection of gas due to their selectivity and relatively high sensitivity. How-
ever, most of the time they present a considerable drift in their output which either requires recalibration
or makes them unsuitable for several applications. Physical gas microsensors used for chemical detection
on the other hand lack of selectivity which makes them unsuitable for applications where more than one
gas concentration is susceptible to change. In this paper, a new method is exposed, that allows physical
microsensors to discriminate different binary gas mixtures in applications such as industrial gas monitoring,
where the viscosity and mass density of the gases prone to manifest are known. The method is based on the
measurement of both the resonant frequency and the quality factor in microresonators. The small variations
of such signals are interpreted in terms of viscosity and mass density variations with respect to a reference
gas such as nitrogen (N2). This method allows the discrimination of the gases mixtures as well as the
determination of the gas concentration.
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1. Introduction

Stability and long time reliability are two well known limitations regarding chemical gas micro sensors
[1, 2, 3]. Although metal oxide based (MOX) sensors, according to Romain et al. [2, 3], have relatively
good stability, they typically require either a recalibration, or to be replaced after a few weeks or a couple of
months due for instance to aging [4] of the sensitive film. A lot of effort has been put into making chemical5

sensors more stable over time such as improving the materials used [5, 6]. Some researchers even proposed
to apply statistical models [7] or even machine learning algorithms like support vector machines [8] and
artificial neural networks [9] to compensate for the drift. This, naturally, requires a fairly important amount
of computation and processing. Another approach is to simply not use a sensitive film at all which has
resulted in an increasing interest towards using uncoated resonators for chemical detection [10, 11, 12, 13].10

Tétin et al. [11] showed that the shift in the resonant frequency of an uncoated cantilever can be associated
to both the density and the viscosity of its surrounding fluid. This allowed for measurements of molar
fractions for several gases such as carbon dioxide (CO2) [11] and hydrogen (H2) [12, 13].

Nevertheless, one of the difficulties of this approach is the lack of selectivity resulting from removing the
sensor’s sensitive film which strongly limits its applications. Indeed, every chemical specie is susceptible of15

changing the physical properties of the sensor environment which makes it difficult to differentiate between
different species.
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Nonetheless, as presented in Table 1, measuring particular properties of the surrounding gas such as
viscosity (η) or mass density (ρ) is most certainly a first step towards discriminating different chemical
entities. The physical properties of some common industrial gases can vary considerably from one gas to20

another. Although in the following parts we will focus on measuring both the viscosity and the mass density;
the thermal conductivity and the speed of sound could potentially improve the uniqueness of a gas signature
to identify it. There exist several ways to measure a fluid’s viscosity and mass density simultaneously
[14, 15, 16, 17] although very often it consists of a system of two sensors such as a flow and a pressure
sensor. Integrated versions are rare but they can be found in the literature[16]. Resonators also have been25

used to measure both mass density and viscosity [14] but due to the small viscosity of gases at atmospheric
pressure some techniques are useful for liquids only. Despite this challenge Lötters et al. managed to measure
simultaneously density, viscosity, heat capacity and mass flow of several gases included H2 by integrating a
pressure, a thermal and a Coriolis microsensor [16]. In this article we present a method that not only can
measure both quantities from a single microresonator for a given gas mixture, but it can also discriminate30

from different binary gas mixtures and estimate the gas concentration.
In this paper the idea of using both the viscosity and the mass density of a binary gas mixture to dis-

criminate different gases and to estimate their concentration is presented (Section 2). Then the method
to determine both the viscosity and the mass density of a gas from the measurement of both the resonant
frequency and the quality factor of an uncoated microresonator is exposed (Section 3). The silicon micro-35

cantilever and the measurement equipments used to test the proposed method are presented in Section 4
and the obtained results are presented in Section 5. Finally, because the method used a calibration step,
the impact of the choice of gases and concentrations for the calibration is studied (Section 6).

2. Motivation

Figure 1 shows the theoretical mass density difference (∆ρ) against the theoretical viscosity difference40

(∆η), both with respect to nitrogen, for different molar fractions in percent and for different gases.
The mixture mass density was computed using Equation 1 which comes from the definition of the mass

density:
ρG−N2

= ρGxG + (1− xG)ρN2
, (1)

where xG, ρG, ρN2
and ρG−N2

are the molar fraction of the gas, G, present in a small amount, its mass
density, the mass density of nitrogen and the one of the mixture, respectively.

The mixture viscosity was computed using the approximated equation from the kinetic gas theory [18,
19, 20]:45

ηG−N2 =
xGηG

xG + (1− xG)ΦG−N2

+
(1− xG)ηN2

1 + (ΦN2−G − 1)xG
, (2)

where ηG, ηN2 and ηG−N2 refer to the viscosity of the gas present in a small amount, nitrogen and the
mixture, respectively. ΦG−N2 and ΦN2−G are given in Equations 3 and 4, respectively.

ΦG−N2
=

[1 + ( ηGηN2
)

1
2 (
MN2

MG
)

1
4 ]2

[8(1 + MG

MN2
)]

1
2

, (3)

ΦN2−G =
[1 + (

ηN2

ηG
)

1
2 ( MG

MN2
)

1
4 ]2

[8(1 +
MN2

MG
)]

1
2

, (4)

where MN2
and MG are the molar weight of nitrogen and of the gas present in a small amount, respectively.

It can be noticed that in Figure 1 some gases with similar mass density variations for a given molar
fraction such as hydrogen and helium can differ considerably in their viscosity variation. Similarly, gases50

with close viscosity variations for a given molar fraction such as oxygen and helium can be differentiated
by their mass density variations. There is, however, an additional advantage of measuring both variables
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∆ρ and ∆η. As illustrated in Figure 1 and Table 2, the slope of the curves of Figure 1 (
ηN2

ρN2

∆ρ
∆η ) is a good

parameter to discriminate between different gases. Finally, once the gas mixture is determined, its molar
fraction is given either by ∆ρ or ∆η depending on which signal is easier to detect. For instance, as shown in55

Table 2, the sensitivity to mass density ( ∆ρ
xGρN2

) for H2 is much higher than the one to viscosity ( ∆η
xGηN2

).

3. Model

In Sader’s theory [21, 22], in the case of a beam respecting Euler-Bernoulli conditions (L >> b >> h
where L, b, and h are the length, width and thickness of the cantilever, respectively), it has been shown [11]
that for small variations ∆ρ and ∆η of mass density and viscosity respectively, these quantities are related60

to the shift in resonant frequency ∆fr as described by Equation 5.

∆fr
fr

= −π
8

ρ

ρbeam

b

h
(a1

∆ρ

ρ
+

a2√
8Re(fr)

∆η

η
), (5)

where ρbeam is the mass density of the beam’s material, a1 = 1.0553, a2 = 3.7997 are Maali’s [23] parameters
of the real part of the hydrodynamic function and Re(fr) is the Reynolds’ number at the resonant frequency
defined in Equation 6:

Re(fr) =
πb2ρfr

4η
. (6)

Under the same assumptions we get a similar expression for the quality factor Q shown in Equation 7:65

∆Q

Q
= −1

2
(
∆ρ

ρ
+

∆η

η
). (7)

Despite the fact that Equations 5 and 7 are valid for a very specific case (Euler-Bernoulli conditions),
they are useful to give an insight in the parameters that play a role in the relative weight between ∆ρ and
∆η in both, the resonant frequency and the quality factor of a resonator.

In order to extract ∆ρ and ∆η in a more general case in terms of geometry (even if the Euler-Bernouilli
conditions are not valid), we will assume that a first order approximation remains valid for small variations.70

Thus, ∆fr and ∆Q can be written as in Equations 8 and 9 where α1, α2, β1 and β2 can be considered
constant since they depend on the geometry and technology of the resonator and on the predominant gas
(N2 in our case) but not on the gas present in a small amount:

∆fr
fr

= α1
∆ρ

ρ
+ β1

∆η

η
, (8)

∆Q

Q
= α2

∆ρ

ρ
+ β2

∆η

η
. (9)

Therefore if we are able to obtain such constants through calibration, then ∆ρ and ∆η are simply given
by Equations 10 and 11, respectively:75

∆ρ

ρ
=

1

α1β2 − α2β1
(β2

∆fr
fr
− β1

∆Q

Q
), (10)

∆η

η
=

1

α1β2 − α2β1
(α1

∆Q

Q
− α2

∆fr
fr

). (11)

In order to get the four parameters (α1, α2, β1 and β2) it is needed to measure ∆fr and ∆Q, for two
different binary mixtures (nitrogen and either gas A or B) at a given concentration for each gas mixture (the
corresponding ∆ρ and ∆η being determined using Equations 1 and 2). The system described by Equations
12 to 15 is then solved where the subscripts ’A’ and ’B’ designate the quantities of gases A and B respectively:
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∆fr,A
fr

= α1
∆ρA
ρ

+ β1
∆ηA
η

, (12)

∆fr,B
fr

= α1
∆ρB
ρ

+ β1
∆ηB
η

, (13)

∆QA
Q

= α2
∆ρA
ρ

+ β2
∆ηA
η

, (14)

∆QB
Q

= α2
∆ρB
ρ

+ β2
∆ηB
η

. (15)

Which finally leads to the following equations to determine the four needed parameters:80

α1 =
ρ

fr

∆fr,A∆ηB −∆fr,B∆ηA
∆ρA∆ηB −∆ρB∆ηA

, (16)

β1 =
η

fr

∆fr,B∆ρA −∆fr,A∆ρB
∆ρA∆ηB −∆ρB∆ηA

, (17)

α2 =
ρ

Q

∆QA∆ηB −∆QB∆ηA
∆ρA∆ηB −∆ρB∆ηA

, (18)

β2 =
η

Q

∆QB∆ρA −∆QA∆ρB
∆ρA∆ηB −∆ρB∆ηA

. (19)

This model fails when the influence of either the viscosity or the mass density is negligible in both the
quality factor and the resonant frequency since the system becomes unsolvable. Typically one would only
be able to measure the mass density as the sensors become smaller since the influence of the viscosity tends
to decrease due to high resonant frequency and low quality factor.

4. Sensor Description85

In order to validate the proposed method, a sensor not respecting the Euler Bernoulli condition b << L
has been chosen. This choice has been motivated in order to prove that even if the Equations 5 and 7 are
not valid, the Equations 8 and 9 can be used (in the general case the expression of the parameters α1, α2,
β1 and β2 as functions of the geometrical parameters and material properties of the resonant MEMS are
different). For this study the sensor used had the following geometry: h = 10 µm, b = L = 1 mm. Figure 2a90

shows a picture of it. The details of the sensor manufacturing process, proof of its reversibility along with
other details can be found in reference [13].

The working principle of both the actuation and the readout is illustrated in Figure 2b. An alternative
current generated by an Agilent E5061B network analyzer passes through a conductive path located close
to the edge of the top surface of the cantilever. In presence of a magnetic field

#»

B, it induces a Lorentz95

force
#»

F that makes the beam vibrate orthogonally to its plane (out-of-plane vibration). This was chosen, as
opposed to in-plane vibration, because it strengthens the fluid/structure interaction [24] which is the basis
of the principle of uncoated sensors. A first piezo-resistor then senses the strain close to the clamped part
of the beam and another one is used as a reference to compensate for common mode variations such as a
deformation of the piezo-resistor due to temperature. The readout is the signal at the middle point of the100

voltage divider bridge formed by the two piezo-resistors. This signal is then fed to the network analyzer to
extract the measured phase (φ) spectrum (phase difference between the actuation signal and the readout
signal). Finally a linear fit (φfit) of the phase close to the resonant frequency was applied to the phase
curves as shown in Equation 20:

φfit = c0 + c1f, (20)

4

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight



where φfit is in radians, c0 is its bias and c1 its slope. This was done in order to extract both the resonant105

frequency and the quality factor as a function of time. Indeed, as explained by Boudjiet et al. [13], the
equations to extract fr and Q from such fit (φfit) are Equations 21 and 22, respectively:

fr = −
π
2 + c0

c1
, (21)

Q = −c1
2
fr. (22)

5. Experiment

5.1. Measurements

With the previously described setup four gases (H2, He, CO2 and CH4) were used to validate the method.110

The microcantilevers are placed in a small gas chamber (total volume: 500 µL) under a controlled gas flow
(100 cm3 ·min−1). Gas streams containing binary mixtures of the desired species (hydrogen or helium or
carbon dioxide or methane) and nitrogen are fed to the chamber using bottles of gas (5% H2/95% N2 or
100% He or 100% CO2 or 10% CH4/90% N2) and a set of mass-flow controllers (Brooks 5850S). They
were introduced in three different concentrations 5%, 4% and 3% for 400 seconds each. N2 was alternated115

in between each gas mixture for 400 seconds in order to compensate, if needed, for any considerable drift
and to show the reversibility of the sensor. Figures 3a and 3b show respectively the resonant frequency
and quality factor shifts for this experiment where the resonant frequency (fr,N2) and the quality factor in
nitrogen (QN2

) are respectively 23.268 kHz and 500.
It can be noticed that for all of the four gases there is an associated shift in resonant frequency and120

quality factor (of roughly 100 ppm for ∆fr and 4000 ppm for ∆Q). Although studying this sensor’s limit of
detection is out of the scope of this article, it can be noticed that measuring smaller concentrations could
be done with ease. In addition these curves are consistent with the full reversibility and fast response time
(less than 1 min for 5% of H2-N2) of uncoated cantilevers in gas sensing with respect to typical sensors with
sensitive film which is usually between 1 min and 10 min. The limiting factor in the response time in our125

experiment is the time that the gas takes to reach the sensor but one could potentially go below 1 min with
a faster gas delivery. Moreover, there is nearly no drift (0.15Hz for ∆fr and 0.1 for ∆Q during 3 hours).
The reproducibility of the measurements of both the resonant frequency and quality factor is not shown in
the present paper but has already been shown in [13]. Finally, we notice that the trends in ∆fr and ∆Q are
very similar for H2, He and CH4 which are all lighter gases than N2. This could make it potentially difficult130

to differentiate each one of them by looking only at ∆fr and ∆Q. In such case, transforming the data to
obtain the density and viscosity of each mixture can be quite useful, as presented in the next section.

5.2. Results

In order to test the proposed method, the model calibration was first done by using the mean value
of the steps corresponding to CH4 and He both at 5%. This allowed us to obtain the four parameters135

α1 = −6.1x10−3, β1 = −1.28x10−4, α2 = −4.4x10−1, and β2 = −1.6x10−1. The linear transform from
Equations 10 and 11 was then applied to the measured ∆fr and ∆Q presented in Figures 3a and 3b. The
resulting mass density and viscosity shifts are shown in Figures 4a and 4b.

We notice that, in one hand, the computed mass density varies roughly in the opposite way as the
resonant frequency which is explained by the fact that |α1| � |β1| and α1 < 0. On the other hand, the140

computed viscosity varies in a completely different way than the resonant frequency or the quality factor.
Moreover it can be seen that, despite the relatively low drift and noise in ∆fr and ∆Q with respect to the
concentration jumps, in the case of the viscosity the noise and drift are much more noticeable.

Finally, the data points surrounded by a dashed box in Figures 4a and 4b were plot against each other
along with the theory from Figure 1 for comparison in Figure 5. In this case, the small drifts were linearly145

compensated both in the density and the viscosity. For demonstration purposes, the angle bisector between
two consecutive theoretical curves was used as frontier between the domains to assign one data point to a
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gas mixture but this choice might need refining for other applications depending on their context. The slope
of such domains frontiers are shown in Table 3.

It can be noticed that, although no information about H2 or CO2 was given to the model (they were150

not used for the calibration) other than their corresponding ∆fr and ∆Q, the experimental points are
remarkably close to their theoretical values which validates the model from Section 3. The transform is,
naturally, more accurate with the gases used for calibration (CH4 and He in this case). It can also be
seen that the different gases are relatively well distinguishable from one another apart from a few extreme
points corresponding to He that end up closer to the theoretical values for H2. If we apply the method155

suggested in Section 2 to the mean values of each concentration step (dark red pentagons in Figure 5), we
obtain the results shown in Table 4 where the first Columns 1 and 2 describe the binary mixture injected
in the chamber, Column 7 describe the prediction of the binary gas mixture based on the value of the slope
(Column 5) and the sign of ∆ρ (Column 6), The column 8 is the estimation of the gas concentration using
the variation of the mass density (Column 3).160

It can be seen that this method allows a very good discrimination of the different binary mixtures. In
addition, it can be noticed that we are able to predict the concentration of the mixture as well (in this case
less than 3% of error for three of the mixtures and a maximum of 12% of error for CO2). Nevertheless it
seems that how accurate the results are depends on how similar a gas-mixture is from the gases used in the
calibration. Indeed, since H2 is more similar to He than CO2 is to either CH4 or He, a better prediction of165

the concentration of H2 than of CO2 is obtained.

6. Optimizing the Calibration Procedure

In order to understand better the robustness of the proposed method we developed a simulator that, from
the theoretical values of both the viscosity and the mass density for the different gases as well as from the
theoretical parameters α1, α2, β1 and β2 from Section 3 (assuming a cantilever respecting Euler-Bernouilli170

conditions), generates the associated shifts pair ∆fr and ∆Q as a function of time. A white Gaussian noise
is then added to the model. Since the goal in this section is to optimize the calibration procedure, the mean
distance between a simulated data point and its theoretical value (Equation 23) is used as error metric:

ε =
1

N

N∑
i=1

√(
∆ρexpi −∆ρthi

ρN2

)2

+

(
∆ηexpi −∆ηthi

ηN2

)2

, (23)

whereN is the total number of simulated data points. To limit biasing the error computation and covering
more parts of the density viscosity plane, two more gases, CO and O2, were added to the simulation.175

6.1. Calibration Concentration

The objective of this part is to determine weather it is better to calibrate with a high concentration or
a low concentration (keeping in mind that the concentrations must remain small for the model to hold). To
test this, several simulations were ran calibrating with He and CH4 at different concentration pairs. The
resulting error values are shown in Figure 6.180

It can be noticed that the mean error decreases as higher concentrations to calibrate are used. Therefore,
the calibration should be done with concentrations as big as possible as long as the small variation assumption
holds.

6.2. Choice of the Two Gas Mixtures

Having studied the calibration dependency on the concentration, there is left to test which pair of gas185

mixtures is more appropriate for the calibration. In order to do so, several simulations were ran calibrating
this time with each pair of gas mixtures at a fixed distance from the origin. The points used for calibration in
this set of simulations are marked by a red star in Figure 7-a. For all the possible pair of points (corresponding
to the gas pair for calibration) the corresponding error was plotted against the angle θ between the theoretical
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curves (Figure 7-b) of the corresponding mixtures. As an example, the angle between the curves of the190

mixtures CO2-N2 and CH4-N2 is shown in Figure 7-a.
It can be noticed (Figure 7-b) that most pairs of mixtures used to calibrate have an error below 0.4

except for the combinations He/H2, He/CO2 and O2/CH4. These three combinations, as shown in Figures
7 a and b, correspond to the curves that are almost aligned (θ close to either 0◦ or 180◦). This allows to
conclude that the closer to collinearity the curves of the mixtures used for the calibration are, the worse195

the performance of the method is. This can be explained by the fact that, in order to compute the four
parameters α1, α2, β1 and β2, it is required to divide by ∆ρA∆ηB−∆ρB∆ηA (Equations 16 to 19). However,
it can be shown that for two mixtures A and B for which the curves are nearly collinear, this value is close
to zero which causes that a small variation due to the noise can lead to a significantly different value of the
parameters.200

Conclusion

A simple method to extract both the gas mass density and the gas viscosity from the measurement of
both the quality factor and the resonant frequency of a microresonator without sensitive coating has been
presented. In a gas of reference (which can be a mixture of gas and which is nitrogen in the presented
measurements) if one gas appears it is possible with the determination of the two physical properties of205

gas (mass density and viscosity), to know which gas has appeared and the concentration of this gas. The
proposed method can be used in a mixture of three or more mixture of gases only if it is known that only
one concentration of the gas is modified the proportion of the other ones staying stable. This could be
useful in some industries to detect gas leakages for example. The main advantages of such method are: (1)
the smaller time response compared to the one of chemical sensors using sensitive layer, (2) the possibility210

to discriminate between different gases and to estimated the gas concentration with only one sensor, (3)
the aging and reversibility of such sensors are very good due to the absence of sensitive coating. The
presented method has been validated with four different gas mixtures using a silicon microcantilever. The
discrimination of the four gases has been achieved and the estimation of the gas concentration has been
obtained with less than 3% of error for three gases and less than 12% for the last one. This has been215

performed using a calibration step with two gases at a fixed concentration. The impact of this calibration
step has been studied and a general way to choose the gases and the concentration for the calibration has
been established.
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[2] A.-C. Romain, P. André, J. Nicolas, Three years experiment with the same tin oxide sensor arrays for the identification
of malodorous sources in the environment 84 (2) (2002) 271–277. doi:10.1016/S0925-4005(02)00036-9.
URL http://linkinghub.elsevier.com/retrieve/pii/S0925400502000369230

[3] A. Romain, J. Nicolas, Long term stability of metal oxide-based gas sensors for e-nose environmental applications: An
overview 146 (2) (2010) 502–506. doi:10.1016/j.snb.2009.12.027.
URL http://linkinghub.elsevier.com/retrieve/pii/S0925400509009630

[4] R. K. Sharma, P. C. Chan, Z. Tang, G. Yan, I.-M. Hsing, J. K. Sin, Investigation of stability and reliability of tin oxide
thin-film for integrated micro-machined gas sensor devices 81 (1) (2001) 9–16. doi:10.1016/S0925-4005(01)00920-0.235

URL http://linkinghub.elsevier.com/retrieve/pii/S0925400501009200

7

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight

liglesiasher
Highlight
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Figure 1: Relative mass density variation vs. relative viscosity variation with respect to N2 for different gases and different
concentrations at 25◦C and atmospheric pressure
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Figure 2: Silicon electromagnetically actuated sensor with piezo-resistive readout used in this study: (a) picture (L = 1 mm,
b = 1 mm, h = 10 µm), (b) schematic illustrating both the actuation and the read-out
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Figure 3: Shifts for different gas mixtures at different concentrations (5%, 4% and 3%)
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(a) Mass density shift computed using the data from
Figures 3a and 3b using Equation 10
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Figure 4: Computed shifts for different gas mixtures at different concentrations (5%, 4% and 3%) where α1 = 6.1x10−3,
β1 = 1.28x10−4, α2 = 4.4x10−1, β2 = 1.6x10−1
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Figure 5: Simultaneous measurements of both the mass density and the viscosity using the data presented in Figures 4a and
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Figure 6: Mean error (equation 23) for different concentration pairs using CH4 and He to calibrate
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Figure 7:
a: Explanation of the calibration at a fixed distance from the origin and definition of θ, the angle between the theoretical

density-viscosity curves for two mixtures.
b: Mean error of a calibration at a fixed distance from the origin as a function of the angle between the theoretical

density-viscosity curves as shown in Figure 7-a of the pair of gas mixtures used in the calibration

Table 1: Physical properties of common gases[25, 26, 27]

Gas Mass Density Viscosity Thermal Conductivity Speed of Sound
(kg ·m−3) (µPa · s) (mW ·m−1 ·K−1) m · s−1

1.015 bar, 15◦C 1.015 bar, 0◦C 1.015 bar, 0◦C 1.015 bar, 20◦C

CO2 1.87 13.7 14.7 267
O2 1.35 19.1 24.4 326
Air 1.22 17.2 24.4 343
CO 1.18 16.5 24.7 336
N2 1.18 16.6 24.0 349

CH4 0.68 10.1 30.6 446
He 0.17 18.7 146.2 1007
H2 0.09 8.4 176.2 1270
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Table 2: Theoretical values of the slope of the curves of Figure 1 and sensitivities of both density and viscosity for different
gases mixtures

Gas Mixture ∆ρ
ρN2

ηN2

∆η
∆ρ

xGηN2

∆η
xGηN2

Sign of ∆ρ

(x1) (x10-3/%) (x10-3/%)
CO2-N2 -2.94 5.6 1.9 +
O2-N2 0.872 1.39 1.6 +
He-N2 -5.32 8.4 1.6 -
CO-N2 -0.0027 0.001 0.38 -
CH4-N2 0.99 4.2 4.2 -
H2-N2 80.7 9.1 0.11 -

Table 3: Value of the slope of the frontier between domains

Frontier H2/He CO2/CH4 He/CO2 CH4/H2

Slope (x1) -11.5 -0.236 0.263 2.3560

Table 4: Summary of the method presented in Section 2 applied to the mean values of viscosity and density for each concen-
tration (dark red pentagons in Figure 5)

Used Mixture Measured Predicted

Gases xG
∆ρ
ρN2

∆η
ηN2

Slope Sign of Gases xG

∆ρ Using ∆ρ
ρN2

(%) (x10-2%) (x10-2%) (x1) (%)

3 1.54 -0.322 -4.78 + N2-CO2 2.8
N2-CO2 4 2.07 -0.480 -4.31 + N2-CO2 3.7

5 2.45 -0.545 -4.5 + N2-CO2 4.4

3 -1.25 -1.35 0.926 - N2-CH4 3.0
N2-CH4 4 -1.66 -1.68 0.988 - N2-CH4 4.0

5 -2.10 -2.09 1.00 - N2-CH4 5.0

3 -2.64 0.546 -4.83 - N2-He 3.1
N2-He 4 -3.43 0.517 -6.63 - N2-He 4.0

5 -4.15 0.667 -6.22 - N2-He 5.0

3 -2.66 -0.152 17.5 - N2-H2 2.9
N2-H2 4 -3.57 -0.299 11.9 - N2-H2 4.0

5 -4.48 -0.707 6.33 - N2-H2 5.0
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