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0  INTRODUCTION

The measuring principle of a thermal mass flow 
meter is based on the influence of fluid flow (in most 
cases, a gas flow) on the heat transfer from a heated 
element [1] and [2]. The thermal mass flow meters 
are of two basic types: capillary thermal mass flow 
meters and thermal dispersion mass flow meters. In 
capillary thermal mass flow meters, the mass flow 
induces an asymmetry of the temperature profile 
along the heated capillary tube. In thermal dispersion 
mass flow meters (both the insertion and the in-line 
types), the gas is flowing around a thermal flow 
sensor. The thermal flow sensor typically contains a 
resistance temperature sensing element that is heated 
by the supplied electrical power, which results in 
the increased temperature of the sensing element. A 
constant temperature difference between the thermal 
flow sensor and the gas is usually maintained, and 
the required electrical heating power changes with 
the mass flow rate. Another possibility is that the 
thermal dispersion mass flow meter operates with a 
constant electrical heating power and the established 
temperature difference changes with the mass flow 
rate. The operating principles, construction and 
applications of industrial-grade thermal dispersion 
mass flow meters were presented by Olin [3] and [4].

The performance of thermal dispersion mass 
flow meters is affected by the internal structure of 
the thermal flow sensor, the installation conditions 
and the process conditions. Badarlis et al. [5] 
performed the optimization of the heater position 
within a thermal flow sensor and proposed a new 

heater design. Baker and Gimson [6] investigated the 
influence of the eccentricity of the sensor’s internal 
structure, and the effects of the insertion length of 
the sensor and the construction details at the location 
where the sensor is inserted into the flow pipe. The 
effect of misaligned flow pipes and the influence of a 
single bend upstream of the thermal flow sensor were 
analysed by Gibson [7]. Pape et al. [8] developed a 
method for correcting the effect of the coatings that 
are deposited on the thermal flow sensor, which can 
be carried out simultaneously with a measurement of 
the mass flow rate. Pape and Hencken [9] investigated 
a coating diagnostics method that is realized with the 
help of an additional temperature sensing element 
within the thermal flow sensor.

Besides the mass flow rate (or the local mass 
velocity) of a gas, the intensity of the convective 
heat transfer from the thermal flow sensor to the gas 
is also affected by the thermodynamic and transport 
properties of the gas, such as the thermal conductivity, 
the specific heat at constant pressure and the dynamic 
viscosity. Therefore, the measurement characteristic 
of a thermal dispersion mass flow meter depends on 
both the composition and the type of the gas. If a 
thermal dispersion mass flow meter is employed to 
measure the mass flow rate of a gas that is different 
to the gas used for the calibration, an appropriate 
correction needs to be applied. Such corrections 
were investigated by, e.g., Lötters [10], Hardy et al. 
[11] and Popp [12]. It is also possible to perform the 
calibration for a variety of gases and then the proper 
measurement characteristic should be selected when 
the thermal dispersion mass flow meter is being used. 
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In both solutions, the gas that is actually flowing 
through the thermal mass flow meter has to be known. 
In contrast, the method presented in this paper is 
capable of an in-situ identification of the type of gas 
from a defined set of gases with known compositions. 
The gas-identification method is realized by means of 
a thermal dispersion mass flow meter containing two 
different thermal flow sensors. The thermal dispersion 
mass flow meter with the capability to perform the 
gas-identification method and the gas-identification 
method itself are patent pending [13]. 

This paper is structured as follows. The physical 
background of the gas-identification method is given 
in Section 1. In Section 2 the experimental validation 
of the gas-identification method is presented. Section 
3 comprises conclusions based on the findings, and 
open questions for further research work.

1  PHYSICAL BACKGROUND

A thermal dispersion mass flow meter containing two 
different thermal flow sensors (1 and 2) is considered. 
The output signals of the thermal flow sensors can 
be written as P T i∆( )1 and P T i∆( )2, where P is 
the supplied electrical heating power and ∆T is the 
maintained temperature difference between the 
thermal flow sensor and the gas. The measurement 
characteristics of the thermal flow sensors relate the 
corresponding output signals and the measured mass 
flow rate m .

Fig. 1.  Measurement characteristics of two different thermal flow 
sensors (1 and 2) for two different gases (A and B) and the basic 

principle of the gas-identification method

Fig. 1 shows the basic principle of the gas-
identification method. The curves represent the 
measurement characteristics of two different thermal 
flow sensors (1 and 2) for two different gases (A and 
B). Gas A is considered to be the actual gas flowing 
through the thermal dispersion mass flow meter. If the 

proper measurement characteristics (in this case for 
gas A) are employed, the mass flow readings of both 
thermal flow sensors will be equal,  m mA A

1 2
( ) ( )= . In 

contrast, if the improper measurement characteristics 
(in this case for gas B) are employed, the mass flow 
readings will differ,  m mB B

1 2
( ) ( )≠ .

A simple, one-dimensional, mathematical model 
will be employed to study the basic parameters 
that influence the results of the gas-identification 
method. The thermal flow sensor typically comprises 
a (heated) sensing element on a support structure, a 
filler material and a sheath, which is schematically 
presented in Fig. 2. 

Fig. 2. Scheme of the cross-sectional view of a thermal flow sensor

The thermal flow sensor is assumed to be 
inserted into a pipe with a uniform gas flow with the 
temperature Tg and the mass flow rate m VAp= ρ , 
where ρ is the density of the gas, V  is the average 
velocity and Ap is the pipe cross-sectional area. The 
intensity of the convective heat transfer from the 
surface of the thermal flow sensor to the gas flow 
is characterized by the convective heat transfer 
coefficient h. The temperature of the sensing element 
(represented as the layer jSE in Fig. 2) is T = Tg + ΔT. 
A constant temperature difference ∆T is maintained 
by supplying electrical heating power P = RI 2 to the 
sensing element, where R is the electrical resistance 
of the sensing element and I is the electrical current 
passing through it. Assuming a one-dimensional heat 
transfer only in the radial direction, the output signal 
of the thermal flow sensor can be written as [14]:
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where rj and λj are the outer radius and the thermal 
conductivity of the jth layer in the thermal flow sensor, 
respectively, N is the number of all the layers and L 
is the length of the sensing element. The presented 
mathematical model neglects the conductive heat 
transfer in the axial direction and the radiation heat 
transfer, and assumes a concentric internal structure 
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of the thermal flow sensor and the constant thermal 
conductivities of the layers [15].

The convective heat transfer for a cylinder 
in a cross-flow is often characterized by a power  
model [14]:

 Nu Pr Re= a m n , (2)

which relates the Nusselt number Nu = hD/λ, the 
Prandtl number Pr = cp η / λ and the Reynolds number  
Re = ρ ηVD , where D is the external characteristic 
length of the thermal flow sensor, and a, m and n are 
the parameters of the power model, which are generally 
dependent on the sensor geometry and the Reynolds 
number. The thermal conductivity λ, the specific heat 
at constant pressure cp and the dynamic viscosity η of 
the gas are evaluated at the film temperature:

 T = T Tf s g+( ) 2,  (3)

where Ts is the temperature of the sensor surface. 
Considering V m Ap=  ρ , the convective heat transfer 
coefficient can be written as:

 h a D A c mn
p
n

p
m m m n n= − − − −1 1λ η  . (4)

It is evident that the properties of the gas and 
the mass flow rate affect the output signal of the 
thermal flow sensor through the convective heat 
transfer coefficient. If the dimensions and the thermal 
properties of the sensor are considered to be constant, 
the output signal can generally be presented as  
P T P T h∆ ∆= ( )  for a particular thermal flow sensor 
(valid for a circular shape, as in Eq. (1), or other shape 
of the cross-section).

Let us consider that the output signal of the ith 
thermal flow sensor is P T i∆( ) . As evident from 
Fig. 1, there is a difference between the mass flow 
readings mi

A( )  and mi
B( ) , which are calculated from 

the measurement characteristics for the gases A and 
B, respectively. This difference between the mass 
flow readings can be evaluated from the equality 
P T P Ti

A

i

B∆ ∆( ) = ( )( ) ( ) , which is fulfilled by the 
equal heat transfer coefficients:

 h hi
A

i
B( ) ( )= . (5)

Considering Eqs. (4) and (5), the ratio between 
the mass flow readings of the ith thermal flow sensor 
is:
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To perform the gas-identification method, the 
mass flow readings of both thermal flow sensors 
should be obtained. If the actual gas is gas A and the 
measurement characteristics for gas A are employed, 
the mass flow readings of both thermal flow sensors 
are (theoretically) equal:

  m mA A
1 2
( ) ( )= . (7)

In contrast, if the actual gas is gas A and the 
measurement characteristics for gas B are employed, 
the mass flow readings of the thermal flow sensors 
are not equal. The relative difference in the mass flow 
readings, defined as:

 ε = −
( )

( )
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1,  (8)

can be derived from Eqs. (6) and (7):
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If the surface temperatures for both thermal flow 
sensors are equal, Ts,1 = Ts,2 , the corresponding gas 
properties are also equal, cp,1 = cp,2, λ1 = λ2 and η1 = η2. 
Because m is typically a constant value of about 1/3 
and is independent of the sensor geometry and the 
Reynolds number [3] and [14], m1 = m2 is also taken 
into account, and Eq. (9) simplifies to:
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or written in the form with the Prandtl number:

 ε
λ
λ

=






















−
( )

( )

( )

( )

−
A

B

A

B

m n nPr
Pr

.

1 1

2 1

1  (11)

Fig. 3 presents the relative differences in the 
mass flow readings for different gases as a function 
of the parameter n2, where the parameter n1 is set to 
a constant value of 0.5 and air is considered to be the 
actual gas (gas A). The thermodynamic and transport 
properties of the gases were determined using the 
NIST REFPROP database [16] for a film temperature 
of 25 °C and a pressure of 100 kPa. If the proper 
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measurement characteristics are employed (in this 
case for air), then ε = 0. In contrast, if the measurement 
characteristics for oxygen, nitrous oxide, carbon 
dioxide or argon are employed, |ε| > 0 and |ε| increases 
with the difference between n2 and n1.

Fig. 3.  Relative differences in the mass flow readings for different 
gases as a function of the parameter n2, for n1 = 0.5 and air as the 

actual gas

For a practical realization of the gas-identification 
method (as presented in Section 2), the relative 
difference in the mass flow readings should be as 
large as possible, if the improper measurement 
characteristics are employed. It is evident from 
Eqs. (9) to (11) and Fig. 3 that the relative difference 
in the mass flow readings can be influenced by the 
following parameters:
• The value of the parameter n generally depends 

on the Reynolds number and the sensor geometry 
[14] and [17]. Different values of the parameters 
n1 and n2 can therefore be achieved by different 
constructional parameters of the thermal flow 
sensors, e.g., by different shapes, orientations 
with respect to the flow direction or characteristic 
lengths (which results in different Reynolds 
numbers at a given mass flow rate). Some 
examples of the parameter n for different sensor 
geometries, for Reynolds numbers of the order of 
10,000 [14], are presented in Fig. 4. At a given 
mass flow rate, similar Reynolds numbers are 
conditional on similar characteristic lengths of the 
sensors. The relative difference in the mass flow 
readings ε depends on the difference between 
n2 and n1 (as shown in Fig. 3) and therefore an 
appropriate combination of the sensors should be 
selected to obtain a sufficiently large value of ε.

• The thermodynamic and transport properties 
of the gas are referred to the film temperature 
(see Eq. (3)) and so they are influenced by the 
maintained temperature of the sensing element. 

A different influence of the gas properties can 
therefore be achieved by different operational 
parameters of the thermal flow sensors, e.g., by 
maintaining different temperatures of the sensing 
elements.

Fig.  4.  Values of the parameter n for sensors with different 
shapes of cross-sections or orientations with respect to the flow 

direction, for Reynolds numbers of the order of 10,000 [14]

2  EXPERIMENTAL VALIDATION

A thermal dispersion mass flow meter containing two 
thermal flow sensors with different constructional 
parameters was developed. It was calibrated for 
five different gases and used for the experimental 
validation of the gas-identification method.

2.1  Measurement System

The measurement system, employed for both the 
calibration of the developed thermal dispersion mass 
flow meter and the experimental validation of the 
gas-identification method, is schematically presented 
in Fig. 5. Besides the thermal dispersion mass flow 
meter, it comprises a gas source (GS), heat exchangers 
(HE1 to HE3), pressure regulators (PR1 and PR2) 
and a reference mass flow measurement system 
(REF). The role of the heat exchangers is to provide 
a stable gas temperature for the reference mass flow 
measurement system and for the thermal dispersion 
mass flow meter. The pressure regulators are used 
to set a stable inlet pressure for the reference mass 
flow measurement system with critical flow Venturi 
nozzles (TetraTec Instruments) [18], where the 
reference mass flow rate is generated and measured. 
The expanded measurement uncertainty of the 
reference mass flow rate does not exceed 0.3%. The 
expanded measurement uncertainty characterizes 
the dispersion of the values that could reasonably be 
attributed to the measurand within an interval having 
a level of confidence of approximately 95% (coverage 
factor k = 2) [19].

The developed thermal dispersion mass 
flow meter contains two heated Pt100 resistance 
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temperature sensors (TetraTec Instruments) that 
operate in the functions of the thermal flow sensors 
and a Pt100 resistance temperature sensor (TetraTec 
Instruments) that measures the temperature of the gas. 
The sensors are installed in the insulated plexiglass 
pipe with a nominal internal diameter of 24 mm. 
The thermal flow sensors are positioned in the same 
cross-sectional plane of the pipe and connected to the 
measurement circuit. One of the thermal flow sensors 
has a circular cross-section with a diameter of 2.0 mm 
and the other thermal flow sensor has a square cross-
section with a side length of 2.6 mm.

The thermal flow sensor with the circular cross-
section was selected because this shape is the most 
common in commercially available thermal dispersion 
mass flow meters, and the thermal flow sensor with 
the square cross-section was selected because, in 
combination with the sensor with the circular cross-
section, a relatively large difference in the mass 
flow readings could be expected if the improper 
measurement characteristics are employed (see 
Section 1). Keep in mind that the characteristic length 
of the sensor with the square-cross section is 30% 
larger than the characteristic length of the sensor with 
the circular cross-section, which results in different 
Reynolds numbers at a given mass flow rate and may 
also affect the relative difference in the mass flow 
readings.

Besides the examples presented in Fig. 4, the 
sensors with other geometries may possibly, if 
appropriately combined, cause even larger relative 
differences in the mass flow readings. Therefore, 
in order to optimize the sensors’ geometries, further 
experimental or numerical investigations could be 
performed. 

The gas-temperature sensor is positioned 
upstream of the thermal flow sensors and connected 
to a measurement transmitter (PICO Technologies, 
PT-104). The control of the developed thermal 
dispersion mass flow meter and the processing of the 
measurement signals are realized with a LabVIEW-
based program (National Instruments, Ver. 12.0.1).

The measurement circuit for one of the thermal 
flow sensors is schematically presented in Fig. 6. The 
thermal flow sensor is connected to a Wheatstone 
bridge. A programmable DC power supply (National 
Instruments, PXI-4110) is used to generate the 
bridge’s supply voltage Ui. A DAQ board (National 
Instruments, USB-6341) is used to measure both the 
bridge’s output voltage Uo and the voltage drop UR1

 
over the resistor R1. The electrical resistance of the 
sensing element within the thermal flow sensor is 
calculated as:

 R R U U
U U
o i

o i

=
+
−
1 2
1 2

, (12)

where R R R R= + +( )1 2 3 3  is the average electrical 
resistance of three thermally stable resistors in a 
Wheatstone bridge. The temperature of the sensing 
element is determined from the standard relationship 
between the electrical resistance and the temperature 
[20]:
 R R T T= + +( )0

21 A B ,  (13)

where A = 3.9083×10–3 °C–1 and B = –5.775×10–7 °C–2 
are constant values and R0 = 100 Ω is the nominal 
electrical resistance at 0 °C for Pt100 temperature 
sensors. The electrical heating power is P = RI2, 
where the electrical current passing through the 
sensing element is calculated as I U RR=

1 1 . The 

Fig. 5.  Scheme of the measurement system
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measurement circuit for the other thermal flow sensor 
is the same as the one presented in Fig. 6, where both 
Wheatstone bridges are connected to the same DC 
power supply and DAQ board.

Fig. 6.  Scheme of the measurement circuit for the thermal flow 
sensor

Both thermal flow sensors were calibrated (in 
non-heated mode; I = 1 mA) in the temperature range 
from 15 to 45 °C, with the reference temperature 
having an expanded measurement uncertainty of 
0.02 °C. The electrical resistances of the thermally 
stable resistors in both Wheatstone bridges were 
measured with the expanded measurement uncertainty 
of a reference value of 0.5 mΩ. The results presented 
in the following sections were obtained under steady 
flow conditions. When all the resistance temperature 
sensors in the developed thermal dispersion mass flow 
meter were used to measure the temperature of the 
gas, the temperature differences between them were 
less than 0.025 °C.

2.2  Calibration of the Thermal Dispersion Mass Flow Meter

The thermal dispersion mass flow meter was 
calibrated for the following gases: air, oxygen, nitrous 
oxide, carbon dioxide and argon. The reference 
mass flow rates in the range from 100 to 350 g/min 
were set and measured by the reference mass flow 
measurement system with critical flow Venturi 
nozzles. The temperature difference between each of 
the thermal flow sensors and the gas was maintained 
at 10 K. The output signal P T i∆( ) (an average value 
over a time period of 30 s) was measured and recorded 
five times for each mass flow rate. The measurement 
characteristics of the thermal flow sensors are 
presented in Figs. 7 and 8. The results were fitted with 
the Levenberg-Marquardt method using the following 
form of the measurement model:

 
P
T c

c c mc
∆

=
+

+

1
1

1
2 3

4


.  (14)

Fig. 7.  Measurement characteristics of the thermal flow sensor 
with the circular cross-section

Fig. 8.  Measurement characteristics of the thermal flow sensor 
with the square cross-section

Table 1.  Calibration constants and the standard errors of estimates 
for the measurement model (14) with P/∆T [mW/K] and m  [g/min]

Thermal flow sensor with the circular cross-section

c1 × 103 c2 c3 × 103 c4 SEE × 103

Air 46.80 6.153 162.2 0.838 3.91

Oxygen 44.30 5.417 225.3 0.763 5.49

Nitrous oxide 20.67 1.664 773.7 0.461 3.33

Carbon dioxide 19.62 1.730 726.7 0.462 2.08

Argon 27.55 2.385 42.31 0.530 1.55

Thermal flow sensor with the square cross-section

c1 × 103 c2 c3 × 103 c4 SEE × 103

Air 29.49 8.945 108.6 0.952 4.74

Oxygen 30.59 9.051 99.50 0.961 7.28

Nitrous oxide 23.58 4.832 272.6 0.735 12.3

Carbon dioxide 24.24 5.335 200.4 0.779 6.05

Argon 36.38 7.053 52.18 0.998 4.00
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The values of the calibration constants c1, c2, c3 
and c4 and the standard errors of estimates SEE are 
presented in Table 1. The thermal flow sensor with 
the square cross-section has steeper characteristics 
than the thermal flow sensor with the circular cross-
section. This is probably associated with the value of 
the parameter c4, which can be related to the parameter 
n in the power model for convective heat transfer  
(Eq. (2)); it is generally expected to be greater for 
the sensor with the square cross-section [14] and 
[17]. The sensor with the square cross-section also 
produces larger values of the output signal, which is a 
consequence of a more intensive heat transfer.

2.3  Validation of the Gas-Identification Method

On the basis of the obtained measurement 
characteristics, the relative differences in the mass 
flow readings, ε = ( ) − m m2 1 1, can be evaluated. 
These relative differences are presented in Fig. 9 (with 
lines) for the defined set of gases, where the actual gas 
is air. If the measurement characteristics are selected 
properly (in this case for air), then ε = 0, but otherwise 
| ε | > 0. If these experimental results are compared 
to the results of the theoretical model (see Fig. 3), it 
is evident that ε > 0 for oxygen and ε < 0 for nitrous 
oxide, carbon dioxide and argon in both cases. The 
experimental results show that | ε | is greater for nitrous 
oxide than argon, which contradicts the results of the 
simple theoretical model. A possible reason for this 
contradiction could be the limited capability of the 
one-dimensional mathematical model to describe the 
actual effects of the gas flow around the thermal flow 
sensors that are inserted only to certain depths into the 
flow pipe. These flow conditions also differ, to some 
extent, from the conditions in which common models 
for convective heat transfer in the cross-flow were 
obtained (an example is presented in [21]). In addition 
to the convective heat transfer that is taken into 
account in the mathematical model, the radiation heat 
transfer and the conductive heat transfer in the axial 
direction [3] affect the performance of the thermal 
flow sensor as well. Besides, the combined effect of 
the uncertainties of the gases’ thermodynamic and 
transport properties on the expanded uncertainty 
of the theoretically determined ε is up to 4.5% for 
nitrous oxide and up to 1.4% for argon, for the 
values presented in Fig. 3 (the uncertainties of the 
gases’ properties are given in the NIST REFPROP 
database [16], and the uncertainty of ε is calculated in 
accordance with [19]).

The experimental validation of the gas-
identification method was performed at a reference 

mass flow rate of about 225 g/min of air. The results 
of the validation experiment, presented in Fig. 9 
(with symbols) and in Table 2, show that | ε | > 13% 
for nitrous oxide, carbon dioxide and argon, while | ε | 
for oxygen and air is 0.94 and 0.06%, respectively. 
The absolute value of the relative difference in the 
mass flow readings | ε | can be defined as the objective 
function that has to be minimized in order to identify 
the type of gas. In the given case, air would be 
properly identified as the actual gas. 

Fig. 9.  Relative differences in the mass flow readings for different 
gases; the actual gas is air; the results of the validation experiment 

are presented with symbols

Table 2. Results of the validation experiment for the gas-
identification method at a reference mass flow rate of  
225.10 g/min of air

1m
 

[g/min]

2m
 

[g/min]

ε 
[%]

En

Identified as the 
improper gas due 

to |En| > 1
Air 224.22 224.36 0.06 0.04 o
Oxygen 241.01 243.28 0.94 0.60 o
Nitrous 
oxide 384.67 323.16 –16.0 –11.1 ü

Carbon 
dioxide 413.01 342.36 –17.1 –12.0 ü

Argon 610.27 528.02 –13.5 –9.27 ü

However, the question is, whether the proper gas 
is identified with a sufficient degree of confidence. For 
this purpose it is reasonable to define a criterion that 
accounts for the dispersion that could be reasonably 
attributed to the difference in the mass flow readings, 
e.g., the normalized error [22]:

 E m m
U m U m

n =
−

( ) + ( )
 

 

2 1
2

2
2

1

,  (15)

where U m1( )  and U m 2( )  are the expanded 
measurement uncertainties of the mass flow readings. 
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If | En | ≤ 1, the difference in the mass flow readings 
is statistically insignificant, and if | En | > 1, the 
difference in the mass flow readings is statistically 
significant. If the difference in the mass flow readings 
is statistically significant for a particular gas, this gas 
can be identified as improper. The difference in the 
mass flow readings must be statistically significant for 
all but one gas from the defined set of gases in order 
to identify the proper gas with a sufficient degree of 
confidence.

For the evaluation of the measurement 
uncertainties in Eq. (15), the sources affecting the 
dispersion of the estimated difference in the mass 
flow readings should be taken into account. The 
combined expanded measurement uncertainty of each 
mass flow reading is estimated not to exceed 1.1%. 
This estimation takes into account the following 
contributions: the measurement uncertainty of the 
reference temperature in the temperature calibration 
of the thermal flow sensors, the stability of both 
the electrical heating power and the maintained 
temperature difference for each of the thermal flow 
sensors, and the standard errors of estimates of the 
fitted measurement characteristics. The measurement 
uncertainty of the reference mass flow rate is not taken 
into account, because it does not affect the difference 
between simultaneous measurements by both thermal 
flow sensors.

The calculated normalized errors for the given 
validation experiment are presented in Table 2. 
Nitrous oxide, carbon dioxide and argon can be 
identified as the improper gases since | En | > 1 (marked 
with “ü”). The difference in the mass flow readings 
is statistically insignificant (marked with “o”) for 
air, which means that air is correctly identified 
as the proper gas. However, | En | ≤ 1 holds also 
for oxygen, but it is not the actual gas in the given 
validation experiment. In order to achieve a statistical 
significance for all but one gas from the defined set 
of gases, the developed thermal dispersion mass 
flow meter could be improved in terms of decreased 
measurement uncertainties of the mass flow readings 
or an increased difference in the mass flow readings. 
The latter can be achieved, for example, by modifying 
the constructional parameters of the thermal flow 
sensors in such a way that the difference between the 
values of the parameters n1 and n2 is increased.

3  CONCLUSIONS

The presented measurement method allows us to 
identify the type of gas flowing through a thermal 
dispersion mass flow meter. The gas-identification 

method can be performed simultaneously with the 
measurement of the mass flow rate. It represents a 
novel advancement in the field of thermal mass flow 
meters. In the first part of the paper the basic principle 
and physical background of the gas-identification 
method are discussed. In the second part of the paper 
the experimental validation of the gas-identification 
method is presented. Here, we summarize the main 
findings of the performed research work:
• If a thermal dispersion mass flow meter contains 

two different thermal flow sensors and the 
measurement characteristics for the improper 
gas are employed, the mass flow readings will 
generally differ. The difference in the mass flow 
readings was studied by employing a simple, 
one-dimensional, mathematical model of a 
thermal flow sensor. The difference depends on 
the exponents n1 and n2 in the power model for 
convective heat transfer, which can be affected by 
the constructional parameters of the thermal flow 
sensors, and on the thermodynamic and transport 
properties of the gas, which can be affected by 
the operational parameters of the thermal flow 
sensors.

• For a practical realization of the gas-identification 
method, two thermal flow sensors with different 
constructional or operational parameters are 
required. The mass flow readings of the thermal 
flow sensors are determined for each gas from a 
defined set of gases. The identified gas is the one 
that minimizes the defined objective function, 
e.g., the absolute value of the relative difference 
in the mass flow readings. The difference in 
the mass flow readings should be statistically 
significant for all but one gas from the defined set 
of gases in order to identify the proper gas with a 
sufficient degree of confidence.

• A thermal dispersion mass flow meter containing 
two thermal flow sensors with circular and square 
cross-sections was developed and calibrated 
for the following gases: air, oxygen, nitrous 
oxide, carbon dioxide and argon. After this, the 
validation experiment for the gas-identification 
method was performed for the same set of gases. 
The minimum absolute value of the relative 
difference in the mass flow readings was obtained 
for air, which was the actual gas flowing through 
the developed thermal dispersion mass flow meter 
in this case. Air was also correctly identified by 
employing the normalized error as the objective 
function. However, the difference in the mass 
flow readings was found to be statistically 
insignificant also for oxygen. 
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The presented thermal dispersion mass flow meter 
has to be calibrated for the gases that are expected to 
flow through the meter in order to perform the gas-
identification method. Considering this requirement, 
it can be employed in such practical applications 
where defined gases with known compositions are 
expected, for example, flow systems with different 
technical, pure or medical gases. Some possible 
specific applications are medical gas supply systems 
in hospitals, laser systems for materials processing, 
calibration of gas chromatography systems, etc. The 
presented thermal dispersion mass flow meter could 
be used to correctly measure the mass flow rate of 
different gases (within the declared measurement 
uncertainty) and also employed for safety reasons, 
e.g., for the detection of the improper gas in a 
particular distribution pipe in a medical gas supply 
system.

The meter with the integrated gas-identification 
method has to be capable of identifying the proper gas 
from the defined set of gases with a sufficient degree 
of confidence. The presented experimental examples 
show that nitrous oxide, carbon dioxide and argon were 
distinguished from air with statistical significance, 
but it was not possible to distinguish between air and 
oxygen. Nevertheless, these results can be improved 
on by decreasing the measurement uncertainties of the 
mass flow readings. For the developed thermal mass 
flow meter, the expanded measurement uncertainties 
of the mass flow readings were estimated to be up to 
1.1%. The measurement uncertainty can be reduced 
by a further optimization of the thermal mass flow 
meter in the sense of decreasing or correcting the 
influence of the parameters that affect the mass flow 
reading, e.g., the heat losses along the stem of the 
thermal flow sensor. If lower expanded measurement 
uncertainty, e.g., 0.6% of the reading, was obtained 
for the presented thermal mass flow meter, even air 
and oxygen would be distinguished. In addition to 
decreasing the measurement uncertainty, another 
possibility for improving the gas-identification 
capability of the thermal mass flow meter is to 
optimize its constructional parameters. If two gases 
have a similar combination of thermodynamic and 
transport properties, the constructional parameters 
of the thermal flow sensors have to be sufficiently 
different in order to achieve a significant difference in 
the mass flow readings.

In this investigation, the developed thermal 
dispersion mass flow meter was used under steady 
flow conditions. The influences of the varying mass 
flow rates and temperatures of the measured flow on 
the results of the gas-identification method should be 

investigated. The presented realization of the thermal 
dispersion mass flow meter contains two thermal 
flow sensors and a separate gas-temperature sensor. 
Another option for a practical implementation would 
be a configuration where one or more of the thermal 
flow sensors operates alternately in the function of 
a thermal flow sensor and in the function of a gas-
temperature sensor.

4  ACKNOWLEDGEMENT

This work was supported in part by the Slovenian 
Research Agency (ARRS).

5  NOMENCLATURE

A  constant [°C–1] 
Ap  cross-sectional area of the flow pipe [m2]
a, m, n parameters of the convective heat transfer 

 model
B  constant [°C–2]
c1, c2, c3, c4   calibration constants
cp  specific heat of the gas [J/kgK]
D  external characteristic length, e.g., diameter,  

 of the thermal flow sensor [m]
En  normalized error
h  heat transfer coefficient [W/m2K]
I  eletrical current passing through the sensing 

 element [A]
k  coverage factor
L  length of the sensing element [m]
m   mass flow rate [kg/s]

N  number of all layers in the thermal flow 
 sensor

Nu  Nusselt number
P  electrical heating power [W]
P T i∆( ) output signal of the thermal flow  

 sensor [W/K]
Pr  Prandtl number
R  electrical resistance of the sensing element  

 [Ω]
R   average electrical resistance of resistors in 

 the Wheatstone bridge [Ω]
R0  nominal electrical resistance at 0 °C [Ω]
R1, R2, R3  electrical resistances of resistors in the 

 Wheatstone bridge [Ω]
Re  Reynolds number
rj  outer radius of the jth layer in the thermal  

 flow sensor [m]
SEE  standard error of estimate [W/K]
T  temperature of the sensing element within  

 the thermal flow sensor [°C]
Tg  temperature of the gas [°C]
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Ts  surface temperature of the thermal flow  
 sensor [°C]

ΔT  temperature difference between the sensing  
 element within the thermal flow sensor and  
 the gas [K]

U  expanded measurement uncertainty
Ui  supply voltage [V]
Uo  output voltage [V]
UR1

  voltage drop over the resistor R1 [V]
V   average velocity of the gas [m/s]
ε  relative difference in the mass flow readings
ρ  density of the gas [kg/m3]
λ  thermal conductivity of the gas [W/mK]
λj  thermal conductivity of the jth layer in the  

 thermal flow sensor [W/mK]
η  dynamic viscosity of the gas [Pa s]

Subscripts
1   thermal flow sensor 1
2  thermal flow sensor 2

Superscripts
(A)  gas A
(B)  gas B
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