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A B S T R A C T

The assessment of the explosion hazard of a combustible gas mixture is not a trivial task if the type of com-
bustible gases is not known precisely. In this paper, a methodology for assessing the degree of the explosiveness
of hydrocarbon gases combined with hydrogen is proposed. The methodology does not require the identification
of the type of hydrocarbons, their quantity and concentration. The methodology proposed in this work is based
on the measurement of heat released during mixture burning in the catalytic sensor chamber. A multi-stage
heating profile with different duration and voltage amplitude was developed to heat the sensor and conduct
measurements. This allowed for dividing the catalytic sensor response into hydrogen and hydrocarbons mixture.
The measurements were carried out for three-component mixtures of explosive gases (propane, butane and
hydrogen) in air. The obtained results demonstrate a good agreement between the experimental results and the
theoretical values.

1. Introduction

Gas explosions are among the most serious disasters in the world
which result in casualties and material damage. Therefore, it is very
important to take appropriate measures in order to monitor the varia-
tion of flammable gas concentrations and prevent the occurrence of
accidents associated with gas explosion [1].

In order to develop systems for combustible gas detection and their
mixtures, it is necessary to emphasize those properties which can be
measured. From a safety perspective, the detection of combustible gases
at concentrations below Lower Explosive Limit (LEL), i.e., those ranging
from 1 to 6 vol% is considered to be of high importance [2].

Nowadays, there are three widely used gas sensing technologies for
detecting combustible gases in the environment below the explosive
threshold: optical, catalytic and semiconductor [3,4]: optical sensors
detect variation in light absorption at specific wavelengths; the cata-
lytic ones operate by reacting to the change in microheater temperature
when gas burns; the operation principle of semiconductor sensors is
based on the change in conductivity of the semiconductor layer when
gas is adsorbed [3–5].

Typically, each sensor is calibrated for detecting a separate gas.
However, in industry the gas mixtures of combustible hydrocarbons and
vapors as well as hydrogen are common (Table 1). In this case

multisensor gas detectors, optical spectrometers and other equipment
for multigas analysis in the environment should be used [6–8]. This
‘multisensor’ approach complicates the task on gas sensing by ex-
ploiting complex gas equipment and measurement.

The state-of-the-art approaches for estimating the level of explo-
siveness of combustible gas mixtures start with the identification of all
single gases and their concentrations composing the mixture. This
process is followed by the calculation of LEL of gas mixture (the
minimum concentration of gas or vapor in the air that will ignite and
explosively burn if a source of ignition is present) that is then compared
with the theoretical threshold value of particular mixture. Based on the
comparison, the level of explosion hazard is estimated [9]. This raises
problem with the detection of hydrogen in a mixture containing hy-
drocarbons, in addition to the fact that the hydrocarbons themselves are
difficult to separate. Optical sensors do not detect hydrogen. In order
for catalytic and semiconductor sensors to detect hydrogen, it is ne-
cessary to heat the sensing element. The problem is that the effect of
hydrogen on sensor response can be observed at much lower tem-
peratures (i.e., up to 200 °C) [10] compared to hydrocarbons (e.g., the
sensor response for methane corresponds to a temperature of 450 °C
[11]). The contribution of hydrogen is less than hydrocarbons. There-
fore, it is difficult to separate hydrogen in a hydrocarbon mixture. It is
necessary to note that, hydrogen is more hazardous since it is easily
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mobile and can build up in concentrations sufficient for making an
explosion in indoor environments.

At the same time the identification of separate gases in the mixture
for the inference on potential explosion is an intermediate task which is
essential in the traditional approaches for calculating the LEL of gas
mixture. That is why the assessment of potential explosiveness of gas
mixture without the identification of separate gases in the mixture is a
promising solution in this context. The evaluation of gas mixture ex-
plosibility without identifying individual gases at a known concentra-
tion of combustible gases cannot be achieved in the traditional ap-
proach according to which the response voltage of catalytic sensor
embedded in a bridge circuit is calibrated. This approach to measure-
ment, when the calibration result is only a single response value, has
remained unchanged for decades and was justified in the era of analog
electronics (when it was difficult to use calibration dependencies).The
problem associated with this approach is the fact that the amount of
data is not enough in order to analyze the gas mixtures. The amount of
data can increase through conducting dynamic measurements during
which additional measuring parameter is the sensor temperature
(temperature screening) or a change in sensor resistance which is ob-
served when gas burns in the sensor chamber; i.e. measuring the time
dependence of sensor response. Temperature screening was previously
proposed for analyzing multicomponent mixtures as well as improving
the selectivity and sensitivity [12,13].

According to its fundamental feature, catalytic sensors practically
react on the total gaseous and vapor composition of the environment.
This is regarded as an advantage which opens the way for an assessment
of the explosiveness of gas mixtures, regardless of their composition
[4]. When using catalytic sensors for determining the concentration of
various hydrocarbons, a large number of gas analyzers currently being
used require that the type of gas being measured be known pre-
liminarily in order to use the conversion tables which are stored in the
device internal memory.

One of the most important parameters of combustible gases is
burning heat, i.e., the amount of heat released when the entire volume
of the flammable substance is completely burned [14,15]. Having
measured the amount of heat released, it is possible to determine the
concentration of flammable gases in the atmosphere (Table 1).

Much attention has been given to the research on the specification
of LEL thresholds of hydrocarbons in different conditions [16,17]. In
this paper, we have offered a methodology for assessing the degree of
explosiveness without identifying the type of hydrocarbons, their
quantity and concentration by measuring the sensor response during
the mixture burning process in the reaction chamber of catalytic sensor
to which the flow of gas is limited by an aperture. The method is based
on the measurement of heat released during gas mixture burning in the
catalytic sensor chamber. The heat which is released in the gas burning
process changes the temperature of catalytic sensor and consequently
its resistance. During the combustion of gas mixture, a change in

resistance, in turn, will lead to a change in the sensor response.
Therefore, the measuring parameter is the time dependence of catalytic
sensor response. Limiting gas flow into sensor chamber is necessary in
order to approximate the situation with the case in which a fixed vo-
lume of gas is burned.

2. Experiment

Because LEL varies widely between individual gases and vapors,
most regulatory standards express hazardous condition thresholds for
combustible gas in air in percent LEL concentrations. For this reason,
most combustible gas instruments also display readings in percent LEL
increments, with a full range of 0–100% LEL. Therefore, in this article
we will use the units of measuring the concentration of combustible
gases in air as a percentage of LEL (% LEL).

The proposed method is based on the well-known fact that the
combustion heat of various hydrocarbons at a concentration of 100%
LEL in air differs less than 10% if the same volume of hydrocarbons is
burned [18]. Heat of combustion for an identical volume of limiting
hydrocarbons and hydrogen is shown in Fig. 1. Therefore, it is possible
to determine the explosiveness of hydrocarbon gas mixture regardless
of its exact composition by measuring the amount of heat released
during the mixture burning in a constant volume. At the same time, the
combustible heat of hydrogen is strongly different from hydrocarbons.
However, it is well-known that the hydrogen starts to burn on the
catalyst of the catalytic sensor at a much lower temperature than hy-
drocarbons. Hence it can be concluded that using a two-stage impulse
heating voltage of a catalytic sensor, where the voltage at a low stage is
sufficient for burning hydrogen, but not sufficient for burning other
gases, it is possible to separate hydrogen from the hydrocarbon gases.

In this paper, we investigated the combustion of hydrocarbon
mixtures that consist of propane, butane and hydrogen (in the range of
20%–60% lower explosive limit) in the restricted diffusion mode of gas
leakage in the regime of diffusion restriction of gas leakage. The pro-
pane, butane and hydrogen calibration gas mixtures with air were used
for the experiment. The air is considered as a base gas. We used three
calibration gas mixtures: 0.96 vol% of H2, 1.01 vol% of C3H8 and
0.665 vol% of C4H10 (Table 2, column “Gas type and concentration”).
Fig. 2 shows the schema for making a gas mixture and its supply to a
measurement chamber. We use different mixing ratios for propane,
butane and hydrogen by means of three gas valves. The flow rates were
measured by rotameters. The mixing valve creates the gas mixture
which is then supplied to the measurement chamber. The concentration
of propane, butane and hydrogen in the mixture is presented in Table 2

Table 1
Widely used hydrocarbons in the oil and gas producing industry.

Gas Concentration CLEL,
vol%.

Standard combustion
heat Q0, kcal/mole

CLEL ∙ Q0,
kcal/mole

Methane CH4 4.4 191.554 8.428
Ethane C2H6 2.5 376.421 9.411
Propane C3H8 1.7 488.201 8.299
Butane C4H10 1.4 661.1 9.250
Benzol C6H6 1.2 756.998 9.084
Toluol C7H8 1.1 900.898 9.910
Cyclohexane

C6H12

1.2 881.103 10.573

Methyl Alcohol
CH4O

5.5 182.43 10.034

Acetone C3H6O 2.5 435.029 10.876
Hydrogen H2 4.0 57.79 2.31

Fig. 1. Heat of Combustion for an Identical Volume of Limiting Hydrocarbons
and Hydrogen.
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(column “Concentration in mixture”). In columns “Theoretical LEL, vol
%” and “Theoretical LEL, %LEL” the calculated value LEL of obtained
gas mixture in volume percent and in %LEL are presented respectively.

This is important in order to ensure the main condition of correct
measurements- the burning rate of the mixture should be much greater
than the rate of their leakage inside the sensor chamber. Diaphragms
with calibrated holes and semitransparent membranes were used to
limit the leakage of gases into the sensor chamber. It was shown that
the optimum for catalytic sensors is a diaphragm with a 0.4mm hole
[19]. Determination of the amount of released heat was performed by
measuring the integral response of the sensor during the combustion of
gas mixture inside the catalytic sensor chamber.

We use the catalytic sensor manufactured by NTC IGD, Russia. The
sensor height is 9.5mm and diameter 9mm, power consumption is
75mW at 1.4 V in continuous measurement mode. The sensor consists
of a platinum coil of cast micro wire with quartz insulation; this pro-
vides platinum with additional protection from environmental exposure
and ensures more stability for its parameters. A core diameter is 10 μm
and insulation thickness is 2 μm. The platinum micro wire is covered by
porous gamma alumina oxide that is used as catalyst support for cata-
lytically active metals (mixture of Pd and Pt). In order to impregnate
the catalyst support with the catalytic metal, salts of palladium chloride
(PdCl2) and platinum acid (H2PtCl6) are used. After annealing at 500 °C,
noble metal clusters are formed in the catalyst support.

The operation principle of catalytic sensors is based on flameless
burning (oxidation) of combustible gas on the catalytic active surface
[20,21]. Current is passed through the coil so that it reaches a tem-
perature at which oxidation of a gas readily occurs at the catalyst
(about 450 °C). This raises the temperature of the coil further which
results in an increase in the resistance of the platinum coil. The varia-
tion of coil resistance could be measured by electrical circuit. The
output change up to 100% LEL and beyond is linear for most combus-
tible gases.

The resistance of the platinum coil is determined by the formula:

= +R R α T(1 Δ )0 (1)

where R0 is the resistance of the wire at T=25 °C; α is the temperature
coefficient of resistance (TCR) of the platinum wire, ΔT is the change in
temperature of the wire.

Measurements of the sensor response were carried out according to
the voltage divider circuit (Fig. 3). For taking a measurement, the
sensor Rt is embedded in a voltage divider circuit with resistor R (10 Ω
in our case). The sensing circuit is controlled by the ADuC831 MCU
which generates a specific heating profile for the sensor.

The supply voltage U is generated by the software running on the
MCU and supplied to the divider via the integrated DAC. Op-Amp1
operational amplifier ensures sufficient heating current which is
otherwise not available at the MCU. Since there is no one arm in the
bridge circuit, the measurement of the voltage drop across the sensor is
not calculated from the zero value. This reduces the accuracy of the
measurements. Therefore, to emulate the bridge circuit we introduced a
compensating voltage (equal to the voltage across the sensor in air)
(Fig. 3) which plays the role of the second arm of the bridge circuit. The
measured value is the difference between the compensating voltage and
the voltage across the sensor. The measured response UT from the
sensing circuit is supplied via OpAmp2 to the ADC integrated in the
MCU. OpAmp2 amplifies the measured signal and excludes the constant
component from it by relying on the reference voltage Uref generated
by DAC. Nulling is compensated at DAC0 and drift is compensated
during the sensor calibration. The data acquisition is realized at 50
kilosamples per second. The ADC resolution is 0.055mV. This allows us
to be as precise as possible, in this case, for generating the sensor
heating profile, calculating the sensor response and making inter-
mediate calculations.
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3. Results and discussion

One of the main parameters of catalytic sensors is its sensitivity to
combustible gas. The catalytic sensor sensitivity is usually expressed in
[mV/vol%] that is the voltage of response signal when the sensors are
exposed to 1 vol% of hydrocarbons. Another convenient unit – [mV/
25%LEL] that is the voltage of response signal when the sensors are
exposed to 25% of LEL concentration of any combustible gas.

In general, the sensitivity depends on the sensor temperature. Fig. 4

shows the dependence of catalytic sensor sensitivity on the voltage
applied to the sensor for different combustible gases. The sensitivity is
expressed in [mV/25%LEL]. These curves except for hydrogen have an
S-shape characteristic. At the beginning, when temperature is not suf-
ficient for catalytic reactions, sensitivity of catalytic sensor to hydro-
carbons is zero. Combustion of hydrocarbons begins with an applied
voltage of 600mV. Oxidation in this zone has kinetic character, as a
result the sensitivity is non-linear, i.e., it depends on gas concentration
in the analyzed atmosphere. With increasing temperature, the oxidation
becomes diffusive; that is all amount of gas which can reach the surface
of the catalyst is oxidized. Diffusion zone, a zone in which sensitivity
does not practically depend on temperature change, is selected for the
flammable gas measurement. It can be seen from Fig. 4 that the diffu-
sion zone starts at a voltage greater than 1.3 V. This temperature is the
sensor working temperature. Therefore, as for the voltage levels applied
to the sensor, we have chosen 0.6 V and 1.4 V respectively. The heating
voltage 0.6 V corresponds to a temperature of almost 200 °C and a
voltage of 1.4 V corresponds to a temperature of approximately 450 °C.
It can be seen that due to its physical properties the hydrogen burns in
the entire range of the applied voltage starting from small values.

Consequently, a two-stage heating profile with different duration
and voltage amplitude was developed to heat the sensor and provide
the measurements of hydrogen and hydrocarbons mixtures. When a
voltage level of 0.6 V is applied to the sensor, the sensing element will
be heated to a temperature at which only hydrogen can burn (Fig. 4).
The duration of the first stage is determined experimentally and this
time interval enables hydrogen to burn. When a voltage level of 1.4 V is
applied to the sensor, the sensing element is heated to a temperature at
which only hydrocarbons burn since it is observed that hydrogen is
burnt at the previous stage of heating. This allowed dividing the cata-
lytic sensor response into hydrogen (first stage) and hydrocarbons
mixture (second stage). One measurement cycle takes about 7 s. A
measurement with time intervals of 2 (for the first stage) and 5 (for the
second stage) seconds was chosen because it is necessary to guarantee a
complete combustion of gases in the working chamber of the sensor.
The next measurement cycle is conducted when the chamber is filled
with a new portion of gas mixture. It takes about 10 s to fill the chamber
completely. During this time interval, no voltage is applied to the sensor
as a result of which energy consumption will be optimized [22].

A catalytic sensor can be set up in different sensing configurations:
either a bridge circuit (in which case one arm of the circuit contains
active and reference sensors) or a voltage divider circuit can be used
(the sensor is connected in series with a resistor in this configuration)

Fig. 2. Gas mixture schema.

Fig. 3. Sensing circuit.

Fig. 4. Dependence of the sensor sensitivity on the applied voltage.
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[23]. Depending on the measurement circuit, different levels of voltage
have to be supplied in order to achieve proper values of heating voltage
at the sensor (by proper values we mean 0.6 and 1.4 V). We used a
divider circuit in this work. In order to obtain 0.6 and 1.4 V at the
sensor, voltage levels corresponding to 1.1 V and 1.95 have to be sup-
plied to the voltage divider (Fig. 5, pulses 1). The values of supply
voltage have been determined experimentally.

3.1. Sensor response during calibrated gas burning

We place the sensor in the atmosphere with clear air and measure
the catalytic sensor response during the heating pulse. Next, we carry
out the same experiment, but in the presence of combustible gases with
air and measure the sensor response during two stage pulse heating; the
concentration of each gas in the experiment is as follows: 0.96 vol% of
H2, 1.01 vol% of C3H8 and 0.665 vol% of C4H10.

Fig. 6a illustrates the catalytic sensor response to air during heating
by using a two-stage heating profile. The x-axis indicates the heating
time which is in accordance with the voltage supplied to the divider
(Fig. 5, pulses 1). The y-axis represents the response voltage UT (Fig. 3).
The role of Fig. 6a can be considered as a calibrating curve for the
following measurements; the figure is in analogy to the initial value of a
bridge circuit or a circuit with a divider at zero hydrocarbon con-
centrations in air in the traditional approach to measuring hydrocarbon
concentrations.

Fig. 6b illustrates the dependence of voltage response UT for cali-
bration gas mixture of hydrogen with oxygen. It can be clearly seen that
the UT dependence goes higher than that of oxygen. This is associated
with the fact that when hydrogen burns, temperature increases as a
result of which the resistance of platinum wire increases. This leads to
an increase in the value of UT.

Figs. 6c and d demonstrate the dependence of voltage response UT

for calibration gas mixture of propane and butane in air. It can be seen
from the figures that when the combustible gases (i.e., propane and
butane) are present in air, the voltage response of the sensor increases
at the beginning of the second stage of heating (i.e., when a voltage of
1.95 V is supplied to the divider). This is because of the fact that when
the combustible gas burns, the platinum wire temperature increases and
consequently it leads to an increase in its resistance. Propane and bu-
tane do not burn at a supplied voltage of 1.1 V which is consistent with
our assumption.

The dependencies which are illustrated in Fig. 6b, c and d can be
considered as calibrating curves for the respective gases when other
concentrations of hydrogen, propane and butane are involved; this is in
analogy to the response value of a bridge or divider circuit with known
concentrations of hydrocarbons in air in the traditional approach to

sensor calibration.
The comparing response signal for clean air and three calibration

gas mixtures H2+air, C3H8+air and C4H10+air are demonstrated in
Fig. 7 a. Fig. 7 b indicates the signal difference between the sensor
response to calibrating gas mixtures and the air.

3.2. Calculation methodology

It can be seen that the combustion of hydrocarbons takes place re-
latively fast compared to the duration of the first and second heating
pulse. After burning the combustible gas in the sensor chamber, the
voltage response of the sensor goes back to practically those values
observed as in the case of clean air.

Clearly, at the time of combustion the gas enters through a 0.4mm
aperture (unlike a valve). This is the reason why the signal response
difference between the clean air and the hydrocarbons does not reach a
zero value. In order to compensate for the flow of gas in the combustion
process from the integral of the voltage at each stage of the supply
voltage, it is necessary to subtract the integral corresponding to the
steady state signal at this level of voltage.

It is clear that the sensor response difference in the presence of
combustible gases and clean air is proportional to the amount of heat
released (Q). Therefore, the method for calculating the LEL values is as
follows.

At the first stage, the sensor response is calibrated at a known
concentration of combustible gas in air. For this, the dependence of
sensor response (U0) on time at first and second stages of heating pulses
is obtained and the integrals are calculated, i.e., S01= ∫U01dt and
S02= ∫U02dt. Then, the sensor response (U1) at the first stage and in
the presence of a known concentration of hydrogen is measured and the
same procedure for the same or different hydrocarbon gas at the second
stage is performed. The following integrals are calculated thereafter:
SH1= ∫UH1dt and SC2= ∫Uс2dt. The amount of heat released in the
burning process of hydrogen QH and hydrocarbon QC is proportional to
the difference of integrals, i.e., QH ˜ΔSн=S01-SH1 and Qс ˜ΔSс=S02-Sс2
(taking into account the compensation for the gas flow in the burning
process as mentioned above).

The equation Q=Q(1 LEL)*C (LEL) applies for the amount of heat Q
released at a constant volume of chamber. Since the concentration of
combustible gases in the LEL range (CLEL) is known to us, therefore it is
possible to calculate the amount of heat released at 1% LEL (Q1LEL) of
hydrogen or hydrocarbon. Dividing the values of Sн and ΔSс by the
concentration of hydrogen and hydrocarbon given in LEL, we find the
areas which will be proportional to 1% LEL – ΔSн1LEL and ΔSс1LEL. It is
necessary to note that the combustion heat of various hydrocarbons at
the same % LEL is practically equal (Table 1 and Fig. 1).

So far we have calibrated the sensor for hydrogen and hydrocarbon.
It is important to note that, the result of calibration is not the steady
state value of sensor response for 1% LEL or 1 vol% of combustible gas
as it is usually performed but the integral difference of sensor response
dependency on time in clean air and a mixture of combustible gas with
air.

After that we are able to conduct actual measurements of hydro-
carbon mixtures with hydrogen without knowing their composition and
concentration. Particularly, if we have only a mixture of hydrocarbons
then using a two stage heating profile and having measured the time
dependency of sensor response, we calculate the value of ΔSс (i.e., the
second stage) which is proportional to the heat released (i.e., QCх) in
the burning process. The concentration of hydrocarbon in LEL values
which led to the heat release (as mentioned above) can be found
through ratio Cсх(LEL)=QCх/Q1LEL= ΔSсх/ΔSс1LEL. Since the ratio of
values is measured then all proportionality coefficients between Qс ˜ΔSс
are canceled and we find the concentration values in %LEL. Cх(LEL) is
the value of the hydrocarbon mixture. Therefore, we found Cсх(LEL) for
the hydrocarbon mixture and can make a conclusion whether it is
combustible without knowing the type of hydrocarbons inside it. It is

Fig. 5. Dependence of the applied voltage on time of two-stage sensor heating
profile.
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Fig. 6. a) b) c) d) Catalytic sensor response to the air and different combustible gases – the concentration of calibrating gas mixture in the air is as follows: 0.96 vol%
of H2, 1.01 vol% of C3H8 and 0.665 vol% of C4H10.

Fig. 7. (a) Comparing signals from different gases: hydrogen, butane, propane and clean air. (b) Signal Difference Between the Sensor Response to Calibrating Gas
Mixtures and the Air.
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clear that the results achieved have errors which are associated with the
fact that the burning heat released from hydrocarbons at 1%LEL has
slightly different values. At the same time, this method allows for
having fast results without the need to determine the chemical com-
position of the gas mixture.

In a similar way, based on the result of the sensor response at the
first stage, the hydrogen concentration is calculated in %LEL. We find
hydrogen concentration in LEL values CHх(LEL).

The LEL value of the mixture of hydrogen with hydrocarbons is
calculated using the well-known equation presented below [24]:

∑ ∑=
= =

φ φ φ φ/ ( / )d
k

n

k
k

n

k p
1 1

k (2)

where φ isd the LEL for a mixture of combustible gases, φk is the con-
centration of k-th component of the mixture in vol%, φpk

is the LEL of
the k-th component in the mixture with air in vol%, n is the number of
combustible components of the mixture.

It is worth mentioning that the hydrogen molecule is very mobile.
Therefore, hydrogen can flow into the sensor chamber through the
0.4 mm diameter aperture much faster and affect the measurement
reading at the second stage of heating (Fig. 7b). However, the effect is
not significant since the amount of heat released from hydrogen
burning is much less than the one from hydrocarbons.

3.3. Calculation of unknown combustible gas mixture

Then, the process of combustion of hydrocarbons mixtures char-
acterized by having different concentrations is investigated and a
comparison is made between the theoretical LEL values of mixtures and
the experimental LEL values obtained as a result of conducting mea-
surements.

The given values of concentration for propane, butane and hy-
drogen in the mixture are presented in column “Concentration in
mixture” (Table 2). The concentration of individual components in
mixture was controlled by the gas flow rate. The total values of con-
centration of H2, C3H8 and C4H10 in the air are given in column 4.
Columns 3 and 5 of Table 2 demonstrate the LEL values which are
calculated in vol% and %LEL respectively. We evaluated mixtures in
seven concentrations in the 31–49 % LEL range.

The experimental values of concentration calculated according to
the proposed method are presented in Table 2 (column “Experimental
LEL”). It can be seen that the experimental results are in line with the
theoretical values. The error is approximately 6–8 %. This error is not
acceptable for precision measurements but is enough to make a fast
estimation

of the explosibility risk of the hydrocarbon mixture since the
duration of one measurement is less than 20 s (the measurement time is
approximately 7 s and the time required for filling the sensor chamber)
is almost 10 s.

Catalytic sensors react to a variety of combustible gases with dif-
ferent levels of sensitivity. Therefore, the manufacturers calculate the
signaling thresholds for LEL gas analyzers in such a way that the
alarming of gas analyzer in concentrations corresponding to 50% of LEL
of any hydrocarbon is guaranteed, for example, hexane which has
1.1 vol% only. If the type of hydrocarbons are unknown and the mix-
ture contains hydrogen, such a method for determining the con-
centration in %LEL can lead to significant levels of uncertainty. At the
same time, the methodology for measuring the LEL concentration
proposed in this article can be used for estimating the potential ex-
plosion hazard of hydrocarbon with hydrogen mixtures without iden-
tifying the gas composition.

Despite the fact that theoretical and experimental data correspond,
the proposed approach requires further research. Particularly, the
combustion of hydrogen after the first stage of heating results in a de-
crease in the concentration of oxygen. Therefore, during the

combustion of hydrocarbons at the second stage, the concentration of
oxygen is less than the one observed in normal conditions. During the
combustion of 2 vol% of hydrogen, the concentration of oxygen in air
decreases by 1 vol%. It is difficult to evaluate this effect quantitatively.
But the well known data suggest that minor changes in oxygen con-
centration in air do not affect the measurement results. This is due to
the fact that the oxygen concentration is excessive for the occurrence of
oxidation reactions. Nevertheless, this is considered as a problem and it
is necessary to investigate this issue in the future. Particularly, instead
of calibrating hydrogen and hydrocarbons separately, it is possible to
conduct this procedure immediately for their gas mixtures.
Consequently, a reduction in the concentration of oxygen as a result of
hydrogen combustion at the first stage will be automatically taken into
account during the combustion of hydrocarbons at the second stage.

4. Conclusions

In this paper we proposed a method for estimating the explosiveness
of a mixture consisting of hydrocarbons with hydrogen of unknown
composition using a typical catalytic sensor. The measurements were
carried out for three-component mixtures of explosive gases (propane,
butane and hydrogen); each of which having different concentrations in
the mixture.

The obtained results demonstrate a good agreement between the
experimental values of LEL for hydrocarbon mixtures and the theore-
tical values.

The method is based on the measurement of the heat released from
mixture burning in the catalytic sensor chamber and the fact that the
value of CLEL* Q0 is very close for different hydrocarbons. Besides,
unlike widely used methods for determining the concentration of hy-
drocarbons which register sensor response in a steady state (i.e., one
value), the proposed method, registers sensor response in the burning
process which requires a microprocessor for calculating the amount of
heat released. In order to distinguish hydrogen burning from hydro-
carbons, a two stage profile for heating the sensing element to 200 °C
and 450 °C was proposed. It was established that hydrogen completely
burns at the first stage and at a temperature of 200 °C. The results
achieved provide a fast estimation of explosibility of combustible
mixture without identifying the gases composing it.

The methodology presented in this paper requires changing the pre-
calibration mode of the gas device with the catalytic sensor. Usually,
the calibration is carried out as follows. The sensor is placed in a
chamber with known hydrocarbon concentration (typically methane)
and heated to operating temperature. The obtained response value is
stored in the gas analyzer memory. As catalytic sensors have different
response to combustible gases, the recalculation coefficients are in-
troduced for other combustible gases [25]. Using the proposed algo-
rithm, it is necessary to measure the time dependence of catalytic
sensor response to air and calibrated mixture of combustible gases
during two stage heating, i.e., to obtain the sensor response for the
mixture of combustible gases. These serve as calibrating dependencies
for future measurements when the concentration of hydrocarbons in the
mixture is not known. Further, it is necessary to calibrate the device, i.e.
calculate the amount of heat released at 1% LEL (Q1LEL) for hydrogen
and hydrocarbons. To do this, it is necessary to calculate the difference
signal (square) between the sensor response to a known concentration
of calibration gas and air and normalize it to 1% LEL (Fig. 7 b). The
values of LEL can be found as the ratio of the measured square to the
square at 1% LEL.

It is important to emphasize that the offered methodology can be
used for sensing single gases as well as combustible gas mixtures of
unknown composition; the methodology allows isolating hydrogen
from hydrocarbons mixture. Alternative ways for flammable mixtures
analysis are typically associated with the application of multi wave-
length IR sensor. However IR detectors do not allow detecting the hy-
drogen.
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The obtained results have found a large potential for a wide spec-
trum of industrial and urban applications. In the future, we plan to
conduct measurements for more complex gas mixtures in order to
confirm the potentials of the proposed method.

As mentioned earlier, catalytic gas sensors can be used in wireless
sensor networks due to their small size and low power consumption.
Moreover, energy harvesting techniques can improve the autonomous
operation time of wireless gas sensor nodes and consequently reinforce
their integration with wireless sensor networks and generally Internet
of Things applications [26–28].
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