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Abstract

Relevance. The greatest effectiveness in determining the main characteristics in gas burning was shown by
optical methods due to their high speed and accuracy. Despite all the advantages of these methods, their main
disadvantage is the price and folding of implementation. Therefore, today it is necessary to improve approaches
to solve this problem.
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Purpose. The research is devoted to the study of diffusion flame by a semi-empirical method.

Methods. The data of the experimental study of the diffusion flame of hydrocarbons on the example of propane
are presented. To visualize the invisible part of the structure of this flame, namely, the afterburning zone
of hydrogen molecules formed in the flames in nonequilibrium quantities and, due to the large value of the
diffusion coefficient, leaving the flame zone and creating a new combustion zone, molecules containing atoms
of alkali metals (NaCl and Na,CO,) are vaporized in the flame zone.

Results. The method of delivery of molecules of alkali metal salts from outside was applied for the first time,
which allowed the investigation of this phenomenon more thoroughly. Based on the research results, a method for
determining the concentration of hydrogen atoms and the relative distribution of the concentration of hydrogen
molecules along the axis of propagation of the flame after the burning zone was proposed. The research method
combines experiments with mathematical modeling. The application of the method described in the article makes
it possible to determine the distribution of hydrogen molecules over the glow zone of the main fuel.

Conclusions. The results obtained will help to better understand the phenomena of hydrocarbon combustion
under diffusion flame conditions, as well as to search for new ways of obtaining hydrogen fuel from domestic

waste treatment
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Introduction

The rapid growth of the industry in the modern world
and the climate changes caused by it make the tasks
of controlling the concentration of harmful gases in
production and at home topical. It is also important to
determine the parameters of gases in various indus-
trial processes [1-3]. In practice, when it is necessary
to determine the concentrations of certain gases, it is
necessary to choose the method which best meets the
requirements and can solve the task. Optical methods
showed the greatest efficiency in determining the main
characteristics of the combustion of gases because of
their high speed and accuracy. Despite all the advan-
tages of these methods, their main disadvantage is the
price and folding of implementation [4-6]. Therefore,
today it is necessary to improve approaches to solve
this issue. It is known that in diffusion flames of or-
ganic compounds in the gas phase hydrocarbon fuels
form a nonequilibrium large concentration of inter-
mediate H, products, which create a second (invisi-
ble) flame zone in the neighborhood of the luminous
flame zone.

Theoretical simulations of hydrocarbon combus-
tion under diffusion flame conditions show that the
flame has a complex structure; it consists of clearly
defined zones that differ from each other in charac-
ter [7; 8]. Namely, the zone of contact and mutual
diffusion of the combustible and oxidizer can be di-
vided into a zone of combustible flow, followed by a
new zone of radical formation [9]. In the same work,
the profiles of concentrations of radicals and H,, CO,
H,0, and O, were obtained in the case when the sto-
ichiometric ratio between methane and oxygen is
achieved. The afterburning zone of H, and CO after
the complete consumption of methane is visible. The

data of Zh. Wang et al. [10] also show that the struc-
ture of the diffusion methane flame includes a thin
zone of reaction of CH, with OH, H, and O and a fairly
wide zone of weak combustion of H, and CO. To ex-
plain the asymptotic structure of the methane flame in
[11-13], it can be found an example of a discussion of
the three-stage mechanism commonly used to explain
the reaction process in the steady state approximation
and partial equilibrium for intermediate products. For
the oxidation of methane (1):

1.CHy + 0, - CO 4 H, + H,0
2.C0+H,0>CO, +Hy %)
3a.0, + 2H, - 2H,0
3b.0, + 3H, - 2H + 2H,0

In dimensionless coordinates, the flame struc-
ture is calculated, and several zones are highlighted,
namely, a thin zone of methane flow and a fairly wide
zone of weak hydrogen flame, the length of which is
determined by the reaction H+0,+M—-HO,+M from
the list of reactions (2):

1.H+0,+M - HO, + M
2.H+ HO, - H, + 0,
3.HO, + HO, - H,0, - 2
4.H,0, + H - H, + HO,

In the work of A. Hamins and K. Seshadri [14]
determined the dependence of concentrations of H,,
CO, methanol, and heptane on the distance behind
the luminous flame zone under countercurrent con-
ditions. For hydrogen molecules in all experimental
cases, the width of the zone of their penetration in the
direction of oxygen due to diffusion is about 1-2 mil-
limeters. It is reasonable to describe the contribution



of the diffusive transfer of constituents in a complex
four-component system within the framework of the
nonlinear multicomponent diffusion formalism devel-
oped by the authors of the following works [15-17].
Due to the experimental difficulties of forming and
maintaining diffusion flames for a long time, the use
of visual (photographic) methods in their study is very
effective for establishing the concentration distribution
of intermediate products in this flare [18]. Methods of
photographic imaging capture an instantaneous picture
of a continuously fluctuating process and make it pos-
sible to determine the concentration distribution of the
flame participants. It is also possible to continuously
monitor the progression of the process [19].

It is known that NaCl vapor in a mixture of com-
bustible gases, such as H,, hydrocarbons, and various
organic compounds, causes flame coloring caused by
excited sodium atoms [1]. To explain the mechanism of
the formation of excited sodium atoms, the authors of
many studies propose different mechanisms [20; 21].
Since sodium atoms have low electronic levels, only
a portion of the recombination heat released by the
reaction is sufficient to excite them, and the presence
of low-lying ionic terms increases the probability of
energy transfer between them. Several are known to
explain the coloring of hydrogen-burning flames by
the addition of sodium atoms and the addition of sodi-
um to the stream of hydrogen atoms coming out of the
electric discharge tube [20-22]. Two elementary acts
leading to the manifestation of excited sodium atoms
are considered:

H + OH + Na — H,0 + Na (2P), 3)
H+ H+ Na - H, + Na (2P). (€]

Kinetic analysis of the results for reactions (3) and
(4) showed satisfactory agreement with experimental
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data and the rate constants of these reactions 21010
and 8-109 12/mol?s, respectively, were obtained [21].
At present, the absorption spectroscopy method based
on the phenomenon of selective absorption of radi-
ation by gases is widely used [23; 24]. Selective ab-
sorption can be achieved if the radiation frequency is
resonant for the molecules of a given gas.

The phenomenon of flame coloration is mainly
used to determine the flame temperature, and there-
fore, in all works, salt molecules, as usual, were fed
into the flame together with the flow of oxidizer or
combustible gas [1]. But until now, due to the com-
plexity of calculation, the distribution of the concen-
tration of intermediate products depending on the
flow rate cannot be obtained accurately. In this paper,
authors propose a method for determining the con-
centration of atoms and the concentration distribution
of hydrogen molecules behind the glow zone of the
main combustible by feeding sodium-containing salt
vapor into the flame from the outside.

The main goal of the study was to conduct an ex-
periment that would confirm the effectiveness of using
the semi-empirical method in the study of diffuse flames.

Materials and Methods

The diffusion flame of propane (used in domestic
conditions) is obtained by feeding the combustible
through a capillary 1 ¢cm long and 0.5 mm in diam-
eter into the atmosphere. To study the invisible com-
bustion zone of hydrogen formed in nonequilibrium
quantities during the combustion of hydrocarbons, in
this work authors use molecules of NaCl and drinking
soda NaHCO, (transformed into Na,HCO, by the reac-
tion 2NaHCO,—Na,CO,+CO,+H,0). The method of
delivery of the molecules of these substances to the
flame was carried out as follows. A schematic of the
experimental setup is shown in Figure 1.

(2

©

(1

Figure 1. Schematic of the experimental setup
Note: 1 - propane cylinder; 2 — propane diffusion flame; 3 — steel needle; 4 — sodium salt crystals; 5 — fuel

capillary; 6 — photo camera
Source: [24]



Sargsyan et al.

The edge of the steel needle was pre-wet with wa-
ter, after which NaCl or NaHCO, crystals were collected
on it. Then this part of the needle was preheated until
a liquid drop of these substances appeared on it. After
cooling, a plate or a ball of the above-mentioned sub-
stances was formed at the end of the needle. Before
the probing process, this part of the needle was pre-
heated to intensify the evaporation rate.

The needle was then fixed at different distances
from the propane flame. The NaCl or NaHCO, molecules
from the surface of the steel needle evaporated into the
combustion zone. Due to the recombination of H and
OH radicals on sodium atoms, which are the products
of the reaction of NaCl and NaHCO, with the flame H,,
CO+0,, which sodium atoms are formed in electroni-
cally excited states, carrying away with their part of the
recombination energy. Some of these molecules are sta-
bilized by collisions with atmospheric gas, while others
emit light quanta in the wavelength range A=5889-
5899 A. In this case, a luminous zone is formed around

the hydrocarbon flame, making it possible to visually ob-
serve the magnitude of hydrogen combustion.

Results

The diffusion propane flame was photographed using
a digital camera. The results are shown in Figures 2.
At the bottom of the figures, the conditions of the ex-
periment are shown. In Figure 2a, the case of NaCl
molecules evaporating over the luminescent flame
zone of propane. There is an image of a fragment of
the hydrogen afterburning zone as a yellow lumines-
cent zone. Figure 2b gives an image of the propane
flame in the case where the salt molecules evaporate
into the flame from the side, outside the luminescent
zone. A legible image is drawn of the invisible part of
the flame structure as a second flame surrounding the
luminous zone. It can be seen that the width of the
hydrogen afterburning zone is about 2 millimeters on
the side. At the top of the flame, the hydrogen after-
burning zone extends to about 6 millimeters.

Hydrogen combustion zone

Hydrocarbon fuel
combustion zone

Gas pre-mixing and
heating zone

Figure 2. Visualization of the H, flame fragment during evaporation of NaCl molecules in a diffusion propane
flame (a); visualization of a fragment of flame H, by evaporation of NaCl molecules in a diffusion propane
flame from the side of the flame (b)

Note: a — flow velocity from tube v=4.6 m/s, tube diameter d=0.5 mm, and the volumetric flow rate in the
evaporation zone of the flow from tube Q=0.9 cm3/s; b — flow velocity from the tube v=4.6 m/s, tube diameter
d=0.5 mm, the temperature in the zone of evaporation of salt molecules T=906K, the volume flow rate from

the tube Q=0.9 cm?/s
Source: developed by the authors

When the salt vapor is supplied from the side by
the width of the hydrogen afterburning zone, the main
contribution is given by diffusion, and from the side
of flow propagation it is supplemented by the contri-
bution due to the flow velocity, which is dominant.

The expansion of the hydrogen after the burning zone
following the flow direction of the gas mixture is re-
lated to this. The effect of the dependence on the flow
velocity is particularly clear when comparing the pic-
tures in Figure 3-4.



Figure 3. Visualization of the H, flame fragment by
evaporation of NaCl molecules in a diffusion propane
flame from the upper side of the flame
Note: Flow velocity from the tube v=6.07 m/s, tube
diameter d=0.5 mm, the temperature in the zone of
evaporation of salt molecules T=1406K, the volume
flow rate from the tube Q=1.15 cm?/s

Source: developed by the authors

Figure 4. Visualization of the H, flame fragment
by the evaporation of NaCl molecules in a diffusion
propane flame from the side of the flame
Note: flow velocity from the tube v=4.6 m/s, tube
diameter d=0.5 mm, the temperature in the zone of
evaporation of salt molecules T=906K, the volume
flow rate from the tube Q=0.9 cm?/s

Source: developed by the authors

In Figure 3, when the volumetric flow rate
Q=1.1 cm®/s and the flow rate from the capillary
v=6 m/s the hydrogen flame expands conditionally
to 8 mm, and in the case of Figure 4, when the volu-
metric flow rate Q=0.9 cm?®/s and the flow rate from
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the capillary v=4.6 m/s the hydrogen flame spreads
by only 6 mm. From this, it is easy to estimate the
contribution of the flow velocity to the distribution of
hydrogen concentration in its combustion zone.

The problem of the distribution of the concentra-
tion of hydrogen molecules over the distance behind
the combustion zone of the main hydrocarbon fuel
is of great interest. The proposed method of probing
diffusion hydrocarbon flames and the experimental
data obtained in this work allows us to develop a new
method for studying the visible and invisible hydro-
gen afterburning zones in these flames. The balance
equations for describing the kinetic regularities of
the reaction medium development and describing the
length of the second zone caused by the processes of
substance transfer due to diffusion, convection, and
kinetics of the combustion process, can be obtained by
solving the corresponding diffusion-kinetic equations.
Following the notations of Zh. Wang et al. [10], this
equation can be represented in the following form (5):

aY; aYi |, 0 (Jix r
P TP o (E) + Yk=1 kWi 5 (5)

where: Y- species mass fraction, M, - its molecular
mass, p — density, t — time coordinate, v, — speed in
the x direction, Ji— diffusion flux, A, — stoichiometric
coefficient of i-th reaction participant k, W — speed of
this reaction.

When the values of all characteristic parameters
are known, this equation allows us to obtain the struc-
ture of the flame. The method is based on the follow-
ing considerations: if the concentration of sodium
atoms in the reaction zone is known, the density of
excited sodium atoms in the reaction zone, due to the
processes H+H(OH)+Na—H,0(H,)+Na can be de-
termined and with a known minimum value of the
concentration of excited sodium atoms, whose glow
can be registered visually, it can be estimated the con-
centration of hydrogen molecules in the zone where
the glow comes to end. After that, from equation (5)
it is possible to determine the distribution of hydrogen
molecule concentration from the far along the course
of H, flame propagation.

As shown in the works of Y. Chen et al. [9],
and A.E. Long [12], using the generally accepted
scheme of hydrocarbon oxidation, at atmospheric
pressures above, when the length of the combustion
zone of hydrogen molecules determines the reaction
H+0,+M-NO,+M, there is one rate describing the
process, namely the reaction rate (6), in the right part
of the equation (5), which describes the concentration
distribution of H, at steady-state conditions:

Wi = ke[O2]1[M][H]. (6)

And in the combustion zone of intermediates,
when the main fuel will be completely consumed,
there is a relation of the type (7) [9; 10] for the value
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of hydrogen atom concentration where {3 is a propor-
tionality factor:

[H] = B [0,]/2[H,]*/%/[H,0], 7

In the general case, when the mutual diffusion
process of H, and O, is dominant, the concentrations
of O, and H,O will depend on the distance of hydro-
gen flame propagation. However, if the flow velocity
dominates over the longitudinal diffusion, then at
some distance from the zone of full consumption of
the main fuel, when the diffusion penetration of ox-
ygen and the delivery of H,O by the jet into the H,
flame zone dominates over the process of its flow rate,
it can be assumed that the O, and H,O flow in this
zone can be neglected.

Under conditions of the predominance of mass
flow over diffusive one, the main contribution to the
distribution of H, concentration in equation (1) will
be given by fluidity, hence, this equation can be rep-
resented in the form (8) within the framework of the
above approximations:

d[H]
dx

=~ [H]3, ®)

where: a is the proportionality constant.

If all salt molecules entering the flame are con-
verted into sodium atoms, the value of a can be deter-
mined. With the known value of sensitivity of the cam-
era to the emission of Na* quanta, it can be determined
the value of excited atoms of Na* quantities formed per
unit volume per unit time in the extreme zone of flame
H,. From reactions (5) and (6) it turns out:

[H]*[Na] k = Wy, *, ©

where: (k = 8109 12/mol?s), WNa* is the reaction rate
(1) or, in other words, it can be said the amount of
Na* formed per unit time per unit volume.

The channels of consumption of the formed ex-
cited sodium atoms are the emission stabilization
channel, the stabilization channel due to impact with
atmospheric gas, and various probable reaction chan-
nels. Hence, it can be written (10) for the number of
quanta released from a unit volume per unit of time:

— Krs Wnax

N
hv Keff+Krs. ’

(10)
where: k__is the rate constant of the radiation stabi-
lization channel, K . — is the effective rate constant of
Na* consumption through other channels (besides the
channel of stabilization by radiation).

And therefore, for the rate of formation of excited
sodium, it turns out (11):

WNa* = 7NhV(K]::Z+kr's') . (1 1)

As in the dominant flux conditions, the inflow of
sodium-containing molecules from outside allows us

to always choose the conditions under which the re-
quirement of a single participation of sodium atoms in
the act of three-frequency recombination with hydro-
gen atoms is established. And so, from (9) and (11), it
can be written (12):

[H] — Whax — \/th(Keff.+kr.s.) (12)

- [Na] 'k - krs.[Na]'k

And with the known sensitivity of the camera to
the minimum number of photons from (7) it can be
estimated the concentration of atoms H at the end of
the luminous zone of the flame H,. Since k. »K . then
the following is true (13):

D (13)

[H] = Nal &

It is known that light radiation is observable if the
number of photons in 1 cm? is about 4-1014. Then the
number of photons in the area 6 mm from the lumi-
nous flame torch of Figure 2, it can be suggested that
~4-1014 photons/cm?®, k=8-109 12/mol?s, according
to M. Kajita [25] the partial pressure of saturated
vapors of food salt and baking soda at temperatures
above 1000K is approximately equal to 7 torr which
corresponds to (14):

[Na] = 2.45 - 1017 2202 (14)

And accordingly obtained for the concentration of
hydrogen atoms (15):

o4 particles
cm3

[H]~4.28 -1 (15)

It is also of interest to obtain the dependence of the
concentration of hydrogen molecules on the distance af-
ter the zone of the luminous flame torch by the formula
(8). From formula (7) it can be determined the concen-
tration of hydrogen molecules in the extreme zone of
the glow flame H, , where 1 is the length at which the
sodium atoms glow ends. Integration of equation (8)
within the range from an arbitrary point x to the edge of
the visible hydrogen flame zone will give (16):

2 2

NIRRT

where: [H,] and [H,] are concentrations of hydrogen
molecules at points x and 1, respectively.
When x<I, the relation [H,] >[H,], (17) holds:

=a-(1-x%), (16)

o= . a7

[Hp];-1

And thus, a formula is obtained for estimating
the parameter T at known distance visually from the
hydrogen flame zone and their concentration in this
zone. From here, using formula (8), it can be esti-
mated the contribution of the blowout to the flame
propagation values (Fig. 5).
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Figure 5. Distribution of the concentration of hydrogen molecules in the hydrogen afterburning zone in a
diffusion propane flame in arbitrary units

Source: developed by the authors

Thus, visualization of the hydrogen flame by
delivering alkali metal salts into the flame not only
makes it possible to visualize this flame in the maxi-
mum possible size but also presents an opportunity to
obtain a view of the distribution of the concentration
of hydrogen molecules in this flame over its distribu-
tion distance and as a function of the flow rate and
to estimate the growth rate of the hydrogen molecule
concentration. As can be seen from Figure 4, the con-
centration of hydrogen molecules in the afterburning
zone decreases 10 times in 6 mm.

Discussion
V. Mishra and S. Rashmi [26] considering methods
for determining gas concentrations in general, argued
that the use of methods related to optical absorption
offers several advantages that alternative technologies
cannot provide. Since measurements are based on a
fundamental physical property of the molecule under
study, there are ways to avoid some of the error mech-
anisms present in other technologies, including drift,
lack of selectivity, and changes in sensitivity from ex-
periment to experiment. Measuring the parameters of
gases by optical means also opens several unique pos-
sibilities [27]. In particular, the adjustment of sensitiv-
ity, as well as the availability of feedback in the instru-
ment, where one can monitor during operation whether
they have failed (e.g., due to a faulty light source or
failure to direct sufficient light to the photodetector).
But the main advantage is the speed of signal transmis-
sion and the fact that measurements can be made in situ
means that optical instruments can have a much higher
response rate than alternative technologies.

The use of modern gas detection devices implies
compliance with several requirements, such as high

speed, minimum drift, and high gas selectivity, with
zero sensitivity to other gases. Gas sensors with a
carefully thought-out design using in their basis the
phenomena of optical absorption can have time con-
stants of less than 1 s, which provides them with high
performance. Thus, the work by X. Liu and Y. Ma [28]
shows an example of experimenting in real-time and
situ without disturbing the gas sample, which is very
important for process control. Such advantages of the
approach are provided by the transduction method
by directly measuring the physical absorption of the
molecule at a certain wavelength. This leads to a re-
duction of drift in the system. In addition, it should be
noted that the dependence on external factors drops
significantly since it is possible to directly determine
and control the intensity of the incident optical radia-
tion. Considering all advantages, it can be stated that
optical gas measurement is inherently very reliable,
which allows it to take a place between inexpensive
sensors with lower performance and high-quality lab-
oratory equipment. The work by T. Strahl et al. [29]
also shows a rather promising application of pho-
toacoustic sensors for the calculation of gas concen-
trations. The described sensors differ in the approach
used to detect absorbed light. Traditional sensors cal-
culate the values of absorbed light to determine the
transmittance, which can be obtained by comparing
the light intensity at the photodetector with and with-
out the presence of gas. Photoacoustic sensors, on the
other hand, allow the absorbed light to be measured
directly. Photoacoustic detection can be used in con-
junction with the optical methods described above,
including the method presented in this research.

In the quantitative study of gas concentrations,
semiconductor gas sensors or electrochemical devices
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can compete with the traditionally dominant laboratory
analytical equipment based on the effect of optical ab-
sorption by M. Kaloumenou et al. [30]. An example of
such a device can be a pelistor, which, despite its rel-
ative cheapness, is a reliable device that responds to a
change in gas concentration using a catalyst ball [31].
These devices have found widespread use in identi-
fying flammable gases close to the lower explosive
limit. The main disadvantage of pelistors compared to
optical equipment is the zero drift at concentrations
of fractions per million. In M.K. Nikolic’s et al. [32]
work, the efficiency and high sensitivity of other sem-
iconductor gas sensors at low concentrations in the
vicinity of ppm were shown. However, drift and low
selectivity are present. In turn, electrochemical gas
sensors can have high selectivity for individual gases
at sensitivity in the region of particles per million or
particles per billion [33], but they suffer from a limited
lifetime as well as high humidity.

The mass spectrometric method described of
C.P. Ruger’s et al. [34], is based on the principle of
separating ionized atoms and molecules according
to the mass-to-charge ratio of the ion and the subse-
quent separate analysis. The amount of the desired
component in the air is determined based on the pro-
portional dependence of the spectral line intensity of
each component on the partial pressure of the given
component. It can provide a high sensitivity thresh-
old of approximately 0.1 mg/m? and an error of up to
5%. However, the disadvantages of mass spectrome-
ters compared to the presented solution are the high
duration of analysis of the obtained data, the impossi-
bility of creating compact devices, and the complexity
of the ionization process [1; 2]. The biggest disadvan-
tage of optical gas detection is its cost compared to
material-based or electrochemical sensors. A second
disadvantage is also reliability; in particular, the high
degree of selectivity also means that several types of
gas are difficult to detect simultaneously without a
proportional increase in system complexity. Finally,
using optical absorption, one must be guided by the
information content available in the absorption spec-
trum. The second challenge is to be able to measure
a wider range of gas compounds, particularly those
composed of large molecules, including volatile or-
ganic compounds, which have a wider spectrum with
less information content, requiring a wider wave-
length coverage and greater accuracy and reliability
of spectral fitting algorithms.

The use of the method of flame staining with so-
dium salts proposed in this work allowed us to sig-
nificantly simplify the calculation of the concentra-
tion distribution of hydrogen molecules. In contrast
to the absorption spectroscopy method widely used
today [35], in method of this article the cost of operat-
ing the equipment is much lower. The sufficiently high
accuracy and relative simplicity of the method make

it promising for obtaining the hydrogen concentration
distribution. In the future, the described approach can
be applied to determine the concentrations of other
gases in the combustion products, in particular, ox-
ygen, methane, hydrogen sulfide, etc. The combina-
tion of experimental data and mathematical modeling
makes it possible to visualize and qualitatively esti-
mate the presence of hydrogen molecules along the
entire combustion section. It should be noted that the
calculations should take into account the sensitivity
value of the charge-coupled device (CCD) matrix of
the camera to the luminescence spectrum of alkali
metal ions used for flame coloration. The use of sodi-
um atoms in the experiment is explained by the fact
that they have low electronic levels. This ensures their
excitation with a small fraction of the heat released,
which is another advantage of the method. The use
of the semiempirical method to estimate the charac-
teristics of gases is quite widely used today. Thus, in
S. Muppala et al. [36], by applying an experimental
and analytical model of two-component fuel mixtures
of methane, propane, and hydrogen, the value of the
turbulent flame combustion rate was obtained.

Ways of extending the capabilities of the method
by using an additional hardware component are also
considered. For example, the use of an infrared cam-
era together with a conventional CCD camera is given
in the article by B. Zhang et al. [24]. As a result of the
proper selection of the temperature contour, it was
possible to better determine the geometrical contour
of the gas combustion flame. Such an approach can
improve visibility and expand the possible applica-
tions of the method given in this work. When stud-
ying the properties of gases, the main parameters to
be considered during the experiment are temperature
and flow rate. The second parameter directly depends
on the volumetric flow rate of the individual com-
ponent of the gas flow, taking into account a set of
chemical reactions and the effect of temperature. So,
in O. Siryy [37], at a tube diameter of 75 mm the max-
imum combustion temperature of propane did not ex-
ceed 900K, and the reduction of the tube diameter to
0.5 mm resulted in a temperature increase in the mo-
lecular salt evaporation zone T>906K, which allowed
a better evaluation of the flame coloration.

To summarize, despite the availability of several
newer methods, the approach proposed in this work
with the addition of alkali metal salts can be used to
establish the concentration of hydrocarbon combus-
tion products. The theoretical possibilities of extend-
ing the functionality may in the long term make its
application effective at the level of modern optical
methods for detecting gas molecules in the medium.
The combination of a relatively simple setup with
modern software solutions based on artificial intelli-
gence will make it possible to build dependencies in
real-time and conduct continuous data analysis.



Conclusions

From the theoretical data and results obtained in the
course of the experiment in the presented work, the
following conclusions can be drawn:

1. A semiempirical method for obtaining the dis-
tribution of hydrogen molecules in the flame during
hydrocarbon combustion is presented. The experiment
uses the delivery of alkali metal salt molecules, which
can be used as an indication method for finding hydro-
gen ignition sources that cannot be visually detected.

2. As a result, a visualization of the hydrogen mol-
ecule concentration dependence over the entire com-
bustion distance was obtained, which made it possible
to obtain a view of the molecule distribution and esti-
mate the rate of hydrogen concentration growth.

3. A series of studies on the shape, length, and ex-
perimental visualization of the structure of the diffuse
hydrocarbon flame, carried out on the example of pro-
pane combustion, and the magnitude of the spread of
the invisible flame combustion zone was established.

4. The intermediate product H,, also allows to
get the concentration of hydrogen atoms in the after-
burning zone about 6 mm from the zone, the glowing
flame of propane combustion.

5. The ways of future extending the functionality of
the method based on modern approaches to detect and
obtain gas concentrations are also analyzed. Namely,
the use of photoacoustic methods or infrared cameras.
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6. Based on the values of the parameters char-
acterizing the experimental conditions, the value of
hydrogen atoms at the end of the hydrogen-burning
zone is calculated, which is also an important param-
eter of the diffusion flame and is the achievement of
the method presented in the research.

In general, summarizing the results of the re-
search, it can be stated that the combination of prac-
tical experiments with mathematical calculations has
led to a new approach to determining the distribution
of hydrogen molecules in the glow zone of the burn-
ing propane flame. Despite the relative simplicity of
the proposed method, it was possible to determine the
distribution of hydrogen concentration in the entire
combustion zone very accurately. As a result, it is pos-
sible to talk about the prospects for developing new
types of gas detectors or improving the capabilities of
already known ones. The results obtained can be used
in the laboratory for a better understanding of hydro-
carbon combustion processes under diffuse flame con-
ditions or in the industry for monitoring production
processes under real-time conditions.
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AHoTaniga

AkTyanbHicTh. HaliGinbia ebeKTHBHICTD y BU3HAUYE€HHI OCHOBHUX XapaKTEPUCTHK CIATIOBaHHA rasy Oyia
ToKa3aHa ONTUYHUMHU MEeTOZAaMHU 3aBASAKH iX BUCOKIHM IIBUAKOCTI Ta TOYHOCTI. He3aBakatouu Ha BCi epeBaru
[IX METOZIB, iX TOJIOBHMUM HEZIOMIKOM € IliHa Ta CKJIaJaHHs peasisariii. ToMy cbOrofiHi He06XiZIHO BIOCKOHAIUTH
MZXOAU 0 BUPIIIeHHS 11iei Tpo6ieMH.

Mera. JlocmiKeHHs MPUCBIIEHO BUBYEHHIO MOMyM’s1 Audy3ii HamiBeMIipUIHUM METOZOM.

MeToau. [laHi eKCIEepUMEHTAJbHOTO JOCTIMKEHHA AUY3iHOrO MOMyM’ss BYIVIEBOAHIB IMpEACTABIeHi Ha
MpUKIaZi mpomnany. [aa Bisyasizallii HeBUANMOI YaCTUHU CTPYKTYPHU LIbOT'O IOAYM'd, a caMe 30HU JIOTOPAHHA
MOJIEKY/I BOJHIO, III0 YTBOPIOIOTHCA B MOJNYM'I Y HEPIBHOBAKHUX KIIBKOCTAX, Y 30HI IOIYyM’sl BUIIAPOBYIOTHCA
MOJIEKYJIH, IO MIiCTSITh aTOMMU Jy:kHUX MeTasiB (NaCl ta NaZCOB).

PesynpraTu. Briepiie 3acTOCOBYBaBCS METO/, JOCTABKU MOJIEKYJT COJIEH JIY>KHUX METaJIiB 330BHi, 1110 I03BOJIMIO
GiMBIN peTeThbHO AOCTIANTY Iie sBullle. Ha OCHOBI pe3y/bTaTiB AOCTiKeHb, METO/, BUSHAUYEHHS KOHI[EHTpallii
aToMiB BOZHIO Ta BiZJHOCHOTO PO3IMOZTy KOHIIEHTpAIlii MOJIEKYJT BOZHIO B3ZIOBXX OCi IOITUPEHHS IOJIyM s
mic/ig 3ampolOHOBAHOI 30HU CHaMOBaHHA. MeToh AOCHiKeHHsA IMOEAHYE eKCIIePUMEHTH 3 MaTeMaTU4YHUM
MOZIeJIIOBAaHHAM. 3aCTOCYBAaHHA METOZY, OMMCAHOTO y CTATTi, J03BOJISI€E BUSHAYUTU PO3IOZLIT MOJIEKYJ BOJHIO
HaJ| 30HOIO CBITiHHSI OCHOBHOT'O aJIMBa.

BucHoBku. OTpuMaHi pe3yabTaTH AOMOMOXYTh Kpallle 3pO3yMIiTH fABUINA TOPiHHA BYIVIEBOAHIB B YMOBax
audysifiHOTO MOTyM’sl, a TAKOK TOIITYK HOBUX CIIOCO6iB OTpUMAaHHS MTaJBa BOJHIO BiJ IOMAIIHIX BiZIXO/iB

KirrouoBi ciioBa: aToM; aanuBo; ceHCopH; Gi3uyHi epeKTH; ra3



