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Abstract

The article presents the results of an experimental study of the flow structure and temperature field in a plume formed
above a low-power burner flame. The pulsation and spectral characteristics of the flow at key sampling points were
analyzed, which allowed us to draw a conclusion about the nature of the flow at the main points of the jet. It is proposed
to use time series of changes in the point displacement field to analyze the spectral characteristics of the flow. In this
work, the Background Oriented Schlieren method was used to visualize the flow and determine temperatures followed
by post-processing in the program developed during the study. The advantage of this approach compared to the
traditional optical Schlieren method is that there is no need for parabolic mirrors as well as the ability to obtain results
in digital form convenient for further processing. During the experiment, a special background with randomly located
bright dots was placed behind the object of study which was filmed by a video camera. Fluctuations in the medium
density caused changes in the refractive indices of the medium, as a result of which the points on the background of
the video frames displaced, and the displacements of the points was proportional to the change in the refractive index
which in turn is proportional to the density gradient and, accordingly, to the temperature gradient of the medium. The
displacement of the points was determined by cross-correlation analysis of each frame in comparison with the frames in
the absence of disturbances. Then the displacement field was filtered by a median filter in order to minimize noise and
statistical outliers. The filtered displacement field was used to calculate the temperature field, while solving the Cauchy
problem for temperature with a known derivative at a point and specified boundary conditions. A set of instantaneous
point displacement fields, instantaneous and time-averaged temperature fields was obtained, which allowed us to draw
conclusions about the flow structure. At characteristic points of the jet, oscillograms of the displacement value were
obtained as well as pulsation spectra with an inertial interval corresponding to the “—5/3” law. The approach proposed
in the work allows, in addition to contactless study of the temperature field, also studying turbulent flow pulsations in
the case of close to two-dimensional or axisymmetric flows.
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AHHOTaNMSA

Bgenenue. [IpecTaBieHbl pe3ynbraTbl IKCIEPUMEHTAIBHOTO UCCIIE0BAHMS CTPYKTYPbI TEUSHHUS U TIOJISI TEMIIepaTyp
B KOHBEKTHBHOM CTpye BO3yXa M MPOAYKTOB CrOPAHMs TIPHPOTHOTO Ta3a, (GOPMHUPYIOIISHCS HA/Tl TUITAMEHEM TOPENKA
Masioi MomHOCTH. [IpoaHaTn3uPOBAHbI MYJIECAIIMOHHBIE U CIHEKTPAIbHBIE XapPaKTePUCTUKN TTOTOKA B KIIFOYEBBIX
TOYKaX 0TOOpa, YTO MO3BOJIMIIO C/IeNIaTh BBIBOJ O XapaKTepe TeUSHUsS] B OCHOBHBIX TOUKaxX cTpyH. [IpemmoxeHo ms
aHaJIN3a CIEKTPAJIbHBIX XapaKTEePHCTHK MOTOKA HCIIOIb30BATh BPEMEHHBIE PsIbI M3MEHEHUS TI0JIsI CMEIICHUH TOYeK.
Merton. B paboTte 11t BU3yann3anuy TEYSHUs M ONPEISIICHUS] TEMIIEpaTyp HCIIOIb30BaH (POHOBO-OPHEHTUPOBAHHBII
HITMPEH-METO]I C ToCIeayolIeil mocToOpaboTKoii B pa3paboTaHHOM B X07ie HCcienoBanus mporpamme. [penmyiiectsom
JTAHHOTO IO/IX0/Ia B CPABHEHHH C TPAIUIIHOHHBIM ONTHYECKHM IILTHPEH-METO/IOM SIBIISIETCS] OTCYTCTBHE HEOOXOANMOCTH B
napaboNNIecKuX 3epKajiax, a TAKKe BO3MOXKHOCTD TIOTyYEHHUsI Pe3y/IBTaToB B (POBOM BHIIE, YIOOHOM /TSl AasbHEHIIeH
0o6paboTku. B xozme skcrepuMeHTa 3a 00BbEKTOM HCCIEIOBAHUS, KOTOPIH CHUMAJICS BHICOKAMEPOH, TTOMEIIacs
($OH CO CITy4ailHO PaCIONOKEHHBIME YepHBIMU TOUukaMu. KoseGaHus MIIOTHOCTH CPeJibl BHI3BIBAN W3MEHEHUS
K02(D(HIMEHTOB MPEJIOMIICHHUSI CPEJIBI, BCISACTBHE YeT0 TOUKH Ha ()OHE Ha BUICOKAAPAX CMEIaINCh, IPHYEM CMEIIeHIe
TOYEK IPOMOPIMOHAIBHO U3MEHEHHIO K03((HUIMEHTa PETOMIICHHS, KOTOPBIH B CBOIO OYepeab IPOIOPIHOHATIECH
IPaJMeHTy IUIOTHOCTH ¥, COOTBETCTBEHHO, TPaIMEHTy TeMIepaTypsl cpeabl. CMelleHne TOYeK ONpeaessioch ¢
HNPUMEHEHHEM KPOCC-KOPPEISIIIMOHHOIO aHAJIN3a KaXK/I0T0 Ka/Ipa B CPAaBHEHHH C KaJJpaMH MPU OTCYTCTBUHU BO3MYIIICHUIA.
Janee nosie cMelICHUI MOABEPraIoch GUIBTPALUN MOCPSICTBOM MEIHAHHOTO (HUIBTPA C LENbI0 MUHUMH3ALNN
LIYMOB U CTaTHCTHYECKUX BBHIOPOCOB. OTHUIBTPOBAHHOE IMOJI€ CMENICHUH MCIONB30BAIOCH /IS BBIYUCICHUS OIS
TeMIleparyp, Mpy TOM pemianach 3a1a4a Komn OTHOCHTEIFHO TeMIIepaTyphl ¢ M3BECTHOM MPOU3BOIHON B TOYKE U
3a[aHHBIX TPAHUYHBIX YCIOBHUsIX. OCHOBHBIE Pe3ybTaThl. [oydeHa COBOKYITHOCTh MTHOBEHHBIX MTOJIEH CMEIeH
TOYEK, MTHOBEHHBIX W OCPEJHEHHOTO MOJIEH TeMIepaTypsl, TIO3BOIUBIINX CJIENIaTh BEIBOJBI O CTPYKTYPE TEUCHHSI.
B xapakTepHBIX TOUKaxX CTPYH MOJYUYEHBI OCIMIIIOTPAMMBI BEJIMUUHBI CMEIICHHS, a TaK)Ke CIIEKTPBI MyJIbCaIUi,
MMEIOIINE MHEPIIMOHHBIN HHTEPBAJI, COOTBETCTBYOIINH 3aK0HY «—5/3y». O6cyxnenue. [IpeioxkeHHbII B paboTe MOAXO0
MO3BOJISIET B JIONOJIHEHHE K OSCKOHTAKTHOMY HMCCIICIOBAHMIO ITOJIS TEMIIEPATyp TaKXkKe HCCIeI0BaTh TYpOyIeHTHbIE
MyJIbCAllMU TEUCHHS B CITydae KBa3UABYXMEPHBIX UM OCECHMMETPHYHBIX TOTOKOB.

Kurouesnie ciioBa
(hOHOBO-OPHEHTHPOBAHHBIN IITUPEH-METO, TI0JI€ TEMIEPATYP, CIEKTPAIbHbIE XapAKTEPUCTUKHU TTOTOKA, ONTHYECKNE
HCCIIEA0BAHUS TTOTOKA, CTPYKTYpa TEUCHUS
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Introduction

The Schlieren technique is a non-invasive method for
measuring the density gradient of an optically transparent
fluid. The principle of this technique is based on the fact
that changes in the density of the fluid or gas also result
in changes in the refractive index of the medium. There
is a direct correlation between the density gradient and
the change in refractive index gradient, which implies
that in regions where there is a density gradient, such as
those caused by temperature or pressure changes, light rays
may deviate from their initial trajectory and form shadow
patterns.

Currently, there are two primary classes of experimental
approaches based on this phenomenon: traditional optical
Schlieren and Background Oriented Schlieren (BOS)
techniques.

The traditional Schlieren method [1] utilizes optical
systems composed of a point light source, a subject
under examination, a focusing element (either a lens or
a parabolic mirror), and a “light knife” (a thin, opaque
plate). As light passes through areas with varying optical
properties, rays from the point source diverge from their
original path, while the remaining rays maintain their
course. Next, the light beam either travels through a lens
or reflects off a parabolic mirror at a focal point where a
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Experimental study of the optically transparent gas flow and temperature field using...

light barrier is positioned. This barrier serves to block the
majority of the light (known as the illumination), while
rays that deviate from the primary trajectory bypass it and
strike a screen, resulting in a shadow pattern that reveals
the density distribution gradient.

A notable advantage of the conventional Schlieren
technique is the exceptional quality of the generated
images. The primary drawbacks of the traditional Schlieren
technique are: the requirement for the installation of
expensive (in the case of larger diameters) optical
equipment, and the complexity associated with subsequent
data analysis due to its analog nature.

The BOS method, first proposed by Dalziel in 2000 [2],
involves the installation of a background behind the subject
under study, with points applied in a regular or irregular
pattern [3]. When light rays reflected from the background
travel through it, similar to the traditional Schlieren
technique, they deviate from their initial trajectory. A digital
video camera captures the object on the background with
dots. In this instance, the deviation of the light rays from
their trajectory is manifested as a visual displacement
of the background dots in regions of the gradient in the
refractive index compared to their position in the absence
of perturbations. By using cross-correlation analysis of
the acquired video frames, a field of displacement points
can be generated that is directly proportional to the
gradient in refractive index and, consequently, the density
gradient. The main disadvantage of this approach is that
the quality of the images obtained is inferior to that of the
traditional method, and there is also the presence of noise.
Additionally, cross-correlation image analysis is a relatively
resource-intensive process.

On the other hand, the benefits of BOS include ease
of installation and the ability to obtain digital data after
processing in two- or three-dimensional displacement fields
(in the case of multiple cameras), which can be utilized to
reconstruct the density gradient field [4].

Thus, if the density of the medium within the boundaries
of the area being studied is known, it is then possible to
reconstruct the density field using a gradient field in the
presence of [5]. This, in turn, allows for the determination
of temperature, pressure, and species concentration fields
under known boundary conditions and an equation of state
[6-8]. With further processing, it becomes possible to
measure velocity fields [9, 10].

When imaging from multiple angles, it is possible to
generate a three-dimensional mass distribution [11, 12].
The visualization of mass gradient ficlds, known as
“numerical Schlieren”, can be employed to validate the
results of computational modeling when compared to
experimental data acquired using the Schlieren technique
and shadow method [13, 14].

A substantial portion of the work centered on the
implementation of the BOS approach focuses on the
investigation of various flames and the convective plumes
that form above them. In [15], the BOS method was used
to achieve instantaneous three-dimensional refractive index
characterization of unstable natural gas flames from Bunsen
burners using a 23-chamber setup.

In [16], the candle flame was investigated in a three-
dimensional domain using a setup with 11 cameras. In order

to reduce image noise, a background pattern printed on a
transparent film illuminated by LEDs, and aspherical and
Fresnel lenses were employed to ensure uniform lighting
of the background. This resulted in high-quality images of
the refractive index and temperature distributions at various
time points. Similar findings regarding the visualization of
density and temperature fields can be found in [17-19].
Additionally, [14—-18] demonstrate the turbulent nature of
the flow, which is similar to that of currents in free jets.

However, these studies have not analyzed the spectral
characteristics of the currents, specifically the frequencies
and amplitudes of pulsations that occur. Nevertheless, since
the field of point displacements obtained during image
processing when implementing the BOS is linearly related
to the density gradient and, consequently, temperature, this
field can be considered a passive scalar whose pulsations
are associated with those of the velocity field.

As shown in [20], using the example of freely
convective flows in a cubic cavity, temperature pulsations
are directly linked to velocity pulsations and their spectral
characteristics (in terms of fundamental frequencies)
coincide qualitatively and quantitatively. Therefore, by
employing the BOS technique, it is feasible to acquire not
only variable fields but also a spectral analysis of the flows.

The significant advantage of this technique in
comparison with analyzing time series of temperature
data obtained through contact sensor measurements (the
conventional approach) is that it eliminates thermal inertia
from the primary transducer (such as a thermocouple),
and it is a non-contact method of measurement, as the
temperature sensor may cause additional flow disturbances.

The goal of this research is to assess the feasibility of
the BOS technique for examining the spectral features
of the flow, using a plume formed above a low-intensity
burner flame as an example as well as to investigate the
structure of this jet.

Research method

The BOS technique was employed to investigate the
flow field. The setup is illustrated in Fig. 1. A convective
jet of heated gas above a burner flame was captured as the
subject of study using an Evercam 1000-16-M high speed
camera with a backdrop of a disordered dot pattern. A low-
power burner with a nozzle diameter D = 5 mm and gas
consumption of 0.1 gram per hour was used. The distances
from the background, Z|, to the subject and from the subject,
Z,, to the camera were 150 and 200 mm, respectively, for
a total distance, Z3, of 350 mm, X; width was 90 mm,
and height Y| was 160 mm. The Cartesian coordinate
system was utilized. The resulting images were processed
using a Python-based program. OpenPIV was used for
cross-correlation analysis. Given a fixed distance between
the camera and background and a constant focal length,
derivatives of the refractive index were determined as follows:

on
ox

where n is the refractive index at a point; Ax is the
displacement along the x axis; K is the empirical coefficient,
K>0.

~KAx, (1)
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Fig. 1. Experimental setup diagram

The correlation between the refractive index and the
density of the medium is linear according to the Gladstone-
Dale equation:

n—1=kp, @)

where k is the Gladstone-Dale coefficient and p is the
density of the medium.

The Gladstone-Dale coefficient for visible light and
constant wavelength is dependent on the composition of the
medium, but it is independent of pressure and temperature
at range below 4000 K [21, 22]. Assuming combustion
in air composed of 80 % nitrogen and 20 % oxygen, the
volume composition of combustion products from natural
gas can be estimated to be approximately 70 % nitrogen,
20 % water vapor, and 10 % carbon dioxide. Under these
conditions, the Gladstone-Dale coefficient will vary
between approximately 2.3-10~ m3/kg for clean air and
2.5:10~* m3/kg for combustion products, with a maximum
possible change of less than 9 %. Given that combustion,
occurs in an open environment, where the combustion
products mix with surrounding air, the actual value of the
Gladstone-Dale coefficient is likely to be closer to that of
clean air. Therefore, a constant value of 2.3-10-4 m3/kg was
chosen for use in this study. Considering equations (1) and
(2), the derivative of the density can be calculated using the
following equation:

op lon 1
—=——=—KAx. 3)
ox kox k

The density and temperature (7) of a gas are related

through the equation of state:

= @

where P is the absolute pressure; R is the universal gas
constant (R = 8.3 J/(mol-K)); p is the molecular weight of
the gas.

Since the tests took place in an open volume, the
pressure can be assumed to be constant and equal to
atmospheric pressure. The molecular weight of clean air
is 29 g/mol, and the combustion products of natural gas,
taking into account the composition described above,
are 27.6 g/mol. The difference is less than 5 %, so p was
assumed to be constant and equal to 29 g/mol. Taking into
account these and previously accepted assumptions, as well
as equations (1)—(4), the expression for the temperature
gradient can be written as follows:

—=-T2— = =T2—= Ay, (5)

Thus, in accordance with equation (5), it is possible to
determine the temperature field in the presence of boundary
conditions by solving the Cauchy problem numerically in
a two-dimensional computational domain.

In this study, the equation is solved with respect to the
excess temperature; therefore, a zero value is assigned at
the lateral boundaries. Due to the fact that the derivative is
only taken with respect to x, there is an automatic boundary
condition of the second kind, namely, 67/0y = 0, at the
upper and lower limits. The empirical coefficient K, which
is dependent on the optical properties of the setup, can be
determined based on the measurement of flow temperature
at a reference point using a thermocouple.

Fig. 2 presents examples of fields obtained during
the processing. As illustrated in Fig. 2, a, the initial
displacement field exhibits substantial noise, as well as
artifacts originating from an optically opaque flame. This
noise was mitigated through the application of a median
filter, as depicted in Fig. 2, b. Based on the processed
displacement field, the excess temperature field was
calculated using equation (3).

It is crucial to note that owing to the inherent opacity of
the flame, the temperature gradients within the flame region
are assumed to be zero. Consequently, the temperatures
displayed in the flame region in the treatment results
approximate the closest values of the temperature in the
transparent medium.

In order to investigate the oscillatory properties of
the jet, we analyzed the displacement values at points
1-4 (Fig. 2, b). To eliminate noise during the analysis of
fluctuations, we employed a Savitsky-Golay filter [23].

The spectral features of fluctuations with an amplitude
Ax were determined using a fast Fourier transform. Given
that the acquisition was performed at a constant frame rate,
time-averaged fields were obtained by taking arithmetic
means of the total instantaneous fields.

Results and Discussion

Fig. 3 illustrates the measurement results for the
instantaneous temperature distributions (Fig. 3, a—) and the
average field (Fig. 3, d). As can be observed in Fig. 3, a, b,
there is a periodic disturbance of vortical structures above
the 120-unit mark on the vertical axis. The average time
interval between frames indicating the beginning of vortex
formation and the end of vortex disruption is approximately
0.1 s, allowing us to estimate a frequency of approximately
10 Hz. The average temperature field clearly reveals a slight
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Fig. 2. Examples to the description of the data processing methodology: original displacement field («); filtered offset field (b);
instantaneous temperature field (c)

rightward deviation of the plume which is attributed to the
fact that the plume periodically deviates rightward and then
leftward in the analyzed dataset, with one additional half
cycle occurring in the rightward direction compared to the
leftward direction.

As shown by comparing the displacement waveforms
at points /—4 (Fig. 4) with the obtained flow patterns,
plume oscillations occur every 2.5 s, corresponding to a
frequency of 0.4 Hz. The y axis coordinate decreases as
the sampling points move from / to 4, and the amplitude of
the oscillations becomes smaller. The frequencies of these
oscillations approximately coincide, indicating a relatively
stable, organized flow at point 4. However, as the height
increases, the oscillations become more disordered and
chaotic, suggesting a turbulent flow.

», mm °C y, mm °C y,mm
400
120
80
200
40
0 0

50 x, mm 0 50 x, mm

An analysis of the average squares of the pulsations at
different points (Fig. 5) depending on the y axis coordinate
allows us to conclude that, on average, the plume decays at
height / about 12D. At the same time, the average pulsation
energy increases by more than four times. Thus, an analysis
of the results from the perspective of pulsations in the
displacement values unambiguously corresponds to the
shadow pattern of the currents (Fig. 2, @). This allows us to
confirm that the proposed approach can be used to analyze
turbulence characteristics.

The results of the spectral analysis are particularly
interesting (Fig. 6). The pulsation spectra at points / and 2
(Fig. 6, a, b) show typical turbulent spectra, with inertial
regions where the amplitude of the pulsations decreases
as the frequency increases to the power of “-5/3”, in

°C  y, mm
400

120 120
300

80 80
200

40 100 40

0 0 0

50 x, mm 50 x, mm

Fig. 3. Instantaneous temperature fields: the vortex formation beginning (@); the vortex formation (b); the vortex detachment (c); and
time-averaged temperature field (d)
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accordance with Kolmogorov’s “~5/3” law. This confirms
the conclusion from the waveform analysis that the flow
becomes turbulent at a certain plume height.

At point 4 (Fig. 6, d), the spectrum shows a much
less turbulent flow, with several peaks corresponding
to the frequencies of the most significant pulsations, at
approximately 0.4 Hz, 1 Hz, 2.5 Hz, and 10 Hz. The
spectrum at point 3 lies between the spectrum at point 4
and those at points / and 2, indicating a transition between
these two types of flow. However, both in the case of
this spectrum and in the spectra at points /, 2, and 4,
we can easily see the presence of amplitude peaks near
the frequencies of 0.4 Hz and 10 Hz. This indicates that
these frequencies correspond to the main pulsations of the
current.

As mentioned above, the plume oscillates from side
to side at a frequency of 0.4 Hz. With a frequency of

approximately 10 Hz, vortices form and break up, as was
established by analyzing frames of the shadow flow pattern.

Therefore, the spectral analysis of the pulsations of
displacement magnitude at characteristic points yields
results that are well confirmed by the shadow patterns of
the currents. This supports the hypothesis that the field Ax
can act as a passive scalar and can be used for non-contact
measurement of spectral flow characteristics.

The analysis of the spectral characteristics of the flow
can also be performed based on the results obtained from
the analysis of instantaneous temperature fields using the
BOS method. However, due to the fact that the temperature
field is calculated as a numerical solution to a Cauchy
problem, there is an inevitable error in the calculation due
to the discretization of the grid and the numerical scheme
used. This can lead to the loss of a significant portion of the
pulsation signals in the analysis.
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Conclusion

Using the background oriented Schlieren method,
shadow flow patterns of a convective plume formed over a
laminar diffusion flame of a compact burner were obtained
as well as instantaneous and averaged temperature fields.

The flow structure was analyzed and it was found that
the plume has a steady flow zone below 1/D =5, with a
transition region, and the plume disintegrates into separate
vortices at I/D = 12.

Pulsation and spectral characteristics of the flow
at control points were investigated. Spectral analysis

revealed the main frequencies (0.4 and 10 Hz) of the flow
corresponding to the phenomena observed in the shadow
picture frames: the slow oscillation of the plume by x axis
and the disruption of vortices in its upper part.

The similarity between the obtained spectral
characteristics and the results of analyzing shadow patterns
leads us to conclude that the instantaneous displacement
fields of points obtained through visualization using the
Background Oriented Schlieren method can be used as
passive scalars to study flow pulsations non-invasively.
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