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The results of a computer experiment to determine the invariant properties of the Trace trans-

form of a two-dimensional chronogram of wave propagation in the spin combustion mode of the Ni-

Al system are presented. The chronogram model was chosen in the form of four sets of isocline
lines, the angle of inclination of which corresponded to the value of the tangential velocity from
16.5 to 41.8 m/s. A high degree of shift invariance of the Trace-transformation nodes was found, the
error in determining the coordinates of which is limited only by the presence of the initial additive
geometric noise in the image of the differential chronogram of the combustion wave. Scale invari-
ance properties in practice provide a dynamic magnification range of 40 dB.
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IIpedcmasnensvt pe3yromanvl KOMNbIOMEPHO2O IKCNEPUMEHMA NO ONpeOeNeHUur0 UHEAPUAH-
Hbix ceoticme Trace-npeobpazoeanus 08yMepHOU XPOHOSPAMMbL PACNPOCMPAHEHUS. OJIH 8 PedCUMe
cnuH08020 2operus cucmemsl Ni-Al. Moodenv xponocpammul Oviia 8blOpaHa 6 ude yemvipex Habo-
PO8 UZOKNUHHBIX JUHUL, Y20]l HAKIOHA KOMOPbIX COOMEEMCMBOBAN 3HAYEHUIO MAHSeHYUANbHOU
ckopocmu om 16,5 0o 41,8 m/c. Obnapyscena evicokas cmenensb UHBAPUAHMHOCTIU K COBUZY Y3108
Trace-mpancgopmayuu, nozpewtnocms onpeoeyeHusi KOOPOUHAM KOMOPbIX O02PAHUYUBACTCS]
MOJNILKO HAIUYUEM UCXOOHO20 AO0OUMUBHO20 2e0MempuieckKo20 uyma Ha uzobpadxcenuu oughge-
PEHYUATbHOU XPOHO2PaMMbl 80HblL 20perust. Ceolicmea MacuimabHou UHEAPUAHMHOCIU HA NPAK-
muxe obecneuusaom ouHamudeckul ouanaszou yeeaudenus 40 ob.

Kniouesvie cnosa: eonna ecopenus CBC, neycmouuusocms, CHUHOB0€ 20peHue, XPOHOCKONUA,
Trace-npeobpazosanue, MacumaobHas UHBAPUAHIMHOCb, KPUMEPUL.

Introduction

Currently, technologies for finishing 3D-printing of metal-ceramic products, such as laser clad-
ding of powders and plasma spraying on the surface of machine parts, have become widespread, but
high-temperature synthesis (SHS) technology has the highest productivity [1-3]. The high productivi-
ty of technologies for producing nanostructured composites by the SHS method is limited only by the
rate and stability of technological combustion [4]. As noted in [5], when using strengthening additives
based on amorphous boron, the combustion wave propagates in a mode close to a thermal explosion.
On the scale of microheterogeneity of the initial powder mixture, the characteristic time of synthesis
and structure formation in the SHS front does not exceed 1 ms [6]. A short time of physical processes
requires the use of optoelectronic measuring complexes of nanosecond resolution [7, 8], which make
it possible to control not only the temperature and velocity in the combustion wave [9, 10], but also
the diffusion-thermal stability of the SHS wave [11], especially in the case of low-exothermic synthe-
sis of materials [12-14] or in the case of introducing a large mass fraction of inert functional additives
[15, 16]. Thus, an urgent task is the development of a high-performance computational technology for
processing large volumes of video data coming from recording the propagation of the SHS combus-
tion wave [17], which can be solved by compressing information using the differential chronoscopy
(DCS) method based on image binarization and calculating the interframe difference [18], and the
subsequent application of the Trace-transformation [19, 20] for recognizing the causes of local insta-
bility of the microheterogeneous front combustion [21, 22]. The physical basis that ensures the feasi-
bility and high efficiency of the application of these computational algorithms in practice are such fea-
tures of solid-flame combustion as the competition between the processes of oxidant diffusion and
heat removal from the reaction zone [23], which are manifested in the phenomenon of temperature
hysteresis of the velocity of the combustion front movement [24] and the prolonged stage depression
of the combustion wave for the time of thermo-chemical induction required for ignition of the next
layer of exothermic mixture of products [25]. The calculation of the interframe increment of the com-
bustion front coordinate used in the DCS method, due to the constancy of the thermal diffusivity and
heat capacity of powder particles from one material, introduces the invariance of the DCS map, which
displays the motion of the combustion front isotherm lines, regardless of the particle size [26]. In this
case, although the initial spatial shape and structure of the SHS front is largely determined by the ran-
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dom structure of the powder mixture and the diffusion-thermal instability of the combustion process
[27], the spatial structure of the differential 2D-map of the DCS has a strictly ordered form of periodic
isoclines of the trajectories of the combustion front, separated by equal intervals heating time and
thermochemical induction [28]. Violation of this ordering makes it possible to quickly identify unsta-
ble combustion modes using formal features used in Trace analysis [29].

The aim of this work is to study the invariant properties that formal features of instability of
spin combustion should have when changing the scale of the image and a shift of front in space dur-
ing the motion of the SHS wave

Description of the problem

The theoretical foundations of mathematical modeling of combustion modes were laid in [18,
28], where the model consists of the heat conduction equation and the kinetic equation:
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with the generally accepted designation of physical quantities, except for cylindrical coordinates: r
is the radius, ¢ is the polar angle, 4 is the layer height.

The 2-dimensional model described here uses temperature for several layers of porous powder
packaging:
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Here are indicated: 7- layer temperature; Ay;, B4 — the corresponding concentration of the
components of the mixture in the layer; the coefficients &, L, and M can be set in the whole table
space from the generated initial mixture structure file [18].

When analyzing the stability of the combustion front for equations (1) and (2) in the works of
Zeldovich and Barenblatt [27, 30], as a visual feature of the decay of the thermal diffusion flame
front into small thermal structures, characteristic scales were introduced into consideration in the
form of a model of small perturbations:

x=f(y, t)=¢ exp(iky +imt + ¢t) ~ € exp(ot) sin(ky), 3)
where: f(y, t) — combustion front surface; ¢ is a small value; & is the wave number of the transverse

disturbance; w is the circular frequency for the time of thermochemical induction; ¢ is the tempera-
ture decay decrement of the Michelson heating zone (see Figure 1a, 1c¢).
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Figure 1. Visualization of the combustion wave front instability: a — laminar mode [27, 30], b — spin mode
[18, 34], c — discrete mode [31, 32], d — combustion mode by "hot spots" in space [33]

The instability of the visually observed sample combustion rate ¥~ along the OX axis is related
to the local curvature of the combustion front by the following relationship:

E(D—a)xazf(y,t). (4)
2RT,, 6‘)}2

Here are denoted: <V,> — unperturbed velocity of propagation of a flat front; £ is the activation
energy; 1,4 1s the combustion temperature; D is the diffusion coefficient of the fuel mixture compo-
nent; a is the coefficient of thermal diffusivity of the mixture of powders; / is the dimensionless
heat transfer efficiency coefficient from the reaction zone. In this case, the reaction temperature of
technological combustion in a disturbed wave front must satisfy the following conditions:

Tr :Tad +(Tad _TO)hxeiky+iwt+w : (5)

The next significant result in the study of the thermal instability of the SHS combustion wave
was the work [34], in which it was shown that under certain conditions (4) and (5) the combustion
front breaks, and after that one or several “hot spots” begin to move along the surface of the sample
as shown in Figure 1b and lc. This type of combustion was called "spin mode". Analyzing the re-
sults of numerical experiments [18], the authors determined the range of values of the parameter o,
when a flat front that satisfies the above conditions (2) — (5) will be unstable:

RT.
unst = 971 < .
EQ

Here c is the specific heat capacity; R is the universal gas constant; Q is the thermal effect of
the reaction. Figure 2 shows the results of a computer model of the SHS spin mode [18] and a phys-
ical experiment [12].

From equation (5), the instability of the combustion wave can occur at the critical value of
the parameter h, which decreases in the absence of convective heat transfer, which is a feature of
combustion in weightlessness. In 2020, the NASA experiment (Saffire) was completed, which
showed [33] that under microgravity conditions, combustion has two phases: a long depressive
phase, the so-called “cold combustion”, and rapid combustion in chaotically located “hot spots”
(see Figure 1d).

Vi=<V_ >+

p _o5Ru 6)
E
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C d

e g h
Figure 2. Visualization of SHS combustion front propagation in the spin mode: a and b — computer model
[18]; ¢, d, e, f, g, h — an experiment of recording a combustion wave using high-speed brightness
micropyrometry (the higher temperature, the brighter corresponding area) [12]

With uniform rotational and translational motion of the combustion wave along the vertical ax-
is, the angle of elevation of the helix A is determined from the relationship:

P P

IgA=—= ; (7)

where P is helix pitch, » is the shortest distance of a point from the axis of rotation; d is the diameter
of the cylindrical sample on which the combustion wave propagates in the spin mode (see Figure 2).
The authors of work [18] showed the correspondence of condition (6), for small values of A and
tg(A), to formula (7). Thus, the angle of inclination of the helical surface (7) can be considered as a
simple visually observable criterion for the stability of a combustion wave in the spin mode.
Considering the above, in Figure 3 one can see the following signs of an unstable spin combus-
tion regime: : a — disintegration of the front into "hot spots"; b — - two stages of combustion "fast"
and "depressive" determining the time of thermochemical induction and the thermal thickness of the

SHS wave ; ¢ — 1soc11nes on the DCS map when burning in stable mode
g R TR y ZDIme scanning thermal chronoscope ;

g ¥

coordinates X, 10% m
T —
24 4 B EEG
temperature scale *C

lime.. 10%s

a b

Figure 3. Visual signs of spin instability of the SHS combustion wave in the Ni-Al system
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Computer experiment technique

Previously [23, 24, 28], in all experimentally obtained two-dimensional combustion wave
chronograms (2D CCS map), three combustion zones can be conventionally distinguished: 1 — un-

stable ignition; 2- stationary; 3 — change in the direction of spin combustion when the wave is ex-
tinguished, as shown in Figure 4.

- =

Figure 4. DCS-map of spin instability: 1- node of “strong” instability; 2 — node "weak" instability;
3 —a branch of a part of the combustion front in the direction of the opposite spin.

Figure 5a shows how the Trace transform computes the functional T with respect to the param-
eter t along the trace line, which is not necessarily integrable in the usual sense. In the stable spin
combustion mode, the DCS map is a set of periodic isoclines, and this results in point nodes in the
2D image of the Trace transform, as shown in Figure 5b.

Trace-transform T i - median

Figure 5. DCS-map (left) and emergence of nodes in the Trace-transform sinogram (right)

Of all the currently known types of functionals (see Table 1) used in standard Trace-

transformations for solving pattern recognition problems in artificial intelligence systems [29], we
chose Radon Transform, in the form:

R(p, @)= [ [ f(x,2)8(p—x-cosp—y-sinp)dx-dy, (8)

—00—00

where f(x,t) is a two-dimensional differential chronogram DCS-map of the SHS combustion wave,
and all the remaining variables correspond to the designations in Figure 5 and Table 1.

Table 1 — A set of standard Trace transforms T(f(t)) [29]

Equation Note Equation Note

o0 Radon transform 0 c* signifies the nearst

Tl:.[) S0t To= J;* \/;f (t)dt integir toc
1 Diffusion law o0 t=(x,y)

0 2 Tis=| rf(t)dt
A [ | /@ di o[

0 4 Rayleigh's law i )= f(x,
T3:[J'O |f(t)| dr 1" yleig T14=J.C*7’2f(t)dt JO=fixy)
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The results of a computer experiment for determining the scale and shear invariance of the
Trace transform of a two-dimensional chronogram of the propagation of a wave of self-propagating
high-temperature fusion (SHS) in an unstable spin combustion mode are presented [7, 8]. Model
chronograms were taken in the form of four sets of isocline lines, the slope of which corresponded
to the value of the tangential velocity from 16.5 to 41.8 m/s, selected based on the analysis of high-
speed video recording of the combustion wave in the Ni-Al system [12].

The range of isocline slopes (4, 6, 8 and 10 degrees), in which stable spin combustion in the Ni-
Al system was modeled, corresponds to the theoretical values of the tangential spin combustion ve-
locity component in the range from 16.5 to 41.8 m/s, registration which are not yet available for ex-
perimental observation, as shown in Figure 6.
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Figure 6. Choice of the domain for determining the parameters of the DSC model of spin combustion

The planning of the experiment is shown in Figure 7a, which shows examples of partitioning
into analysis windows W1, W2, W3, W4 of “reference” phantoms from (ideal) DCS chronograms —
differential chronoscopy maps [24, 26, 28].
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Figure 7. Stages of planning a computer experiment and the model of the DCS-map of spin combustion:
a — analysis windows with a change in scale; b — DCS isoclines with and without noise; Trace-sinograms for
identifying signs of instability of spin combustion

We have used the property of “ideal” spin combustion (7), for which the DCS chronogram is a
family of isoclines. The angle of inclination of the isocline corresponds to the speed and direction of
spin combustion: counterclockwise or clockwise "right" or "left" screw sign is determined by the
"gimlet" rule. Figure 7b shows an example of an ideal DCS phantom isocline, and below with geo-
metric noise. In the experiment, the noise/signal ratio was taken equal to 1:1 (i.e., the thickness of
the “isoclinic” line is equal to the value of the dispersion of the random deviation).

Results and discussion

An indicator of spin instability can be the deviation of the i-th node of the sinogram from the
median symmetry axis C by the angular value ¢; (see Fig.5b). The Triple trace-feature can be given
in the form II=%(@,xp;), where p; is the statistical weight of the local maximum 4; or B; in the histo-
gram of the corresponding diametral functional P ( Fig.5c).

The scale invariance was checked using a test set of chronograms corresponding to four values
of the optical magnification factor when recording a combustion wave: X1, X2, x4, X8,

¢ 10 -
st
i + W1
® W2
6F @ W3
o W4
N @ W1l+noise
4 @ W2+noise
@ W3+noise
B # W4+noise
0 1 i 1 s 1
4 6 8 10

Figure 8. Verification of the Scale Invariance Properties of the Spin Instability Trace Criterion.
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The scale invariance has a multiplicative error that is a multiple of the magnification factor of
the optical field of view: Ap=k A,
The influence of the random nature of the formation of the combustion front was taken into ac-

count by introducing additive geometric noise at the level of -20 dB into the chronogram model, as
can be seen in Figure 9.

Aq)']’ll
? L \ Scale of analysis windows when
- \ zooming:
\\_ W, (512x512) k=1:1
I \ W, (256x256) k= 1:2
0.06 } \ 2 ( )
B N\ W3 (128x128) k= 1:4
\ W, (64x64) k= 1:8
N\ & W1l+noise
1 \ @ W2+noise Noise
%\\\\ \\\\ . @ W3+noise +12 pixel
= '““m'-u.,w% ___:LEitnoise
0,01 S
0 1 2

Figure 9. The value of the relative error in measuring the angle of inclination of the DCS isoclines

Time shift invariance was tested at four chronogram delay intervals or shifts by the correspond-
ing number of image pixels: 4 (2 ms), 8 (4 ms), 16 (8 ms), 32 (16 ms), as seen in Figure 10.

Pt w0 J [ Pee®
” B DCS shift amount:
5 W, (512x512) A= 32 (16ms)
s} W, (256x256) A= 16 (8ms)
- " W (128x128) A= 8 (4ms)
oL ; 89, W, (64x64) A=4 (2ms),
g _ Cj A (f The shift invariance has a constant
B 8 g g g 50 s i additive error in the analysis window
4l @] c O W2+noise .
i 9 © O W3+noise Wi
= O Wa-+noise Agp=const (W)
0 : ) )
4 6 8 10

Figure 10. Verification of the Shift Invariance Properties of the Spin Instability Trace Criterion

A high degree of shift invariance of trace-transformation nodes is shown, which is limited only
by the presence of additive geometric noise in the original image of the combustion wave.
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Conclusions

1. A high degree of invariance to the shift of the Trace-transformation nodes is shown, the er-
ror in determining the coordinates of which is limited only by the presence of the initial additive
geometric noise Ag in the image of the differential chronogram of the combustion wave (provided:
Agy = const) [24, 26, 28].

2. The scale invariance of the Trace-features with a change in k (the magnification factor of the
optical system) remains on the average (<¢>), and the error in determining the angular coordinates
of the nodal points of the Trace transform increases with a scale increase: Ap = k-Agpy, where Ag is
the error at k= 1.

3. Scaling is possible up to the limiting value of the optical magnification factor of the micro-
scope k = <p>/Apy, where <p> is the average tilt angle of the DCS isocline, which in practice pro-
vides a dynamic magnification range of 40 dB.
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