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The relevance of the work

The study of the processes of thermal decomposition of coal is an important
direction for improving the technologies for deep processing of coal.

The literature has accumulated material on the physicochemistry of the thermal
decomposition of hydrocarbon fuels, in particular, fossil coal, for example,
reviews [1-4]. However, most of the research is devoted to the description of
processes at the macro level. To clarify the processes of thermal phenomena
Initiation in fossil coals under the action of laser radiation, it is necessary to
carry out complex fundamental research at the initial stages of coal ignition.

Note

1) Essenhigh, R. H. Combustion and flame propagation in coal systems: A review / R.H. Essenhigh // Symposium (International) on Combustion. — 1977. — Vol. 16. —

No. 1. — P. 353-374.

2) Essenhigh, R. H. Ignition of coal particles: A review / R.H. Essenhigh, M.K. Misra, D.W. Shaw // Combustion and Flame. — 1989. — Vol. 77. — No. 1. — P. 3-30.

3) Annamalai, K. Interactive processes in gasification and combustion-Il. Isolated carbon, coal and porous char particles / K. Annamalai, W. Ryan // Progress in
Energy and Combustion Science. — 1993. — Vol. 19. — No. 5. — P. 383-446.

4) Annamalai, K. Interactive processes in gasification and combustion—Part lll: Coal/char particle arrays, streams and clouds / K. Annamalai, W. Ryan,
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Goal of the work
Establishment of regularities in the development of thermal processes in coals of the
Kuznetsk coal basin in air and inert media under the action of laser pulses.

Tasks of the work

1. Study the emission spectra of the coal samples surface during the action of a
single laser pulse in air.

2. Study the time dependences of the emission intensity of flames of coal samples
flames after action of a single laser pulse in air.

3. Determine the threshold characteristics of the ignition of coal samples when
exposed to a single laser pulse in air.

4. ldentify pyrolysis products of lignitic coal samples under repetitively pulsed laser
action in an inert medium by mass spectrometric method.

5. Determine the effect of the mineral component of lignitic coal on the yield of
combustible components and on the structure of the sample surface, which is
formed as a result of repetitively pulsed laser action in an inert medium.
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Ignition of coal microparticles
under the action of pulsed
laser radiation




Objects of study

Table 1. Results of proximate analysis of coal samples

Mark of coal Proximate analysis , wt. %
Ne Russian coal £
ASTM D388 | classification Sampling site Wa Ad Vat 2
system
1 |Lignitic B Kaychaksky section 11.8 10.1 53.1 0.57
2 | Subbituminous D Eim7y§hansky section, seam 7.6 6.2 44.5 0.65
3 [Subbituminous DG Yalevskiy mine, seam No. 52 5.7 4.7 42.6 0.65
4 |Bituminous G Kirov mine, Polenovsky 1.2 3.3 404 | 067
seam
5 |Bituminous Zh Tikhov mine, seam No. 23 0.8 7.8 33.3 0.72
6 |Bituminous K Uchastok Koksovy Ltd, seam |, & 4.9 213 | 081
Il internal
7 |Bituminous oS Tomusinsky section 0.1 6.7 19.8 0.82
8 |Bituminous SS Bachatsky section 1.3 4.7 19.0 0.83
9 |Anthracitic T Kuznetskinveststroy JSC, 0.5 6.2 144 | 086
seam No. 19a
10 | Anthracitic A Bungur section 0.4 3.6 7.7 0.93
Note

W2 — moisture content, A4 — ash content, Waf — volatile matter, f, — aromaticity index.
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Method for preparation of
powdered samples of coals

Placing a sample in a

Milling Sieving copper cap
d=5mm
1 h=2mm
1 msample =20 mg
Puic = 0.5 glem?3
Coal marks (in Russian Mesh size 63 pm
coal classification system): The maximum size distribution
Lignitic (B) of coal particles falls at ~20 pm.

Subbituminous (D)
Subbituminous (DG)
Bituminous (G)
Bituminous (Zh)
Bituminous (K)
Bituminous {0S5)
Bituminous (SS)
Anthracitic (T)
Anthracitic (A)

L] L] L] - ] L] L] L] - ]
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Functional diagram of the setup for studying the emission spectra of
the coal particles surface during the action of laser pulses

A =1064 nm
r, =120 ps
W= 5-736 mJ

Federal Research Center of Coal and Coal-chemistry SB RAS

1 — neutral density filters,

2 — beam-splitting plate,

3 —lens (f=25 cm),

4 — rotating mirror,

5 — experimental assembly with a
sample,

6, 8 —lens (f= 10 cm),

7 — spectral-time gap,

L — pulsed YAG:Nd3+-laser,

PG — pulse generator,

C — compuiter,

PS — pyroelectric laser energy sensors,
SPC - spectrophotochronograph
(SC — streak camera, P -
polychromator),

AL — alignment laser.
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Emission spectra of the coal particles surface during the
action of laser pulses at different energy densities

3 4/, arb. units (a) I, arb. units (b)
? R 40
30
20
10
0 I I I I 1 O I I I 1
350 450 550 650 750 350 450 550 650 750
H = H_,1): A flame ~ 1 mm high is observed Fig. 1. Emission spectra of the Zh coal
above the surface of the coal samples. particles surface during the action of laser
pulses with different energy densities H.
120 {1 arb. units ~ (©) (@) — H,( = 0.47 Jicm?;
100 4 (b) — H,? =1.10 J/cm?;
30 A (c) — H,® = 5.50 J/cm?.
60 1 Conclusion: The emission spectra of the coal
40 - particles surface during the action of laser
20 - pulses depend on the radiation energy density.
O I I I 1
350 450 550 650 750 8
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Emission spectra of the coal particles surface during the
action of laser pulses at different energy densities

Laser pulse energy density H= H_ ()

1/ arb. units The emission is associated with the ignition
| PR of carbon monoxide in air
R (2CO + O, — 2C0O,) and the emission of

i} : excited H," and H,O™ molecules [5, 6]
| b Conclusion: At a laser radiation energy
i ZE e Ll density corresponding to H,, ("), the

o S “~ W o emission of a CO flame and excited H,’
1 & ) ) and H,O" molecules was observed.
“‘. I I I A, Ir']ml

350 450 550 650 750

Fig. 1a. Emission spectrum of the Zh coal particles
surface during the action of a laser pulse with energy
density H = H,(") = 0.47 J/cm?

Note

5) Gaydon, A. Spectroscopy and Combustion Theory / A. Gaydon — London: Chapman and Hall, 1948.
6) Pearse, R. The ldentification of Molecular Spectra / R. Pearse, A. Gaydon — London: Chapman and Hall, 1963. 9
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Emission spectra of the coal particles surface during the
action of laser pulses at different energy densities

Laser pulse energy density H= H_,(?

l, arb. units At H = H_,? a flame 3-5 mm high is observed

40 - above the surface of the coal samples.
Non-elementary emission spectra are recorded,

30 - including the thermal component, which is
superimposed by the emission of volatile matter

20 - formed as a result of ignition of the coal particle
surface.

10 1 The thermal component is due to the emission of

- the coal particles surface and the emission of hot
0 | | | A, nm_ carbon particles.
350 450 550 650 750

Fig. 1b. Emission spectrum of the Zh coal particles
surface during the action of a laser pulse with energy
density H = H,? = 1.10 J/cm?

The blue curve corresponds to the possible
contribution of the thermal component at T = 3100 K.
10

Federal Research Center of Coal and Coal-chemistry SB RAS http://www.iccms.sbras.ru



Emission spectra of the coal particles surface during the
action of laser pulses at different energy densities

Laser pulse energy density H= H_®

120 - I, arb. units

100
80

60 -
40 -
20

0

A, nm

350 450 550 650 750

Fig. 1c. Emission spectrum of the Zh coal particles
surface during the action of a laser pulse with energy
density H = H,,® = 5.50 J/cm?

The blue curve corresponds to the possible
contribution of the thermal component at T = 3100 K.

At H= H_® a flame up to 5 cm high is observed
above the surface of the coal samples.

Non-elementary emission spectra are recorded.

The shape of the spectra suggests that the same
processes occur during the action of the laser
pulse as at the energy density H = H_,(2).

Conclusion: When the laser radiation energy
density H= H_,(? is exceeded, the coal particles
surface is ignited with the yield of volatile matter.
The spectra include the emission of emitted
carbon particles, CO flame, excited H,” and H,O
molecules.
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Study of the ignition of a coal particle by
laser pulses in the free-running mode

(¢)

R

Fig. 2. Photomicrographs of the emission of the Zh coal particles
with a size of 0.4 x 0.4 mm during the action of a laser pulses at
different energy densities:

(a) - H= Hcrm;
(b) - Hcrm <H< Hcr(z);
(c)—H= Hcr(z)'
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Functional diagram of the setup for studying the dependences of the
emission intensity of the flames of coal particles on time,
determining the threshold characteristics of the
coal particles ignition

A=1064 nm
1,=120 ps
W =5-736 mJ 1

1 — neutral density filters,

2 — beam-splitting plate,

3, 7 — lens,

4 — rotating mirror,

5 — sample,

6 — massive base,

8 — oscilloscope,

L — pulsed YAG:Nd3+-laser,
PS — pyroelectric laser energy
Sensors,

PM — photomultiplier,

C — compuiter.
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Study of the dependences of the emission intensity of flames of coal
particles on time after action of single laser pulses, determination of
the threshold characteristics of the coal particles ignition

First ignition stage Second ignition stage Third ignition stage
R LA (3a) 0.03 {1V (3a) 0.009 1/ V (58)
06 C Laser
| “ | 0.006
0.4 - i pulse 0.02
0.2 1 | 0.01 - 0.003 -
f, Us t, ms t, ms
0.0 ! 0 gt 0.000 .
0 150 0 4 16 0
17 (3b) T9p (3b) 10
0.5 - 0.5 Aeermesrrminnaninnin. - 0.5 freerrrrrmmsinnnnnnadinn. /
2 2
0 al H, J/cm | 0 H, J/crln 0
0 0.5 1 0 2 0

Fig. 3a. Dependence of the emission intensity of flames of the Zh coal
particles on time after action of a single laser pulse

Fig. 3b. Frequency curves for three ignition stages of the Zh coal particles 14
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The ignition threshold characteristics of the
coal particles by laser pulses

Table 2. Ignition thresholds of coal particles at various stages

Mg:;ff H. ), J/cm? H.?), J/cm? H_®), J/cm?

B 0.47+0.05 1.8+0.2 2.610.3

D 0.511£0.09 2.410.1 3.110.3

DG 0.39+0.05 1.6+0.3 2.410.4

G 0.451£0.04 1.91£0.2 3.310.2

Zh 0.471£0.04 1.1£0.1 5.51£0.5

K 0.351£0.04 0.9+0.1 7.0£0.4

0S 0.49+0.05 1.1£0.1 7.5£0.8

SS 0.4610.04 1.0£0.1 7.910.8

T 0.38+0.09 0.9+0.1 8.5+1.1

A 0.411£0.07 1.10+0.05 9.3+1.1
Conclusion: There are three ignition stages which have a threshold character. The
combustion duration in the first stage coincides with the duration of the laser pulse.
The combustion duration in the second stage lies in the time interval of 5-10 ms, the
combustion duration in the third stage lies in the time interval of 20150 ms for coal
particles of various marks.
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Study of the effect of thermal decomposition products of coal
particles and flame on the energy density reaching the
coal sample surface

Table 3. Attenuation coefficients k, and

k, for the second H_® and third H,,®)
ignition thresholds, respectively

Table 4. Reflection coefficients R and

absorption coefficients A of coal samples

Mark of
coal k; ks
B 0.51+0.01 0.491+0.008
D 0.635+0.005 | 0.523+0.007
DG 0.38+0.01 0.361+0.007
G 0.523+0.009 | 0.445+0.005
Zh 0.20+0.02 0.59+0.01
K 0.058+0.002 | 0.499+0.005
0S 0.142+0.006 | 0.617+0.004
SS 0.16+0.01 0.577+0.005
T 0.029+0.006 | 0.572+0.003
A 0.133+0.003 | 0.578+0.004

Mark of R A

coal
B 0.21+0.01 0.79+0.01
D 0.10+0.01 0.90+0.01
DG 0.10+0.01 0.90+£0.01
G 0.14+0.02 0.86%0.02
Zh 0.13£0.02 0.87+0.02
K 0.082+0.004 | 0.918+0.004
OS 0.056+0.004 | 0.944+0.004
SS 0.060+0.004 | 0.940+0.004
T 0.069+0.006 | 0.931+0.006
A 0.056+0.002 | 0.944+0.002
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The threshold characteristics of the
coal particles ignition by laser pulses

Hcr(1cor) = (1_R) Hcr(1
Hcr(ZCor) = (1 _R) k2 Hcr @

Table 2. Ignition thresholds of Table 5. Correct ignition thresholds

)

coal particles at various stages

of coal particles at various stages

M:frk HO, | H®, | HO, M:frk H_(tcon, | H_(2con | p_(3con),
coal | Yem? J/ecm? J/ecm? coal | Jem? J/cm? J/cm?
B |0.47+0.05| 1.8+0.2 | 2.6x0.3 B [0.37+0.05| 0.7x0.2 1.0£0.2
D |0.51+0.09| 2.4+0.1 3.110.3 D (0.46£0.09| 0.8+0.1 1.310.2
DG |0.39+0.05| 1.6x0.3 | 2.4+0.4 DG |0.35+0.05| 0.9+0.2 1.4£0.3
G |0.45£0.04| 1.9+0.2 | 3.31#0.2 G |0.39:0.04| 0.8#0.1 1.620.2
Zh |0.47+0.04| 1.1+0.1 5.5%0.5 Zh |(0.41+0.04| 0.820.1 2.0+0.5
K [0.35£0.04| 0.9%0.1 7.0£0.4 K 10.32:£0.04| 0.8+0.1 3.210.3
OS |0.49+0.05| 1.1x0.1 7.5%0.8 OS |0.46+0.05| 0.9+0.1 3.4+0.5
SS |0.46+0.04| 1.0+0.1 7.9+0.8 SS [0.43:0.04| 0.8+0.1 3.2+0.5
T [0.38+0.09| 0.9+0.1 8.5%1.1 T [0.3520.09| 0.9+0.1 3.4+0.6
A |0.41+£0.07|1.10£0.05| 9.3%£1.1 A [0.39+0.07|0.90£0.05| 3.7+0.6
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The threshold characteristics of the
coal particles ignition by laser pulses

First ignition threshold

Hcr(1 COI’), J/Cm2

Ve, %,

0

10 20 30 40 50 60
Third ignition threshold

H,, 300, J/cm?

A % ‘T% (%ZK\ )

_zh
\{)\ G

~

Second ignition threshold

1.6 -
1.4 |

1.2 - DG
1.0 - T OS

] Aﬁ‘z}-#---fh D
0.8 ‘}K - {’--
0.6 - SS T ;}ﬁ. %B
0.4 -
0.2 -
0.0

r(2COF), J/Cm2

Vdaf, %
0 10 20 30 40 50 60

Fig. 4. Dependences of ignition thresholds of
coal particles on the volatile matter

Conclusion: For coal particles, close values
of the first ignition threshold are observed.
The second ignition threshold of coal
particles weakly depends on the volatile
matter. The third ignition threshold of coal
particles increases with a decrease in the
volatile matter.




Conclusions

1. The emission spectra of the coal particles surface during the action of laser pulses
depend on the radiation energy density: at laser radiation energy densities
corresponding to the ignition detection threshold H, "), the emission of a CO flame and
excited H,” and H,O" molecules was detected. When the energy density of laser
radiation exceeds the values H = H_ (@), the coal particles surface is ignited with the
yield of volatile matter. The spectra include the emission of emitted carbon particles,
CO flames, excited H,” and H,O" molecules.

2. Time spectroscopy of the laser ignition processes of coal particles made it possible to
detect three ignition stages with characteristic times and characteristic thresholds H,,
for each mark of coal.

3. The combustion duration of coal particles at the first ignition stage coincides with the
duration of the laser pulse and is 120 ys. The combustion duration at the second
ignition stage lies in the time interval of 5-10 ms, the combustion duration at the third
ignition stage lies in the time interval of 20150 ms for coal particles of various marks.

4. For coal particles, close values of the first ignition threshold H_ (¢ are observed. The
second ignition threshold H. () of coal particles weakly depends on the volatile
matter. The third ignition threshold H_ (3" of coal particles increases with a decrease in
the volatile matter.
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Pyrolysis of coal microparticles
under the action of a repetitively
pulsed laser radiation




Functional diagram of the setup for studying the gaseous
products of the action of laser radiation on coal samples

A=1064 nm
1,=120 ps
Fp=6Hz 1
W=160-270 mJ
] _._._” ...........
10
QO 0
/é T
13

11

1 — neutral density filters,

2 — beam-splitting plate,

3 — rotating mirror,

4 — lens,

5 — experimental chamber window,

6 — experimental chamber ,

7 — sample,

8 — mass spectrometer capillary tube,
9, 12 — shut-off valve,

10 — gas reducer,

11 — gas cylinder,

13 — vacuum gauge,

14 — backing pump,

L — pulsed YAG:Nd3+-laser,

PS — pyroelectric laser energy sensors,
GA — gas analyzer,

C — computer,

TC — resistance thermometer,

mV — millivoltmeter.
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Method for preparation of
pelletized coal samples

Milling Sieving Pressing

- d= 42 mim
EE h=4.7 mm
e Msample = 65 mg
a p=1g/cm?

Coal mark (in Russian Mesh size 63 pm
coal classification system): The maximum size distribution
«  Lignitic (B) of coal particles falls at ~20 ym.
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Studying of the laser pyrolysis process of
lignitic coal in argon by mass spectrometric method

129, m—oil-w” H, nrn—ogl-m”'6
cm cm
1.0 - - O
0.8 A > L 4
CcoO
06 - co, 3
04 7] CH4 | 2
4—
0.2 - — g
w0
0.0 I I I I I I I O
0 2000 4000 6000 8000 10000 12000

Fig. 5. Dependence of the change in the pyrolysis products concentration on
the time of exposure to laser radiation on a sample (H = 2 J/cm?, F, = 6 Hz)

Conclusion: During laser pyrolysis of pelletized samples in argon, the
following pyrolysis products were found: H,, CH,, H,O, CO and CO..

23

Federal Research Center of Coal and Coal-chemistry SB RAS http://www.iccms.sbras.ru



Studying of the laser pyrolysis process of
lignitic coal in argon by mass spectrometric method

Table 6. The ratio value of the

60 . vol.% volume fraction of H,/CO
50 - i H, Jicm? H,/CO
40 - 1.2 1.4+0.2
1.3 1.3+0.2
30 1.4 1.440.2
20 - 1.6 1.3+0.2
2.0 1.6+0.2
10 -
0 Conclusion: When exposed to laser
11 13 15 17 19 H,Jicm? radiation (H = 2 J/lcm?, F, = 6 Hz) on a non-
' ' ' ' ' demineralized sample in argon, the volume
Fig. 6. Dependence of the gas mixture composition on the fraction of combustible components (H,,
energy density of laser radiation at time 10* s (F, = 6 Hz). CH,, CO) in the mixture of gaseous

pyrolysis products is 93%.
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Studying of the laser pyrolysis process of
lignitic coal in argon by mass spectrometric method

14 {ng [%] 103 + Am/my |
1.2 - R®=0.9815 ..~"
I & -
S PR R2 = 0.9861 .. F%d _
06{ ¢ e —
0.4 - e e i
024 g v -
0.0 | | | | H, Jicm?

1 12 14 16 18 2 2.2

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15

Fig. 7. Dependence of the yield of combustible gases
(H,, CH,, CO) on the energy density in a pulse.
On the auxiliary axis - the proportion of the reacted coal
sample on the energy density of laser radiation.

Table 7. Net calorific value of the

combustible g

as mixture (H,, CH,, CO)

H, J/icm? Q, MJ/m3

1.2 10.4+0.8

1.3 11.0+£0.8

1.4 10.910.8

1.6 11.3£0.9

2.0 12.0+£0.9
Conclusion: When exposed to laser

radiation (H = 2 J/lcm?, F, = 6 Hz) on a non-
demineralized sample in an argon medium,

the vyield of

reaches n, ~ 1.3-10% cm3/g in 10%s.

combustible components

25

Federal Research Center of Coal and Coal-chemistry SB RAS

http://www.iccms.sbras.ru



Study of the surface morphology of a
sample before and after laser action

Fig. 9. Micrograph of the sample surface after Iéser
laser action action for 10* s (H = 2 J/cm?, F, = 6 Hz)

Conclusion: As a result of repetitively pulsed laser action (A = 1064 nm, 7, = 120 ps)
on pelleted samples in an argon, the surface of the samples is structured during
thermal decomposition.
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Study of the surface morphology of
a sample before and after laser action

[ : 1100 pm .

Note

Fig. 10. Micrograph of the sample surface
after laser action for 10* s (H = 2 J/cm2,

F, =6 Hz), obtained in characteristic X-ray
radiation.

Blue color — Fe,

Red color — Ca,

Green color — Si.

Conclusion: During laser irradiation, the
surface temperature of a coal sample can
reach > 2000 K.

T SIO, = 1995 K [7]
T o Fe,05 = 1838 K [7]

7) Lide D. R. (ed). CRC Handbook of Chemistry and Physics. 84th edition / Boca Raton: CRC Press LLC, 2004. — 2660 p. — ISBN:

9780849304842.
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Study of the surface morphology of a sample before and after laser action

Fig. 11. Micrographs of the samples surface Conclusion: The mineral
after laser action for 10% s (H = 2 J/lcm?, F, = 6 Hz): | component of lignitic coal affects
(a) — before demineralization; the surface structure of the
(b) — after partial demineralization pelletized sample, which is formed
3 as a result of exposure to laser
1.4 - ng ﬂ] . 103 radiation (H = 1.95 J/cm?,
' 10 g R®=0.9815 .- F, =6 Hz) for 10* s. Partial

_ demineralization of coal leads to a
1 %}4 ,,,,,,,,,,, ‘-%— sharp decrease in the yield of

4 0.8 - .<} combustible components.
0.6 4 ,(%‘
0.4 | Beforedemineralization R = 0.9784 The mineral mass of coal can have
8 LR =1~  a catalytic effect on
i 0.2 1 e eeeneeneee O @ H, the reactivity of the organic mass
After partial demineralization J/em?

, : : , of coal during pyrolysis [8, 9].
1 1.2 1.4 1.6 1.8 2

Fig. 13. Dependence of the yield of combustible
gases (H,, CH,, CO) on the energy density in a pulse

Note

8) Samaras, P. et al. The effect of mineral matter and pyrolysis conditions on the gasification of Greek lignite by

carbon dioxide // Fuel. — 1996. — Vol. 75. — No. 9. — P. 1108-1114.

9) Lemaignen, L. et al. Factors governing reactivity in low temperature coal gasification. Part Il. An attempt to

correlate conversions with inorganic and mineral constituents // Fuel. —2002. — Vol. 81. — No. 3. — P. 315-326. 28
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Proposed scheme for the formation of a
columnar structure on the coal sample surface
under laser irradiation

Laser radiation

Laser radiation

Laser radiation

v

v

v

elClIor

v

IT

+
B

v

[2]

v v v
RO,

o
Ol 6 o

@ Inclusions that do not exhibit catalytic activity and
have a screening effect are collectively designated in
the scheme as Si

Inclusions exhibiting catalytic activity are collectively
designated as Ca in the scheme.
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Conclusions

1. During laser pyrolysis of pelletized lignitic samples in argon, the following pyrolysis
products were found: H,, CH,, H,O, CO and CO..

2. When exposed to laser radiation (H = 2 J/lcm?, F, = 6 Hz) on a non-demineralized
lignitic sample in an argon, the yield of combustible components reaches n; ~
1.3-10% cm3/g in 10%s, while the volume the share of combustible components in the
mixture of gaseous pyrolysis products is 93 %. Under these irradiation conditions, the
sample surface temperature can reach T > 2000 K.

3. When exposed to laser radiation (H = 2 J/cm?, F, = 6 Hz) on a partially demineralized
lignitic sample in an argon, the yield of combustible components reaches n; ~
0.33:103 cm?/g in 10%s, while the volume the share of combustible components in the
mixture of gaseous pyrolysis products is 69 %.

4. The mineral component of lignitic sample affects the surface structure of the pelletized
sample, which is formed as a result of exposure to laser radiation (H = 2 J/cm?,
F, = 6 Hz) in argon for 10* s. When exposed to laser pulses on a non-demineralized

sample, a columnar structure is formed; when exposed to a partially demineralized

sample, a spongy structure is formed.
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Conclusion: For coal particles, close values
of the first ignition threshold are observed.
The second ignition threshold of coal
particles weakly depends on the aromaticity
index. The third ignition threshold of coal
particles increases with an increase in the
aromaticity index.




CnekTpbl U3niy4eHUs NOBEPXHOCTU Yrneu BO BpemMsi BO34eNCTBUA
rlasepHbIX UMNYSIbCOB NPU Pa3fIMYHbIX MSIOTHOCTAX 3HEPruu

3 - [Mnamsa OKnCH yrnepoga naetr
o5 - MHTEHCUBHbIW CMSIOLLUHOW CNeKTp,

5 | npoctupatowmincs or 3000 A no anuH

» BonH 6onbLe 5000 A, a Takke 6onbLuoe

1.5 - YUCNO Y3KUX TMOMNOC, He UMerLmnx

11 KaHTOB, KOTOpble HaKnaablBalOTCA Ha
0.5 9TOT KOHTUHYYM [1, 2].
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CneKkTp nany4yeHna NOBEPXHOCTU YacTul yrns
Mapkmu 2K npu BO3OENCTBUM  NaA3EPHbIM
NMMNYIbCOM c NSIOTHOCTLIO aHeprmm
H=H," = 0,47 Ox/cm?

[1] TenpoH, A. CnekTpockonusa n Teopust ropenust / A. lrengoH — M.: I3gatenbCTBO MHOCTpaHHOM nuTtepatypbl, 1950. — 308 c.
[2] Mupc, P. OtoxgecTteneHne monekynsapHbelx cnektpos / P. MNupc, A. 'engoH — M.: N3gaTenbCTBO MHOCTPAHHOW NUTEpPaTypH!,
1949. — 248 c.



CnekTpbl U3niy4eHUs NOBEPXHOCTU Yrneu BO BpemMsi BO34eNCTBUA
rlasepHbIX UMNYSIbCOB NPU Pa3fIMYHbIX MSIOTHOCTAX 3HEPruu

Bknag B cnekTp JarT HECKOSIbKO COCTaBMAOLLMX.
Bo-nepBbiXx, 9TO  BpallaTeribHO-konedaTenbHbIN

» CMeKTp BoAbl. OTU COCTaBnsWmMe HabnogaTcs B
CriekTpax Bcex nnameH, cogepxawmx sogopon. Bo-
BTOpPbIX, 9TO CBEYEHWE BOOOPOAHbIX MOMEKyn B
opaHxeBown obnactu [1, 2].
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CneKkTp nany4yeHna NOBEPXHOCTU YacTul yrns
Mapkmu 2K npu BO3OENCTBUM  NaA3EPHbIM
NMMNYIbCOM c NSIOTHOCTLIO aHeprmm
H=H," = 0,47 Ox/cm?

[1] TenpoH, A. CnekTpockonusa n Teopust ropenust / A. lrengoH — M.: I3gatenbCTBO MHOCTpaHHOM nuTtepatypbl, 1950. — 308 c.
[2] Mupc, P. OtoxgecTteneHne monekynsapHbelx cnektpos / P. MNupc, A. 'engoH — M.: N3gaTenbCTBO MHOCTPAHHOW NUTEpPaTypH!,
1949. — 248 c.



Cnektp BoOAoOpOAHOW MOJIEKyrnbl («BTOPOWN»
CreKkTp Bogopoda) obnagaetr nub HEMHOTMMMU
XapaKkTepHbIMX YepTamu, T. K. ero BpaliarenbHas
CTPYKTypa CTOSMb pas3pexeHa, 4YTo He [JaeT Hu
KQHTOB, HW TeCHbIX Tpynn JfIMHUW, KOTopble Obl
OaBann HeYTo CXogHOe C OObIMHOW CTPYKTYpOMU
nonoc. Hambonee wvHTEHCMBHa 93Ta cuctema B
opaHXxXeBoW obrnactu, HO NMPOCTUPAETCA NO BCEMY
BUOMMOMY CMEKTpY. OToxpgecTBneHne
obneryaeTca NOYTU HenpeMeHHbIM MPUCYTCTBUEM
aTOMHBbIX JIMHUI BOAOpOAa:

H, 6552,79, Hg; 4861,33, H, 4340,47 A.
[MpuBeaeHbl Hanboriee UWHTEHCUBHbIE
cnekTpa, oueHeHHble bannamn 8, 9 n 10:

JINHUA

[1] TenooH, A. CnekTpockonusi n teopusa ropeHus / A.
lengoH — M.: agaTtenbCTBO MHOCTPaHHOM NnTepaTypbl,
1950. — 308 c.

[2] Mupc, P. OToxxaecTBneHne MONEKYISIPHbIX CNEKTPOB
/ P. Nwnpc, A. TengoH — M.: l3gaTenbCTBO MHOCTPAHHOW
nutepartypbl, 1949. — 248 c.
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BpawaTtenbHo-KonedaTtenbHbIU CNEKTP BOAbI.

Ou4eHb CroXHble Mosiocbl, 0OHapyXuearLmne OOBOSbHO
pa3pexXeHHy BpallaTenbHY CTPYKTYpYy, 0e3 SBHbIX
KaHTOB.

Hanbonee WHTEHCMBHbIE WHOMBUAYASbHbIE  JIMHUU
Ka)kOon Nonochobl:

[1] TengooH, A. CnekTpockonus n Teopuda ropeHns / A.
[engoH — M.: spaTtenbCTBO MHOCTPAHHOM NUTepartypsl,
1950. — 308 c.

[2] Mupc, P. OToxaecTBneHne MONEKYNsiPHbIX CNEKTPOB
/ P. Mupc, A. TengoH — M.: 3paTtenbCcTBO MHOCTPaHHOW
nutepatypbl, 1949. — 248 c.
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9440,89 8228,31 7191,50 5924,27
9437,90 8226,96 7187,39 5919,65
9428,36 8197,70 7186,38 5919,06
9426,85 8193,11 (6994) 5918,42
9386,84 8189,27 7016,45 5914,22
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Cnektp BOAOPOAHOU MOMEKYNbl («BTOPOMN»
CrekTp Bogopona) obragaer nvwb HEMHOrMMMU
XapaKkTepHbIMU YepTamu, T. K. ero BpaliarerbHas
CTPYKTypa CTOSb paspexeHa, 4YTo He [daeT Hu
KQHTOB, HW TECHbIX Trpynn JMHUNA, KOTOpble Obl
OaBann HevYTo CXogHoe C OObIYHOM CTPYKTYpPOMU
nonoc. Hambornee WHTEHCMBHa 3Ta cuctema B
opaHXeBou obnacTtu, HO NPoCTUpaeTCcs No BCEMY
BUOMMOMY CMEKTPY. OToxgectBneHune
obneryaeTcd NOYTU HEMPEMEHHbLIM MPUCYTCTBUEM

aTOMHbIX NMMHUI Boaopoaa:
H, 6552,79, Hy 4861,33, H, 4340,47 A.

[1] TenooH, A. CnekTpockonust n teopusa ropeHus / A.
lengoH — M.: agaTtenbCTBO MHOCTPaHHOU NnTepaTypsl,
1950. — 308 c.

[2] Mupc, P. OToxxaecTBNneHne MONEKYISIPHbIX CNEKTPOB
/ P. Nwnpc, A. TengoH — M.: l3gaTtenbCTBO MHOCTPAHHOW
nutepartypbl, 1949. — 248 c.
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CneKTpbl U3NyYeHUs MOBEPXHOCTM YacTul yrns mapku K
npv BO3OENCTBUM Na3epHbIM UMMYbCOM C MIOTHOCTBHO
aHeprun H = H_,() = 0,35 Dx/cm?
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CnekTpbl N3ny4eHs NOBEPXHOCTU YacTuL, yrien
Mapok Ol v K npu BO3gencTBMU JasepHbIM
MMNYNbCOM C MAOTHOCTbIO aHeprun H = H (1)

Bknag B cnekTpbl galoT HECKONbKO cocTaBnawwmux. Bo-
nepBbIX, 3TO BpallaTenbHO-KonebdaTenbHbIN CNeKTp BOAbl. OTU
cocTaBnsawwmne HabnogalTca B COeKTpax BCex MiaMeH,
cogepXxawmx  Bogopoa. Bo-BTOpBbIX, 9TO  CBevyeHue
BOAOPOAHbIX MOMeKkyn B opaHxeson obnactu [1, 2]. Cnektp
BOOOPOOAHOW  Monekynbl obnagaer nuwb  HEMHOMMMMU
XapakTepPHbIMM YepTaMu, T. K. ero BpauiateribHas CTPyKTypa
CTOMb pa3peXXeHa, YTO He OdaeT HW KaHTOB, HW TECHbLIX rpymnn
NUHUK, KOTOopble Obl gaBann HEYTO CXOA4HOe C O0bblYHOWM
CTpyKTypon nosnoc. Hanbonee uHTEHCMBHaA 3Ta cuctemMa B
opaHXeBon obnactun, HO NMPOCTUPaETCs Mo BCEMY BUOAUMOMY
cnektpy. OToxxgecTeneHne obnerdaercs NOYTN HEMPEMEHHbLIM
NPUCYTCTBMEM aTOMHbIX JIMHUI BOAgOpoaa:

H, 6552,79, Hg; 4861,33, H, 4340,47 A.

CnekTpanbHoe paccTosHue Mexay NuHusaMun ceedeHna H,O un
H, [1, 2] ropa3go MeHbLUe CrekTparibHOro paspeLueHns Hallem
annapaTtypbl, noaTomy Ha PUCYHKe HaHeCEeHbI
OPU3OHTamNbHbIE JIMHUW, B KOTOPbIX [OOCTAaTO4HO T[YCTO
pacnonoxeHsl ninHun H,O n H, cornacHo [1, 2].

[1] TenpoH, A. Cnektpockonus n teopusi ropeHns / A. F'engoH —
M.: 3gaTenbCcTBO MHOCTpaHHOM nuTtepatypbl, 1950. — 308 c.

[2] Mupc, P. OtoxaecTterneHne MonekynapHbix cnekrtpos / P.
Mupc, A. TemgoH — M.: W3gaTenbCTBO UMHOCTPaAHHOM
nutepatypbl, 1949. — 248 c.
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CnekTpbl N3ry4YeHnsi NOBEPXHOCTM YacTuL, yrien
mMapok Ol n X npun BO3OenUCTBUM nasepHbIM
MMMNYNbCOM C MIIOTHOCTbIO aHeprun H = H,,?)

Bknag B cnekTpbl galoT HECKONbKO cocTaBnawwmx. Bo-
nepBbIX, 3TO BpaLlaTenbHO-KonebdaTenbHbIN CNeKTp BoAbl. OTU
cocTaBnsawwmne HabnogaTca B CheKTpax BCex MiaMeH,
cogepXxawmx  Bogopoa. Bo-BTOpBbIX, 9TO  CBevyeHue
BOAOPOAHbIX MOMeKyn B opaHxeson obnactu [1, 2]. Cnektp
BOOOPOOAHOW  Monekynbl obnagaer nuwb  HEMHOMMMMU
XapaKTepPHbIMM YepTaMu, T. K. ero BpaulateribHas CTPyKTypa
CTOMb paspeXXeHa, YTO He OaeT HW KaHTOB, HW TECHbLIX rpymnn
NUHUK, KOTOopble Obl gaBann HEYTO CXOAHOe C O0OblYHOWM
CTpyKTypon nosnoc. Hanmbonee uHTEHCMBHaA 3dTa cucTemMa B
opaHXeBon obnactn, HO NMPOCTUPaETCs Mo BCEMY BUOAUMOMY
cnektpy. OToxxgecTeneHne obnerdaercs NOYTN HEMPEMEHHbLIM
NPUCYTCTBMEM aTOMHbIX JIMHUI BOgopoaa:

H, 6552,79, Hg 4861,33, H, 4340,47 A.

[MTnama okucm yrnepoga [faeT WHTEHCUBHBLIM - CMNSOLLUHOWN
cnekTp, npoctupatowmiica ot 3000 A go anvH BonH GonbLue
5000 A, a Tawke GonblLUOEe YMUCO Y3KMX MOMOC, HE UMEIOLLIMX
KaHTOB, KOTOpble HaKNnaabIBakTCA Ha 3TOT KOHTUHYYM [1, 2].

[1] TenpoH, A. Cnektpockonus n teopusi ropeHuns / A. F'engoH —
M.: 3gaTenbCcTBO MHOCTpaHHOM nuTtepatypbl, 1950. — 308 c.

[2] Mupc, P. OtoxaecTterneHne MonekynapHbix cnektpos / P.
Mupc, A. TemgoH — M.: W3gaTenbCTBO UMHOCTPaAHHOMN
nutepatypbl, 1949. — 248 c.



MukpodoTtorpacdpua yactuubl yrna mapku A
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N3ny4eHne nrnamMeHun, BO3HUKAIOLLErO BO BPEMS BO3LENCTBUS Na3epHOro nMmmnysbca
Ha YacTuubl yrns Mmapku b:

(@) - 3aBUCMMOCTb WHTEHCUBHOCTM W3NY4YEHUS MfiaMeHn 4YacTuy, yrng Ha
domkcMpoBaHHOW annHe BOSTHbI A = 560 HM OT pacCTOAHUS NOBEPXHOCTU obpasua 4o
ONMTUYECKON OCU N3MEPUTENBbHON CcXeMbl. [TNOTHOCTL SHEpPrum nasepHoro nMnyrbca
H=H,® = 1,8 Dx/cm?. 1 — na3epHbin umnynsc, 1 —1 MM, 2 — 2 MM, 3 — 3 MMm;

(6) — 3aBMCUMOCTb BPEMEHWN MOABMEHUS PETMCTPUPYEMOrO U3MyYeHUA MNramMeHn
yacTul Yrnss OT pPacCTOsiHUA MOBEPXHOCTM obpasua OO0 ONTUYECKOM OCu
N3MepUTENbHON cxeMbl. [TNOTHOCTL 3Heprum nasepHoro nmnynsca H = 1,8 x/cm?.

JkcTpanonsaunsa NpsMON K Hadvany KoopauHaT No3BOMseT cAenaTb BblBOA, YTO B
MOrpeLlHOCTM U3MEPEHUI NNaMs Ha NOBEPXHOCTU YacTuL, BO3HMKAET cpasdy nocne
Hayana BO3O0eWCTBUS NasepHOro umnynbca Ha obpasey yrns. Takum obGpasowm,
BOCMNNaMeHeHne MoBepPXHOCTU obpasua yrns HauynmHaeTcs B HayarnbHbI MOMEHT
BO3E€NCTBMSA Nas3epHOro MMNysbca ¢ NIoTHOCTbIO aHeprum H = H,, (),

CkopocCTb pacrnpocTpaHeHma nnamenn V = 50 m/c



3aBUCUMOCTH MHTEHCUBHOCTU M3NY4YEeHUA NNamMeH KU Puc. 1. 3aBMCMMOCTU WHTEHCMBHOCTU Nany4eHnAa

NOPOroBkie XapakTePUCTUKMN 3aXKMraHWA YacTUL yrnen nnamMmeHn 1 KpMBble YacTOCTK YacTul yrna mapkn X
NnpPv BO3OeNCTBUU Na3epHbIMK UMNYINLCAMMK 0.16 1, g 11p
0.12 - A
3axuraHne MUKpPOBLICTYNOB Ha NOBEPXHOCTU YacTu, 0.08 H=H_" » 05 -
a He TennoBOe CBEYEHWE HarpeToil NoOBEPXHOCTH, ' =120 mkc '
Kak B [1, 2] *  0.04
Bhixog 1 3amuraHue 0.00 t, MC 0
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2 cTagwA 3 cTagwun B 19p
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r = 40-150 mc 05
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[1] Aayes, B. IN. NazepHoe 3asMradie HAasoMeTaMopduaosansore yrna /M XuMudecsas dvavka, = 2016, = T. 35. - MNe 12. = C. 47-47.
[2] Aayer, B. . CnekTpansHo-EMHETHHACKUE XaPaAKTEPUCTHEN NAISDHOMD 3aMWIaHuA Neneanasoro Byporo yrna  OnTuka u cnexTpockonuA. = 2018, = T. 125, = Ne 2. = C. 277-2B83.



3aBUCUMOCTU UHTEHCUBHOCTU U3JTyYEeHUSA NnamMeH 4acTuy, yrinewu
npu BO34eNCTBUN Na3epHbIMN UMMNYyNbCaMU B peXXume cBodboagHoun
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3aBMCUMOCTb MHTEHCUBHOCTU N3NYYEHUS NNaMeHn
YyacTuL, yrns Mapku b Ha BTOpoi ctaamn 3axuraHums
NPy BO3AENCTBMM NasepHbIMU UMMYNbCaMn C
Pa3NUYHbIMMX MNNOTHOCTSAMU SHEPTUU
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3aBMCUMOCTb MHTEHCUBHOCTU U3NYYEHUS NNaMeHn
YyacTuLl yrns Mmapku XX Ha BTOpoOW cTagumn 3aXKuraHus
Npv BO3AENCTBUM Na3epHbIMU UMMYNbCaMn C

pa3fiM4HbIMUN MITOTHOCTAMU 3HEPTNA



3aBMCMMOCTUN UHTEHCUBHOCTU U3NTYYEHUA NNaMeH YacTul, yrneun npuv Bo3gencTBum
nasepHbIMU UMNYNIbCaMU B peXXume cBOO60OAHOM reHepaumm
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3aBMCUMOCTb MHTEHCUBHOCTU N3NYYEHUS NNaMeHn
yacTuL, yrns Mmapku XX Ha BTopon ctagum
3aXXUraHs Npy BO3AENCTBUM NasepHbIMY
NMMyNbcamMn ¢ PasnnYHbIMU MIOTHOCTSMU SHEPTUK

3aBMCUMOCTb MHTEHCUBHOCTU N3NYYEHUS NNaMeHN
yacTuu, yrns mapku XX Ha TpeTben ctagum
3aXXnraHUs Npy BO3AENCTBUM Na3epHbIMM
MMNyrnbcamMn ¢ pasnnYyHbIMU MAOTHOCTSIMU SHEPTUN

BbiBog: [NMTENbHOCTbL FOPEHUsSt Ha NEepBON CTaauu 3aXKUraHusi coBnagaeT C ANUTENbHOCTBIO NMasepHoro umnyrbca.
OnnTenbHOCTb FOPEHUsI HA BTOPOWM CTaauu 3aBUCUT OT MIOTHOCTU 3Hepruu nasepHoro mmnynesca H. Mpu H = H_
cocTtaBnset BenuumHy 17 = 10 mc. Mpn H = (5-6)-H,® Gonblias 4YacTb NeTyunx BELLECTB 3aXWUraeTcsi BO BpPeEMS
BO30EMCTBMS NasepHoro umnyrnbca. AnutenbHOCTb TOPeHns Ha TpeTbel ctagumn coctasnseT BenndnHy 20—150 mc ans
Pa3NNYHbIX MaPOK Yrner U NpakTUYeCcKNn He U3MEHSIETCS AN KOHKPETHOW Mapku yrns npu ysennyexHmm H.

13



3aBNCUMOCTU UHTEHCUBHOCTU U3JTyYEeHUA NNamMeH 4acTuy yrneum npw
BO34EeNCTBUU Na3epHbIMU UMNYJNbCaMU B peXXume cBodboaHoun

reHepaumu

0.010 - | B

0.005 -

0.000 . . . ! . !
0 0.5 1 1.5 2 2.5 3

3a Bpemsi ~ 400 MKC
npoucxoauT BblpaBHUBaHNE
TeMmneparypbl Mo oo6bLemy
YyacTuubl yrns

HavanbHbIM y4acTOK 3aBUCMMOCTU MHTEHCUBHOCTU U3MYyYeHUd
nriameHun YyacTuy, yrns mapku XK npu Bo3gencTemn nasepHoro

MMMynbca C NNOTHOCTbLIO aHeprun H = H,?)



3aBucumocTb nepBoro nopora s3axuranma H_ (1) vactuy yrnewn
OT cTeneHu ux yrnedukauumm

[Tpouecc 3axkuraHms MMKPOBLICTYMNOB CBA3aH C pa3mepamMu
4YacTuL yrrien n reoMeTpruen nx NnoBepxHOCTEN, KOTOPbIE
NMEIOT 3HAYNTENBHbIN CTAaTUCTUYECKNN Pa3bpoc

4

Cnabas 3aBMCMMOCTb NepBoro nopora 3axuranuns H., () ot
nokasatens Bbixoga NeTy4nx BELLECTB U CTENeHN yrnedukauum

......... E MwuKpOBbICTYNbI

......... 'S

.......... » Menkue yactuubl yrns




3aBMcMMOCTb BTOPOro nopora 3axuranus H, (?) yactuy yrnen
OT cTeneHu nx yrnedukaumm

[TokasaTenb nornoLeHns yrinen kK Bo3pacTaeT C
yBenuyeHnem crenenun yrnedgukauum [1]

Temnepatypa nasepHoro 3axuraHusa yrnen T, B pagy
MeTamopuama novTn He n3MeHsieTcs [2]

B cont=Q

NCTUHHaa TensI0EMKOCTb KaMEHHbIX YrNen ¢ UBMEHAETCA HE3HAUYUTESBHO.

Ona yrna mapku [ c5p0 -« ~ 1,00 kx/(kr-K), a ana yrna mapku K ¢5qq -« ~ 1,05 kx/(krK) [3]
NCTWUHHaA NNOTHOCTb KAMEHHbIX YrNen O U3MEHSETCA HE3HAYNTESNbHO.

Ona yrna mapkm [ p ~ 1,28 r/cm®, a ansa yrna mapku K p ~ 1,25 r/cm3 [4]

b [py NasepHOM 3aXKUraHUM PasnMYHbIX MapPOoK yrnemn Ans JocTmkeHus T,
o6beMHasi NNOTHOCTb NOTMOLWEHHON aHeprn Q, n3meHsieTcsa crabo

b Q ~ Hk » C yBenuyeHuem crteneHun yrnecduvkaumm m BospactaHmem k
YMeHbLUaeTcs BTOpon nopor 3axuranus H, (2

[1] Tanu, E. M. MeTogbl aHanusa n ncnoitatna yrmen / E.M. Tanu, N.A. AHgpeeBa. — M.: Hegpa, 1983. — 301 c.

[2] Korotkikh, A. G. Studying solid fuel ignition by CO,-laser / A.G. Korotkikh, K.V. Slyusarskiy, |.V. Sorokin / MATEC Web of
Conferences. — 2017. — Vol. 115.

[3] ArpockuH, A. A. Tennodwuauka Teepgoro tonnuea / A.A. ArpockuH, B.b. Mmenbman — M.: Hegpa, 1980. — 240 c.

[4] ArpockuH, A. A. Xumusa n texHonorma yrns / A.A. ArpockuH — M.: Hegpa, 1969. — 256 c. 1 6



3aBMCMMOCTb TpeTbero nopora saxuradus H_ ()
4yacTul yrrem ot cteneHu ux yrnedumkauum

Ha TpeTben ctagun 3axkmuraHua Harpes 4YacTuy yrinen go
TemMneparypbl 3aXXuraHns OCyLLECTBNSAETCA B pe3yribrare
OENCTBUA OBYX 0aKTOPOB:

Harpes 3a cyeT NornoLLeHns 3Heprum nasepHoro MMnynbca

Harpes 4yacTtuy yrnen B pesyrnerate cropaHua razoson dasbl [1]. CropaHue razosomn
¢basbl npu nnoTHocTAX 3Heprum H,,3) nponcxoanT BO BpeEMS MMMynbCca U3ny4eHus

g

C yBEJIIMHEHNEM CTEINEHN yFJ'IerI/IKaLI,I/II/I, YMEHbLUAETCA MacCa CropesLlunx
JeTyvynx sewecTB, 4YTO NpMBOAUT K MEHbLLUEMY Harpesy HaCTul yrne|7|.

N g

Ona goctukeHus TemnepaTtypbl
3axuraHus TpebyeTcs yBennyeHune
NNOTHOCTWN SHEPrNKN Na3epPHOro NMMMynbca

s C yBenuyeHneM cteneHn yrnedukaumm
BO3pacTaeT TpeTun nopor 3axuranns H,, )

[1] MomepaHues, B. B. OcHoBbl npakTudeckon Teopun ropenmns / B.B. NomepaHues, K.M. Apedbes, [1.6. Axmenos n ap. —
NeHwnHrpapn: QHeproatommnsaat, 1986. — 312 c. 1 7



3aBMCMMOCTb TpeTbero nopora saxuranusa H_ ()
4yacTul yrrem ot cteneHu ux yrnedumkauum

dkcnepumMmeHTarneHo [1, 2] u TeopeTndeckun [3—5] nokasaHo,
YTO YacTb U3Ny4YeHNa fiasepa nornoLlaeTcs
neTy4ynMin BeLLecTBaMu.

4

C yBenuyeHneMm nokasaTens BbIxoaa NeTyyYnx BeLecCTB,
YBENNYMBAETCS CTEMNEHb 3KPAHMPOBAHNSA NAa3epHOro U3nyyeHus,
4TO TpebyeT yBenuyeHnst NNOTHOCTK aHeprun nasepa H,, ),
HeobXoaMMON ANs 3aXXUraHUsA HENETYYEro octaTka YacTul, yrnen.

[1] Phuoc, T. X High-energy Nd-YAG laser ignition of coals: Experimental observations / T.X. Phuoc, M.P. Mathur, J.E. Ekmann // Combustion and Flame. — 1993. —
Vol. 93, No. 1-2. — P. 19-30.

[2] Bonko, B. M. OcoBeHHOCTM pa3BUTUA MHULMMPYEMOIO NasepHbIM U3NYyYEeHUEM 3aXuraHusa yronbHblx YacTtuy [Tekct] / B.M. bonko, . Bonanbckun, B.®. KnumkuH //
®un3uka ropeHus n B3pbiea. — 1981. - T. 17, Ne 5. — C. 71-77.

[3] Phuoc, T. X High-energy Nd-YAG laser ignition of coals: Experimental observations / T.X. Phuoc, M.P. Mathur, J.E. Ekmann // Combustion and Flame. — 1993. —
Vol. 93, No. 1-2. — P. 19-30.

[4] Amos, B. Model of the ignition and flame development on a vaporizing combustible surface in a stagnation point flow: ignition by vapor fuel radiation absorption /
B. Amos, A.C. Fernandez-Pello // Combustion Science and Technology. — 1988. — Vol. 62, No. 4-6. — P. 331-343.

[5] Blasi, C. Di. Numerical model of ignition processes of polymeric materials including gas-phase absorption of radiation / C.Di Blasi, S. Crescitelli, G. Russo, G. Cinque //
Combustion and Flame. — 1991. — Vol. 83, No. 3—4. — P. 333-344.



UccnepgoBaHue BNUSIHNS NPOAYKTOB TEPMMUYECKOro pasnoXXeHus YyacTuu
yrrnenm n nnamMmeHun Ha NJIOTHOCTb 3HEepPrvun, A4OoCTUrarLen NoBepxXHOCTb

obpa3sua

PyHKUMOHaNbHasA cxema
KaHana perncrpauum

K ~Jnn

1 — Kancsb CO CKBO3HOW CTanbHOWN TPYOKOWN,
2 — CTEKNsIHHas nNnacTuHa,

3 — anadpparma c KpyriibiIM OTBEPCTUEM,

JIN — nasepHoe nany4yeHme,

[T — nnpoanekTpnyeckn NpNeMHUK,

K — KomnbloTep.

Ons H= H,@
TO—WWOZT,

roe Ty v T, — KOO PULMEHTBI NPOMYCKaHUA MyCTOW U 3anOfHEHHOW
YacTMUaMn yrnsa SKCNepuMeEHTarbHOUW S4YEeWKM Npu BO3OENCTBUMU
nMnynbca nasepa c aHepruen W,, coorsetcTaytoen H,, 2.

Wyr n Wor — 3Heprua nasepHoro usnyydyeHus npolleglias yepes
NyCTYI0 M 3anoSfIHeHHYK YacTuuamu yria SKCrnepumMeHTasnbHyro
AYEenKy npy BO3OENCTBUM C SHepruen B umnyrnoce W..

Kk, — Dons norrnoweHHON 3HeprMm nMmnynbca nasepa npoayKramu
TEPMUYECKOrO PasfiOKEHUs YacTuy Yyrms W nriameHeMm npu
BO3OEWCTBUM C 3Hepruen, cootseTcTayowwen H, (),



MeToauka namepeHus KkoadhdpunumeHTa oTpaxxkeHus
obpa3uoB yrneun metogom boToMeTpMUYECKOro Luapa

1 — gnadgpparma (2.5 mm),

2 — NOBOPOTHOE 3epkKarno,
3 — BXOHOE OKHO (2.5 Mm),
4 — obpasey yrns;

S — CBETOOTpaXaTtersb;

MB

6 — doTtomeTpuyeckmin wap (D = 110 mm),
JT — NCTOYHMK NA3epPHOro N3nyveHus,

MB — MunnneBonsTMETP,
® — dpoTtoamoga.

R =
Iy

roe l, — OCBELLEeHHOCTb BHYTPU
dooToMeTpuyeckoro apa 6e3 obpasua,

|r — oCcBeLWeHHOCTb BHYTPU (DOTOMETPUYECKOTO
lwapa ¢ obpasuom.

Anpobauns metToaukm nposogmnach ¢
NCNonNb30BaHMEM CBETOMPUNLTPOB C
N3BECTHbLIMU KO3dhpUulmeHTamm
NPOMNyCKaHUA 1 OTpaXxeHus



KanubpoBka aHanunsatopa rasoB
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3aBUCUMOCTb COCTaBa ra3oBov cMecu OT MNJSIOTHOCTHU dHepruum

Na3epHoOro n3ny4yeHus B MOMeHT BpemeHu 104 c.

YacTtoTa cnegoBaHuUs UMMNYNbLCOB Jfla3epHoro usny4veHumsa 6 Ny

60

b HegeMUHepann3oBaHHbIN
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B yacTMyHO AeMMHepann3oBaHHbLIN
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3aBUCUMOCTb BbIXOAa roproymnx rasoB OT NJSIOTHOCTU 3Hepruu B umnynece. Mo
BCNoMoratesibHOM OCU — 3aBMCUMOCTb A0NN NpopearvpoBasLuero obpasua yrns oT
NSIOTHOCTU 3HEpPruun nasepHoOro Usny4vyeHus.
YacTtoTta cnegoBaHuA MMNynNbCOB fnasepHoro nsnyyeHus 6 I,
BpeMs BO34eNCTBUSA nasepHoro nany4veHusa 104 c
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b HeaeMnHepanu3oBaHHbLIN
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Myt o6pa3oBaHNsi NPOAYKTOB fla3epHOro NnMponusa

obpasuoB yrns

C+H,0=CO+H,
C+2H,0=C0O,+2H,
C+CO,=2C0
CO+H,0=C0,+H,
20+2H,0=CH,+CO,
C+2H,=CH,



noBepxHoCcTn odbpasua,
U3roTOBMIEHHOro U3 YyacTuy,
yrnsa mapku b, oo nasepHoro
BO34euUCTBUA




UccnepnoBaHue mopdonorMm noBepxHOCTN obpasua, NU3roToBIeHHOro U3 YyacTuu

yrnsi mapku B, o 1 nocne nasepHoro Bo3aencTBus

MukpodoTorpadpmsa NOBEPXHOCTU
obpasua yrnsa o fnasepHoro
BO3OENCTBUSA, NONyYeHHas B
XapaKTepuUCTUYECKOM
PEHTIEHOBCKOM U3NYyYEHUMN.
CunHun uget — Fe,

KpacHbin uBeT — Ca,

3eneHbin uBeT — Si.



MukpodoTorpadum
NoBepPXHOCTU obpas3ua,
U3roToBrfIeHHOro U3
yacTtuy yrna mapku b,
nocne nasepHoro
BO34EUCTBUSA C

NJIOTHOCTbLIO 3HEPrum
OAWHOYHOro MMnyrsbca
1,95 Ox/cm? B TeueHUe
104 c. YacToTa
criegoBaHuA
UMNYJIbCOB J1a3epPHOro
nany4veHusn 6 Ny




UccnepnoBaHue mopdonorMm noBepxHOCTN obpasua, NU3roToBIeHHOro U3 YyacTuu
yrna mapku B, o n nocne nasepHoro Bo3aencTBUA

MukpodoTorpapma NOBEPXHOCTU
obpasua yrnsa rnocrie nasepHoro
BO3ENCTBUSA C NITIOTHOCTbLIO 3HEPTUU
oauHo4Horo nmnynsca 1,95 [x/cm?
B TeyeHue 104 ¢, nony4yeHHas B
XapaKTepucTn4eCcKom
PEHTIEHOBCKOM U3ITyYEHUN.
UacTtoTa crnegoBaHUga MMMynbLCOB
nasepHoro nsny4veHus 6 Iy,

CuHunm uBet — Fe,

KpacHbin uset — Ca,

3eneHbin uBeT — Si.




MexaHU3M KaTanuTU4ecKoro BJiIMAHUA COeaUHEeHUM
weJsiodvHO3eMeJibHbIX MeTaJuJioB Ha npouecc rasucbwkauuu
yrnepoaHbIX MaTepuasnoB

MCO,+ C - MO + 2C0O
MO + H,0 - M(OH),
M(OH), + CO - MCO- + H,
rae M — Mg, Ca, Sr, Ba

[1] McKee D.W. Catalysis of the graphite-water vapor reaction by alkaline earth salts //
Carbon. — 1979. — Vol. 17, No. 5. — P. 419-425.



((nepOKCM,quIVI)) MEéXaHU3M KaTaJIMTU4eCKoro BJimsasHuUA
COeANHEHUN WenoYHo3eMeribHbIX MeTansfioB Ha npouecc
ra3mbvmau,vm yrnepoaHbIX MaTepuasnoB

CaO + H,0 - CaO - |0] + H,
CaO - |0] + C —» CaO + C|O]
C[O] - CO

[1] Baker R.T.K. Metal Catalyzed Gasification of Graphite // Carbon and Coal Gasification. (J.L. Figueiredo and J.A. Moulijn, Eds).
— Dordrecht/Boston/Lancaster: Martinus Nijhoff Publishers, 1986. — P. 231-268.



OTHOCMUTENnbHOE cogepxaHne XmMn4yeCKux aryfieMeHToB Ha MNMOBEPXHOCTU o6pa3u,a,
N3roTtoBJyiIeHHOINro U3 4Yactuu yrna Mmapku b

Mocne nasepHOro BO3AENCTBUSA C MITOTHOCTBIO 3HEepPrum

[10 nasepHOro BO30eENCTBUA oAuHo4Horo nmnynsca 1,95 x/cm? B TeyeHune 104 ¢
Element | Mass% | Error% | Atom% Element | Mass% | Error% | Atom%
C 66,41 (0,09 73,86 C 30,78 0,08 45,82
O 29,19 10,68 24,37 O 32,78 10,20 36,64
Na 0,04 0,20 0,03 Na 0,18 0,11 0,14
Mg 0,15 0,15 0,08 Mg 1,03 0,08 0,76

Al 0,80 0,14 0,39 Al 4,38 0,07 2,90

Si 1,12 0,14 0,53 Si 6,55 0,07 4,17

S 0,44 0,11 0,18 S 0,67 0,05 0,37

K 0,03 0,17 0,01 K 0,40 0,08 0,18
Ca 1,13 0,20 0,38 Ca 12,41 10,09 9,54

Ti 0,02 0,25 0,01 Ti 0,38 0,12 0,14
Fe 0,68 0,47 0,16 Fe 10,44 |0,21 3,34




Pe3ynbraTthbl TEXHUYECKOro aHanu3a
yrrns oo v nocne 4YacTUYHOU AeMUHepanu3auum

Mapka yrns, MectopoXxgeHue, TexHNn4YeCKnn aHanms

pasmep 4acTuu Wa % | Ad, % | Wal %

B, 11,1 | 95 | 514
Tnucynbckoe MecTopoxaeHue,
<100 mMKm

b yacTuyHo 8,3 1,1 46.6

AeMUHeparim3oBaHHbIN,
Tnucynbckoe MecTopoXxaeHue,
<100 mKm

WA — cogepxaHune Bnaru,
A9 — 30MbHOCTD,
Wal — nokasaTtenb Bbixoaa NeTy4Ynx BeLLEecTB.



XnmMmmn4yeckmm coctaB 305bl YaCcTUL, yrna mapku b oo n
nocrie YacTM4HON AeMunHepanmsaumm

[10 peMmuHepanusaymm [locrne yacTnyHom geMmunHepanusaymn
Okeuna Copepxanune, % Okecuna Copepxanue, %
Na,O 0,3 Na,O 3,9
MgO 3,9 MgO 10,9
Al,O, 18,3 Al,O, 16,27
SiO, 26,7 SiO, 20,4
P,O. 0,1 P,O. —
SO, 14,2 SO, 21
K,O 0,6 K,O 1,97
CaO 23,1 CaO 17,9
TiO, 0,9 TiIO, 7,23
Fe,O, 12,3 Fe, O, —




BrnusiHue yacTMYHOM AeMMHepanu3auum yrnemn Ha

3rIeMEeHTHbIU COCTaB UX OpraHn4Yeckou macchbl [1]
XapaktepucTtuka yrreu

Kop o6pasua Texmqem(c)uu ANeMeHTHbIU CoCcTaB, ATOMHOE OTHOLLEHME * — YaCTUYHO
yrns aHanus, % % Ha daf AeMVHepann3oBaHHble
Wea Ad C H (O +N + S) H/C O/C obpasupbl yrnem
1 1,3 20,6 88,5 4.8 6,7 0,65 0,06
1* 1,5 4.0 88,3 4.9 6,8 0,66 0,06
2 1,0 19,8 89,1 4,6 6,3 0,62 0,05
2" 1,5 2.4 88,8 4.8 6,5 0,64 0,05
3 1,1 20,0 89,9 4,5 5,6 0,60 0,05
3* 1,5 4.2 89,3 4.5 6,2 0,60 0,05

PacnpeneneHune kncnopoga no oyHKUNOHANbHbLIM rpynnam

Kop o6pa3ua

®yYHKUMOHaNbHbLIN COCTaB,

Kucnopopa B rpynnax,

yrns Mr-akB/r Ha daf % Ha daf
>C=0 | -COOH —OH «aKTUBHbIX» | «HEAKTUBHbIX»
1 0,222 — 0,126 0,6 6,1
1* 0,389 0,159 0,003 0,8 6,0
2 0,204 — 0,123 0,4 6,0
2" 0,433 0,148 0,102 1,0 5,5
3 0,259 — 0,063 0,4 52
3* 0,352 0,107 0,078 0,7 5,5

[1] ®enoposa, H.WN. n gp. BnmaHue 3051bHOCTN KaMEHHbIX Yrien Ha Ka4eCTBEHHbIE
xapaktepuctukm nx NK-cnektpos // BecTHuk Kysl'TY. —2016. — Ne 2. — C. 111-116.

[Tocne pQemuHepanusaunu yrnemn
He OTMeYyaeTcAa CyWeCTBEHHbIX
N3MEHEHNN B ANIEMEHTHOM COCTaBe
NX OpraHN4eCckon Macchl.

[Mpn Mano3ameTHbIX W3MEHEHUNAX
obLWero coaepXxaHua Kucnopoaa
HabntogaeTca nepepacnpenenexme
B €ero cocrtaee rpynn un dopm.
YBenuyneaetcs KONMYECTBO
Kncropona B «akTMBHoOU» oopme.



A

obpa3sua, N3roToBrIeHHOro U3 YyacTuy,
YaCTUYHO AeMUHEepPanM30BaHHOro
yrna mapku b, nocne nasepHoro
BO34EeNCTBUS C NITIOTHOCTLIO 3HEeprun
oAuHo4YHoro nmnynsca 1,95 x/cm?2 B
TeyeHue 104 c.

YacToTa cnegoBaHnsa MMNyrnbCOB
rnasepHoro nsny4yeHusa 6 Ny
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130 um

Element |Mass% |Error% |Atom%
C 92,35 0,27 94,17
O 7,58 4,22 5,81

S 0,07 0,54 0,03

MwukpodoTorpadus noBepxHocTn obpasua,
N3roTOBMNEHHOIro N3 YacTul, YaCTU4YHO
OeMUnHepann3oBaHHOro yrna mapku b, nocne
nasepHoro BO34encTBmst C YacToTOW crieaoBaHus
MMNYNbLCOB 6 ['L, C NNOTHOCTb 3HEpPrnu
oauHoYHoro umnynesca 1,95 [xx/cm? B TeyeHne
10% ¢, nony4yeHHas B xapakTepUCTUYECKOM
PEHTIEHOBCKOM M3ITy4YEHUN.

KpacHbin uet — C,

3eneHbin uset — O,

CuHUM uBet — S.

OTHOCUTENbHOE coepXXaHne XMMUYECKUX SrIeMeHTOB Ha
NOBEepPXHOCTN obpasLia, N3roTOBMEHHOro U3 YacTUL, YaCTUYHO
AeMUHepann3oBaHHOro yrns Mapku b, nocne nasepHoro
BO3EMCTBUS C NNOTHOCTb SHEPIMM OANHOYHOIO UMMyrbca
1,95 Ox/cm? B TeyeHne 104 ¢



