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APPLICATION OF THERMODYNAMIC ANALYSIS METHODS IN DETERMINING
THE TEMPERATURE OF COMBUSTION PRODUCTS IN THE COMBUSTION
PROCESS OF PYROTECHNIC MIXTURES WITH ADDITIVES OF ORGANIC

SUBSTANCES

Pyrotechnic products of general industrial purpose (lighting products, pyrotechnic infrared
emitters, etc.) are widely used for spectacular events, light and noise effects for cinema and
television.

To increase the ignition efficiency and the stable development of the combustion of the main
charges of multi-component pyrotechnic mixtures, which give special effects (light, color-flame,
thermal, etc.), which are equipped with many general industrial pyrotechnic products, as well as
some pyrotechnic products for special purposes (elements of rocket and space techniques, means of
targeting and monitoring ground and air targets, etc.) are widely used, as well as for some
explosive ammunition [2 - 5], instead of traditional sources of ignition (electric detonator, fire-
conducting rope, electric igniter, fuse-match, etc.) nitrate-metal, the basis of which are compacted
mixtures of metal powders, nitrate-containing oxidizers and technological additives of organic
substances.

Therefore, the purpose of this work is to determine the temperature of combustion products
and the content of high-temperature condensate in them for mixtures of metal fuel powders
(aluminum, magnesium, zirconium), nitrate-containing oxidizer (sodium nitrate) and organic
substance additives (paraffin, stearin, naphthalene, anthracene) using known methods of
thermodynamic analysis

As a result of studies of the temperature and composition of combustion products of
multicomponent pyrotechnic mixtures made from components of nitrate-metal ignition sources, the
following regularities were established the qualitative and quantitative composition of the products

of combustion of mixtures depends most significantly on % and P, while the characteristic ranges of
their changes correspond to a certain composition of the products of combustion of mixtures, while
the amount of organic additives most strongly affects the content of high-temperature condensate in
the products of combustion of mixtures.

Key words: pyrotechnic mixture, fire safety, thermodynamic analysis, pyrotechnic products,
combustion processes, temperature of combustion products.

Formulation of the problem. Nowadays, pyrotechnic products of general industrial purpose
(lighting products, pyrotechnic infrared emitters, etc.) are widely used for spectacular events, light
and noise effects for cinema and television [1-9].

To increase the ignition efficiency and the stable development of the combustion of the main
charges of multi-component pyrotechnic mixtures, which give special effects (light, color-flame,
thermal, etc.), which are equipped with many general industrial pyrotechnic products, as well as
some pyrotechnic products for special purposes (elements of rocket and space techniques, means of
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targeting and monitoring ground and air targets, etc.) are widely used, as well as for some explosive
ammunition [2 - 5], instead of traditional sources of ignition (electric detonator, fire-conducting
rope, electric igniter, fuse-match, etc.) nitrate-metal, the basis of which are compacted mixtures of
metal powders, nitrate-containing oxidizers and technological additives of organic substances. This
is due to the fact that the mixtures used in ignition sources form combustion products with high
temperatures (up to 3000...4000 K) and the relative content of high-temperature condensate (up to
0.5...0.7), which generate heat fluxes on the surface of the main charges of order products
2.1-10°..8.4-10° W/m? which ensures, as numerous field tests show, their reliable operation.
Therefore, during the development of pyrotechnic products, it is necessary to control the high
temperature of the products of combustion of the specified multicomponent mixtures, as well as the
high content of high-temperature condensate in them, which ensure the failure-free operation of the
main charges of pyrotechnic products under the standard conditions of their use.

Analysis of recent achievements and publications. The high burning temperatures of
pyrotechnic mixtures and their chemical activity make it difficult to directly measure the early
mentioned characteristics. Therefore, methods of thermodynamic analysis are widely used to
determine the possible ranges of temperature changes and the composition of combustion products
of mixtures [1-12].

Highlighting previously unresolved parts of the general problem, to which the article is
devoted. As for the considered multi-component pyrotechnic mixtures with organic additives,
nowadays there are no data for such mixtures.

Setting the problem and solving it. Therefore, the purpose of this work is to determine the
temperature of combustion products and the content of high-temperature condensate in them for
mixtures of metal fuel powders (aluminum, magnesium, zirconium), nitrate-containing oxidizer
(sodium nitrate) and organic substance additives (paraffin, stearin, naphthalene, anthracene) using
known methods of thermodynamic analysis

Presentation of the main material of the study with a full justification of the obtained
results. The results of calculations of the temperature of the combustion products of the considered
mixtures (7., K) and their relative content of high-temperature condensate (¢¢) are presented in
Fig. 1 — 5. In this case, the following general regularities of the influence of the coefficient of
excess oxidant in the mixture (), the relative content of the additive of organic matter (¢) and
external pressure (P, Pa) on the indicated thermodynamic parameters for different natures of
metallic fuel, oxidant and organic matter are considered.

Temperature of combustion products.

From the results of the calculations (Figs. 1 — 3), it follows that for all mixtures the
dependence T.(a) has a maximum 7., that is close to a = 1.0. An increase in external pressure
from P = 10° Pa to P = 107 Pa leads only to an increase in the combustion temperature; at the same
time, the position of the maximum on the curve 7.(a) does not change. The effect of the addition of
organic matter, regardless of its nature, leads only to a decrease in the value of 7. without changing
the nature of the dependence T.(a).

Relative content of high-temperature condensate.

Taking into account these calculations (Figs. 4-6) it is seen that the dependences for each
mixture have a complex character with minimums and maximums. At the same time, an increase in
external pressure in the range of 10°...107 Pa, in contrast to the dependence of T.(a), leads not only
to an increase in the value g, (for example, the positions of the minimums and maximums on the
curves change ¢¥¢(q)).

An increase in the value of the addition of organic matter in the mixture leads to a decrease in
the value g, for the entire studied range of changes in external pressure.

Comparing the results of thermodynamic calculations with the obtained experimental data
shows that the difference between them does not exceed 8...10%, which allows them to be used as
engineering calculation methods at the stages of designing and manufacturing ignition sources.
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To check the adequacy of the obtained results, the temperature of combustion products was
selectively measured using special tungsten-rhenium thermocouples [4, 6], as well as the relative

content of high-temperature condensate in them using known methods of X-ray structural analysis
[16].
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Figure 1 — Curve of the dependence of the temperature of the combustion products of a
multicomponent pyrotechnic mixture based on aluminum with sodium nitrate (1) and on the basis of

magnesium with sodium nitrate (2) on the coefficient of excess oxidant: ———— — P =10’ Pa ;
——————— P=10"Pa.
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Figure 2 — Curve of dependence of the temperature of the combustion products of a
multicomponent pyrotechnic mixture based on zirconium with the addition of an organic substance
on the coefficient of excess oxidant; ——F - P=10°Pa; - — — —— — — P=10"Pa.
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Figure 3 — Curve of temperature dependence of the combustion products of a

multicomponent pyrotechnic mixture based on aluminum with additives of organic substances
naphthalene (1), stearin (2), anthracene (3) and paraffin (4) on external pressure
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Figure 4 — Curve of dependence of the temperature of the combustion products of a
multicomponent pyrotechnic mixture based on zirconium on the influence of additives of organic
substances anthracene (1), naphthalene (2), stearin (3) and paraffin (4) on external pressure (0 =

1,0): e =020;—————— — ¢ =0,05.
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Figure 5 — Curve of the dependence of the relative content of high-temperature condensate
in the combustion products of mixtures of sodium nitrate with zirconium (1), aluminum (2) and
magnesium (3) on the coefficient of excess oxidant under the influence of external pressure:

-P=10Pa;——— ———— P=10" Pa.

Conclusions. As a result of studies of the temperature and composition of combustion
products of multicomponent pyrotechnic mixtures made from components of nitrate-metal ignition
sources, the following regularities were established for the first time.

1. The temperature of the combustion products 7. most significantly depends on the
coefficient of excess of the oxidizer and ¢ has maximum values 7, .. = 3400..4760 K at =
0.97...1.05 and pressures P =10°...107 Pa.

2. According to the degree of strengthening of the effect on 7., metallic fuels are located in
the series Mg < Zr < Al, while the increase in external pressure leads only to an increase in T,
values without changing the nature of the dependences T.(a).

3. The introduction of organic substance additives into the mixture leads to a decrease in 7.
values, and also has an ambiguous effect on the nature of the dependence 7.(a): for paraffin
additives ar. na, the position on the curve 7i(a) does not change, but for stearin, naphthalene, and
anthracene additives, it shifts towards the excess of metallic fuel.

4. The qualitative and quantitative composition of the products of combustion of mixtures
depends most significantly on ¢ and P, while the characteristic ranges of their changes correspond
to a certain composition of the products of combustion of mixtures, while the amount of organic
additives most strongly affects the content of high-temperature condensate in the products of
combustion of mixtures.
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Yepracvkuii incmumym nosicexcroi oesnexu imeni I epoie Yoproobus
Hayionanvnoeo ynieepcumemy yusineHoz2o saxucmy Ykpainu

3ACTOCYBAHHA METOAIB TEPMOJUHAMIYHOI'O AHAJII3Y IIPH
BU3HAYEHHI TEMIIEPATYPHU ITPOAYKTIB 3I'OPSIHHA B ITIPOHECI 'OPTHHA
INNPOTEXHIYHUX CYMIIIEHA 3 JOBABKAMH OPT'TAHIYHUX PEYOBHUH

Ilipomexuiuni  8upobu 3a2a1bHONPOMUCIOB020 NPUBHAYEHHS (OCBIMIIIOBANIbHI  8UPOOU,
nipomexuiuni  [4-eunpomintosaui  mowjo) WUPOKO  BUKOPUCTOBYVIOMbCSA 0Nl NPOBEOEHHS
BUOOBUUHUX 3AX0016, CEIMIOBUX MA ULYMOBUX eheKmis O/l KiHO ma menedayueHHs.

Jna niosuwenns egpexmusHocmi 3a20panus ma cmabilbHO20 PO38UMKY 20PIHHA OCHOBHUX
3aps0ie  6A2aMOKOMNOHEHMHUX NIPOMEXHIYHUX Cymiwtel, wo O0alomv Ccneyianvhi egekmu
(ceimnosutl, KOIbOPOBO-NOIYM SIHUL, MENI08ULl MOW0), AKUMU CHOPAONCAIOMbCA  Oa2amo
3a2a1bHONPOMUCTIOBUX NIPOMEXHIUHUX 8UPODIB, A MAKOIHC OesKI NIPOMeXHIYHI 6UPOOU CHeYiaTbHO2O
NpU3HAYeHHsl (eJleMeHmU pPaKemHo-KOCMIYHOI mexHiKu, 3acobu HageoeHHs ma CNnoCmepieaHus 3d
HA3eMHUMU MA NOGIMPAHUMU YIIAMU MOWO) WUPOKO BUKOPUCTOBYIOMbCA, MAKONC AK U OJif
Odesikux eubdyxosux oOoenpunacie [2 - 5], 3amicmb mpaduyiinux Odxicepen 3anantO8aHHsI
(enexmpodemonamop, B802HeNpoGiOHA MOMY3Kd, eleKmMpOCnanlaxyéad, 3anai-CipHuK moujo)
HIMPAmHO-Memanesi, OCHOBOI AKUX € YWINbHEHI CYMIWI 3 NOPOWKIE Memanig, HImpamoeMiCHUX
OKUCHI08AYI68 MA MEXHONI02IYHUX 000AB0K OP2AHIYHUX PEUOBUH.
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Memorto yiei pobomu € 8u3HayeHHA memnepamypu npooOyKmie 320paHHsA ma 8MICmYy 8 HUX
BUCOKOMEMNEPAMYpPHO20 KOHOEHCamy Oasf cyMiuleli NOpowlKie Memaneeux NAibHux (anroMiHiro,
Ma2cHilo, YUPKOHIIO), HIMPAMOBMICHO20 OKUCHIO8AYA (Himpamy Hampiio) ma 000a80K OPeAHIYHUX
peuosun (napaghin, cmeapuwu, Hagmanin, aumpayer) 3a OONOMO2010 BIOOMUX MemOoOis
MepMOOUHAMIYHO2O AHANIZY

B pesynbmami npoeedenux 0ocCnioxcenb memnepamypu ma cKiaoy npooyKmie 320paHHs
06a2amoKoOMNOHEeHMHUX NIPOMEXHIYHUX CYyMiulel 3 KOMNOHEHMI8 HImpamHo-Memanesux odicepei
3ananiO8anHs 6CMAHOBIEHO, WO SKICHULL Ma KLIbKICHULL CKIA0 NPOOYKMI8 320paHHs cymiudel
Hatoinbuw cymmeso 3anexcums 6i0 0 ma P, npu yvomy xapaxmepuum oOianazoHam ix 3miHu
8i0N06i0ae NegHuUll CKIA0 NPOOYKMI8 320paHHs cymiulell, npu YyboMmy HAUOLIbUL CUTbHO GNIUBAE HA
BMICm BUCOKOMEMNEepamypHo20 KOHOEHCamy 8 npoo0yKmax 320panHs Cymiuiell 8euiura Op2aHiyHol
000a8KU.

Kniwowuosi cnoea: nipomexuiuna cymiwi, noogicexcHa Oe3nexka, mepMOOUHAMIYHUL AHAL3,
RIPOMeEXHIYHI 8UPOOU, NPOYeCU 2OPIHHS, memMnepamypa npooOyKmie 320psHHsL.
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