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COMBUSTION PROCESSES OF ALUMINUM POWDER IN PYROTECHNIC
MIXTURES

This paper examines the problem of thermal stability of pyrotechnic mixtures used in
various pyrotechnic products. The main attention is paid to the analysis of the influence of
high temperatures and external pressures on the burning rate and stability limits of these
mixtures. It has been established that an increase in temperature and external pressure can
lead to unstable combustion, creating a risk of explosion. The results of the study indicate the
concentration limits of combustion, within which the process remains stable, as well as the
change in the combustion speed depending on the temperature, the content of the oxidizer, the
size of the metal fuel particles, and the content of organic additives. Further research is
planned to focus on theoretical analysis and modeling of the combustion process in order to
determine safe parameters for pyrotechnic mixtures that will prevent explosive modes.

In addition, the research emphasizes the importance of understanding the influence of
technological parameters on the fire safety of pyrotechnic mixtures. It has been established
that optimizing the composition of mixtures can significantly reduce the risk of unstable
combustion and explosion. In particular, studies show that the correct choice of metal fuel
particle size and concentration of organic additives can provide more stable combustion.
Attention is also focused on the need to further study the influence of external factors, such as
temperature and pressure, on the safety of pyrotechnic mixtures. This work makes an
important contribution to the development of safe practices in the pyrotechnic industry and
contributes to safety in the use of pyrotechnic products.

Keywords: pyrotechnic wares, nitrate-aluminum mixtures, processes of burning of
mixtures.

Formulation of the problem. Pyrotechnic products for various purposes (lighting,
tracers, pyrotechnic IR emitters, fireworks compositions, etc. [1 — 4]) based on compacted
mixtures of metal flammable powders and nitrate-containing oxidizers (for example, mixtures
of aluminum + sodium nitrate, as the most widely used) in practice are exposed to various
types of thermal influences (in case of a fire in warehouses where pyrotechnic products
loaded with charges of the mixtures in question are stored, during transportation with intense
convective heating of their surfaces, or during aerodynamic heating of the metal shells of
products during firing and flight). As a result, under the influence of external heat flows on
the metal bodies of the products, they overheat, which leads to premature ignition and the
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development of the combustion process of mixtures under conditions of increasing
temperatures and external pressures.

Analysis of recent research and publications. This leads to premature operation of
products, their destruction with the formation of high-temperature combustion products,
which fly in different directions at high speeds and are a fire hazard for surrounding objects,
which is presented in Figure 1. Currently, there are no systematic studies of the influence of
these conditions on the speed, formation and development of extreme explosive combustion
modes of mixtures, which complicates the formation of a database on the fire hazardous
properties of pyrotechnic mixtures under conditions of various external thermal influences.

Setting the problem and solving it. Therefore, the purpose of this work is to study the
effect of elevated heating temperatures (7, K) and external pressures (P, Pa) on the rate and
limits of combustion of compacted mixtures of aluminum and sodium nitrate powders with
additives of organic substances (naphthalene, anthracene) for a wide range of changes in
technological factors used in pyrotechnic production (oxidizer excess coefficient &, of
medium particle size of metal fuel powder (d,, um), of relative mass content of organic
substance additives ¢ (naphthalene, anthracene)) and various external pressures (P, Pa),
which determine the limiting, stable combustion modes of mixtures, deviation from which
leads to uncontrolled development of their combustion process (a sharp increase in the
combustion rate or its significant decrease until combustion ceases).

Presentation of the main research material. The components of the mixtures were
produced using technology adopted in pyrotechnic production. Samples of mixtures were
obtained by pressing (coefficient of compaction C. = 0,96...0,98) in metal shells with a

diameter 2:102 m and thickness 8:10* m; At the same time, the press-fit heights were h =
3...4-102 m. Mixtures with an excess oxidant ratio were used ¢ =0,1...1,5.

— gOK / C:Z
(Con/C2)m

where §0’<, Se relative mass fractions of oxidizer and metal fuel in a given mixture;
index “ct” denotes the stoichiometric ratio of components; while the values & <1 correspond
to over-enrichment of the mixture with metal fuel, and when ¢ > 1 the mixture contains an
oxidizing agent in excess, the relative mass content of the organic substance additive in the

mixture € = 0,05...0,20 and dispersion of components dy = 50...306 pm and dn -
100...106 pm. Burning rate U (m/s) samples of mixtures were measured by non-contact
methods using photo sensors, which make it possible to record the beginning and end of

combustion of a sample with the height h and find the average burning rate using the formula

u=—
t (t — sample combustion time). To find the concentration limits of combustion

(combustion limits according to ¢ ): upper concentration limits of combustion #BII" and

lower concentration limits of combustion FHII (*BII < 1 < %HII) transition mixtures
were used, consisting of the same components as the main ones, but with a smaller excess of

aluminum (when determining #BII') or with more content (when determining %HIII).

Moreover, to determine #BII" (similarly #HIII™) the following formula was used:

é’BIYF _ ng ;é’MZ
: 1)

where Sl _ relative mass content of aluminum at which none of the samples taken

for research burns anymore; Sw2 _ relative mass content of aluminum at which all samples
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still burn; SBIOT — relative mass content of aluminum in the mixture, which corresponds to

B0r , Standard metrologically certified equipment was used to conduct the research [4, 7].
As a result of the studies, it was established that for the considered operating ranges of

changes in technological parameters (oxidizer excess coefficient, organic additive content and

dispersion of metal fuel and oxidizer powders) and external factors (heating temperature,

external pressure), the concentration limits of combustion of mixtures #BII" and *HII" (
BIII" — upper combustion concentration limit (the maximum permissible content of metal

fuel in the mixture, at which the combustion process is still stable), *HIII" — lower
combustion concentration limit (the maximum content of oxidizer in the mixture at which the

combustion process does not yet die out)): #B/1I" =0,1...0,20 and *HIII =1,4...1,5.

In order to study the general nature of dependencies behavior U(TO) for mixtures at the
considered values of technological parameters and external factors, the indicated

dependencies were studied in the range of variation ¢ : Bl < @ < @HII" | This was due to

the fact that in practice mixtures with values @ , which are close to #BIII" or *HIII" are not
used due to their obvious instability under external thermal influences.

All the patterns of behavior of dependencies established below U(TO) are obtained for

the first time and can be used as part of a general database on the formation of fire hazardous
properties of mixtures under conditions of external thermal influences.

The influence of the oxidizer excess coefficient, the dispersion of the metal fuel and
external pressure on the dependence of the combustion rate on the heating temperature. From
the data obtained, the main ones of which are presented in Fig. 1 — 4, it follows that the
increase 7p from 293 K to 800 K leads to an increase in combustion rate by 1.4...2.6 times;

with increasing 7, dependence U(TO) amplifies 1.2...1.4 times.
In addition, an increase in the oxidizer excess coefficient leads to a decrease in the

combustion rate and a noticeable weakening of the dependence u(TO): increase ¢ from 0,15
to 1,5 leads to a decrease in the combustion rate by 3.9...4.1 times and a weakening of the

dependence u(To) by 1.5...1.7 times.
Reducing the dispersion of metal fuel powder leads to an increase in the combustion

rate and an increase in the dependence u(TO): decreasing values 4y from 306 pm to 56 pm
leads to an increase in the combustion rate by 2.1...2.4 times and an increase in the
dependence u(To) by 1.3...1.5 times.

An increase in external pressure leads to a significant increase in the combustion rate

and an increase in the dependence U(TO) for all studied ranges of change ¢, A and dy :
change in external pressure from 10° Pa to 10’ Pa leads to an increase in the combustion rate

by 1.9...2.2 times and an increase in the dependence U(TO) by 1.2...1.4 times.
Introduction of organic additives into the mixture in amounts up to ¢ =0,20 leads to a

decrease in the burning rate by 1.5...3.6 times and a weakening of the dependence U(TO) by
1.1...1.3 times: for example, an increase in the amount of additive from ¢ =0,05to ¢ =0,20
leads to a decrease in the burning rate by 1.5...1.8 times for the addition of naphthalene and

2.9...3.3 times for the addition of anthracene, as well as a weakening of the dependence U(TO)
for all additives 1.15... 1.20 times.
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Figure 1- The influence of the dispersion of metal fuel powder on the dependence of
the combustion rate of stoichiometric mixtures of aluminum + sodium nitrate on the heating

temperature at external pressure P = 10° Pa (¢ = 1,0, dN =106 pm): 1 — dy = 56 um; 2 —
i =105 um; 3— 9 = 179 um; 4 — 9 = 306 um
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Figure 2 — The influence of the dispersion of metal fuel powder on the dependence of
the combustion rate of stoichiometric mixtures of aluminum + sodium nitrate on the heating

temperature at external pressure P = 10" Pa (¢ = 1,0, dN =106 um): 1 — dy = 56 um; 2 —
4y =105 um; 3— 9 =179 ym: 4— 9u =306 um
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Figure 3 — The influence of naphthalene additives on the dependence of the
combustion rate of stoichiometric mixtures of aluminum + sodium nitrate on the heating

temperature when P = 10° Pa (¢ = 1,0, dn - 106 um): 1 — Ay = 56 um; 2 — dy = 179 um;
— mixture without additive; — — — — — — € =0,20
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Figure 4 — The influence of anthracene additives on the dependence of the combustion

rate of stoichiometric mixtures of aluminum + sodium nitrate on the heating temperature
when P =107 (@ = 1,0, IN =106 ym): 1— 9% =56 pm: 2 - 9% = 179 um;

— mixture without additive; - — — — — — € =0,20

Conclusions. As a result of the research, the following patterns were established:

—combustion concentration limits were determined #BII" = 0,1...0,2 and FHII =
1,4...1,5, within which the combustion process of mixtures is stable and quasi-stationary;
—increasing 7o from 293 K to 800 K leads to a significant increase in the combustion

rate within 1.4...2.6 times and an increase in the dependence U(TO) by 1.2...1.4 times; at the

same time, an increase in the oxidizing agent content in the mixture from %BIII" to *HIII
leads to a decrease in the burning rate by 2.6...2.9 times and a weakening of the dependence
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d

U(TO) by 1.5..1.7 times; increase in magnitude ~* from 56 pm to 306 um leads to a

decrease in the burning rate by 2.1...2.4 times and a weakening of the dependence U(TO) by
1.3...1.5 times; increase in external pressure from 10° Pa to 10’ Pa leads to an increase in the

combustion rate by 1.9...2.2 times and an increase in the dependence U(TO) by 1.2...1.4 times;
—increasing the relative content of organic additives in the mixture (naphthalene,
anthracene) from 0.05 no 0.2 leads to a decrease in the burning rate by 1.5...1.8 times and a

weakening of the dependence U(TO) by 1.15...1.20 times.

In further research, it is planned to consider the issues of theoretical analysis and
modeling of the combustion process of multicomponent pyrotechnic mixtures in order to
predict the permissible ranges of changes in the technological parameters of the initial
mixture (ratio of components and their dispersity) and parameters of external thermal
influences (heating temperature, external pressure), which do not lead to the occurrence of
unstable, explosive regimes of combustion of mixtures.
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IPOLIECU I'OPIHHS MOPOILKIB AJTIOMIHIIO B CKJIAAI HIPOTEXHIYHUX
CYMIIIEN

YV oaniti pobomi pozensioacmucs npobaema mepmiunoi cmabiibHOCMI NIPOMEXHIUHUX
cymiwen, Ki BUKOPUCMOBYIOMbCS 8 PISHOMAHIMHUX nipomexHiuHux eupobax. Ocrhosna ysaza
NpUOINAEMbCL AHANI3Y BHIUBY BUCOKUX MeMnepamyp ma 308HIWHIX MUCKI8 HA WEUOKICMb
20pIHHA ma Medxci cmilikocmi yux cymiwei. Bcmanosneno, wo nioguuents memnepamypu ma
308HIUHLO20 MUCKY MOXCE NPU38eCmu 00 HeCmabibHO20 2OPIHHA, WO CMBOPIOE PUSUK 8UDY-
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xy. Peszynomamu 0ocniosxcenus 6xazyionmv Ha KOHYEHMPAYIUHI MedHCi 20PIHHS, 8 MeHCax AKUX
npoyec 3anUuaEmscs CMadiibHUM, a MAKONC HA 3MIHY WEUOKOCII 2OPIHHA 8 3ANeHCHOCMI
8i0 memnepamypu, 6Micmy OKUCI08ayd, POMIpYy 4aCMUHOK Memanie8o2o Naiued ma Micmy
opeaniunux 006asok. Ilooanvuti 00CAiONCEHHSA NIAHYIOMbCS 30CEPeOUmMU HA MeopemuyHOMY
aHanizi ma Mooen08aHHi npoyecy 20PiHH 3 MEeMoi0 GU3HAYEHHS Oe3NeYyHUX Napamempis Ois
nipomexHiuHux cymiwetl, wo 3anodieamumyms uOYXoHeOe3neuHUM PedCUMAM.

Oxpim moeo OpocniodcenHss NIOKPeCcioe GaANCIUBICMb DO3YMIHHS 6NIUBY MEXHO-
JIOCIYHUX NApaAMempie HA NOJNCEeNHCHY Oe3neKky nipomexnHiyHux cymiweu. Bcmanoeneno, uo
OnmuMizayis CKaAady cymiwiell MOJce 3HAYHO 3HUBUMU PUSUK HeCcmadilbHOo20 20pIiHHA ma
8ubyxy. 30kpema, 00CniOANCeHHs NOKA3YIOMb, WO NPASUILHUL 8UOID PO3MIPY YACMUHOK Me-
Mmanesoeo NAIU8a mMa KOHYeHmpayii OpeaHiuHux 000a80K Modce 3abesneqyumu Oinbud
cmabinvhe 2opinna. Taxoow akyeHmyemvcs y8aea HA He0OXIOHOCMI NOOANLUIO2O BUBYEHHS
BNIUBY 308HIUUHIX (PAKMOPI8, MAKUX K MeMnepamypa ma muck, Ha 6e3nexy nipomexHiuHux
cymiwet. [{a poboma Hocums 8adxciuguil 6x1a0 y po3pooKy be3neuHux npakmux y nipomex-
HIYHI [HOYCmpii ma cnpusie 3a0e3nedenHio 6e3nexku npu GUKOPUCMAHHI NUPOMEXHIYHUX GU-
pobis.

Knrwowuoei cnosa: nipomexnuyni upoobu, Himpamuo-antoMiniesi cymiui, npoyecu 2o-
PIHHA cymiwel.
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