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Introduction
New perspectives for development of the physics of combustion of different systems can be related
with the ideas of the thermal model of layer-by-layer propagation of the front of exo- and endothermal
transformations of reagents [1], beginning in a zone of heating (further named a heat absorption zone
HAZ) and coming to the end in a reactionary zone (a heat emission zone HEZ) with formation of the
heated up gaseous and condensed substances (end-products). As one can see in the work [1] the
fractional-linear equation, which comes out from this model, has some important advantages over
parametric equations obtained on the basis of theoretical ideas of the thermal model of propagation of
the wave of an exthotermal reaction. These advantages include extrapolation properties of the equation
as well as thr accuracy and completeness of description of the multifactorial experimental laws of
propagation of the burning front of any systems. In particular: descriptions of experimental
multifactorial laws of speed of flat front exo-and endothermal transformations of reagents into charges
condensed substances CS with the help of the parametrical fractional-linear equation; revealings of
mechanisms of thermal and material interaction on border of unit HEZ and HAZ; the decision of a
task of forecasting of experimental values RPFC and its derivatives in the expanded ranges of change
of diverse factors; establishments critical values of influencing factors, near to which exists or a limit
of going out (the terminations of distribution of front) of combustion of charge CS or a limit of
transition of burning of a charge in explosion (changes of a stationary mode of distribution of front of
burning on accelerated); The analysis of stability stationary RPFC in charge CS as in the cases
connected to joint small indignations of influencing factors, and in case of significant indignation

(sharp change) separately taken factor (see Figure 1).
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Fig. 1. Correlation of measured and settlement values RPFC for multifactorial dependences:
a)-m [h (u), p, d] nitroglycol [3]; 6) and c)-u [h (u), P, X, &x] CTT [4]; 1), e) and x)-u [h
(1), X, §] CTT [5]; 3)-m (P, rw) mixes oow-o,1kcio4 [6]; ¥)-u (T4, P, d, p, iTa, &) mixture 0,938Ta
(2mxm) +0,062C (0,1) + ETaC [7].



Let's consider opportunities of the description of multifactorial experimental laws of burning
rate with the help of the parametrical fractional-linear equation. As an example we shall consider
dependence u (Ty, p, p, X) for mix W+KCIlOy4 [8] which mechanism of burning in opinion of authors is
determined by exotermal reaction in condensed phase (HAZ). However at values of parameters ap=1;
a1=7,219; a,=-21,952; a3=169,635, by=8,107; b;=0,179; b,=-2,232; b3=16,275 and h(T,)=0,016T,,
providing a deviation{rejection} of the measured burning rate of charges from calculated with factor
of correlation R=0,9968 the mechanism of thermal influence, for example pressure, upon burning rate
corresponds to a dominating role exotermal reaction in gas phase (HEZ). In this case experimental
dependence u (Ty, p) the family of monotonously growing curves U (p), right branches being equal

sides hyperboles with negative factor of return characterizes proportionality (fig. 2a).
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Fig. 2. Forecasting of influence of initial temperature of a charge for dependence of
burning rate of a mix 0,74W+0,26KClO4 from pressure of nitrogen at d=5mm and p
=5,59r/sm3 in coordinates: a) - p, U; 6) - Ty, p, U.

Thus limiting value of burning rate which determines position of the common (not dependent
on initial temperature and other influencing factors) acumnrotsl, is equal 40,305 mm. According to
parametrical dependence u (Ty, p) with increase in initial temperature burning rate of a mix increases.
The image of values of burning rate by set of points in spatial system of coordinates (fig. 26) gives
evident representation about joint influence on burning rate of continuously varying factors.

The dependences shown on fig.2 , as well as the data of the analysis of connection u (T4, p, P,
x) will well be coordinated to experimental data [8].

From fig.3a it is visible, that dependence B,(T.,p) is characterized by family of monotonously
decreasing curves, which are sites of family of the right branches hyperboles with equal sides (with the
common horizontal acumnToTol, conterminous with an axis of abscissas, and vertical acumnror which

position on an axis of abscissas depends on value of initial temperature) with positive factor of return



proportionality. At any pressure with increase of initial temperature of value B,(Ty,p) increase. From
family of the curves shown on fig.36, it is visible, that at high initial temperatures (Ty=393 K) and low
pressure (close to atmospheric) values B,(Ty,p) are accepted with the big values.
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Fig. 3. Forecasting of influence of initial temperature of a charge for dependence of
temperature factor of burning rate of a mix 0,74W+0,26KClO4 from pressure of
nitrogen at d=5mm and p =5,59 r/sm3 in coordinates: a) - p, Br(Twp); 0) - Ty, P,

BT(TH’p)

The set of values Br(Ty,p) represented on fig.3 for the investigated range of change of initial
temperature T, and the expanded range of change of pressure (1<p<100 kg/sm?) testifies, that smaller
sensitivity of burning rate joint change of influencing factors corresponds to low initial temperature
(T,=133 K) and to high value of pressure (p=100 kg / sm?), and high T,,~393K and p=100 kg / sm’.

Thus it is possible to approve, that in the field of the raised{increased} initial temperatures
and the lowered pressure infringement of stationary burning of a charge of the mix, connected with
thermal influences, can result in his{its} transition in explosion, and in the field of low initial
temperatures and high pressures-k to going out.

From fig.4a it is visible, that with increase of pressure and initial temperature of a charge
sensitivity of burning rate to baric influences is reduced. Thus influence of initial temperature on size
baric sensitivity of burning rate is connected to negative influence of increase of initial temperature of

a charge on baric sensitivity of change enthalpy reagents in HAZ, determined by the

| b
equation B} (T,..P) == 55 poR(T)
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Fig. 4. Forecasting of influence of initial temperature of a charge for dependence baric factor of
burning rate of a mix 0,74W+0,26KClO4 from pressure of nitrogen at d=5mm and p =5,59
r/sm3 in coordinates: a) —p, Bp(Twu,p); 6) — (Ty, p), Br(Tw,p).

It is necessary to pay attention also, that Bp(Ty,p) with increase of pressure the size accepts
final values at p=0: at T,=133 K Bp=1,86 sm’ / kg; at T,=393K Bp 1,76 sm’ / kg. Insignificant
weakening influence of increase of initial temperature on baric sensitivity of burning rate is visible
also from fig.40.

Thus, influence of baric influences on burning rate is limited.

As influence of initial temperature and pressure upon relative factors temperature and baric
sensitivity of burning rate CS are determined by connections: vi(Typ)=TuP«(Tup) and
Vo(Tu,p)=pBp(Tw,p) the description of these characteristics family of the curves shown on fig.5a and 6a,
and also set of values of relative factorial factors of the speed represented in spatial systems of

coordinates on fig.56 and 60, is excessive.

However it is necessary to pay attention to extreme character of dependence 1p (14, p), having

the maximal value vy.x dependent on initial temperature. Position vy.x corresponds{meets} to size of

pressure pymax, also a charge dependent on initial temperature and calculated under the formula:

Py =+/0,5288(42,8526 - 0,0893T,,) . (1)



Fig. 5. Forecasting of influence of initial temperature of a charge for dependence of
relative temperature factor of burning rate of a mix 0,74W+0,26KClO4 from
pressure of nitrogen at d=5mm and p =5,59 r/sm3 in coordinates: a) — p, v«(Tu,p);

6) - (THJ p)’ VT(THap)'
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Fig. 6. Forecasting of influence of initial temperature of a charge for dependence relative baric
factor of burning rate of a mix 0,74W+0,26KC104 from pressure of nitrogen at d=5mm
and p =5,59 r/sm3 in coordinates:

a) —-Pb, Vp(Tﬂﬂp); 6) - (TH: p): Vp(Tﬂsp)'

From it is visible, that with increase in initial temperature of a charge position vmax 18
displaced aside the lowered values pressure (fig. 6a); value vimax 1s simultaneously reduced also,

The analysis of above mentioned analytical dependence u(Ty,p,p,x) allows to receive
representations about influence on stability of burning rate and other factors. In particular from this

dependence follows, that at reduction of density of a mix burning rate of a charge increases, and the
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temperature factor is reduced; an opportunity of going out of burning of a charge of a mix at
atmospheric pressure and room temperature in case of decrease of the contents of tungsten up to
x=0,5.

Bases of the common method of forecasting of

Stability stationary RPFC in charges CS

Use of the fractional-linear equation in the decision of fundamental problems{tasks} of
stability stationary RPFC in charges CS opens new ways of increase of reliability of functioning of
pyrotechnic means and safety of their application. As a quantitative criterion of stability RPFC in
physics of burning the size of relative change RPFC frequently is accepted. For example, forecasting
of going out of burning of charges of gunpowder’s, explosives, solid propellants, etc. at reduction of

diameter is carried out on size of the attitude{relation} of adiabatic RPFC to RPFC in a charge (with

limiting value of diameter) which is accepted equal Je=1,67.

The general{common} way of an estimation of stability offered{suggested} here stationary
RPFC in charges CS also is based on values of relative size RPFC but which, being dependent on
changes of all influencing factors, is determined by the equations (2) and (3). These equations allow to
estimate values relative RPFC in charges CS at anyone (both at small, and at significant) indignations
of influencing factors.

For an example we shall consider the elementary case of joint influence of small relative
changes of working factors on size of relative change RPFC. If we shall take advantage of an
assumption about equality of possible relative changes of influencing factors:

Sh_op_5d_dp 8% 5 _bs,
h(T,) p d p x & s

factorial indignations we shall find relative size:

=0, where ® - the characteristic of a possible level of

om
O m[h(TH),p,d,p,X,é,SK]

=VptV, + VeV, Vv F VeV, (2)

Which is the algebraic sum of dimensionless factorial factors of burning rate and can be accepted as a
quantitative measure of stability stationary RPFC in a charge. Influence of all set of various factors on
stability stationary RPFC in examined mixes can be investigated numerical methods. However
evident representation about influence of pair combinations of any factors on stability RPFC can be
received from graphic representations in flat and spatial systems of the coordinates shown for an

example on fig. 7-12.
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Fig. 7. Forecasting of influence of initial temperature of a charge and pressure of nitrogen upon
size of stability of burning rate of a mix 0,74 W + 0,26 KCIO4 to small indignations ® at
d=5mmM and p =5,59 r/sm3 in coordinates:

a) -b, Au/ (G) u (TH: p)’ 6) - (THo p): Au/ (G) u (TH: p)
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Fig. 8. Forecasting of influence of change of initial temperature of a charge for size
of stability of dependence of burning rate of a mix 0,938Ta (2mxm) +0,062C
(0,Imxm) from the contents of additive to small KT indignations ® at
Par=2,25atm, d=15mm, p =5,37 g/sm3 and f=0 in coordinates: a) - £, Au/ (®-
U ATy, 8); 6) - (ATs, &), Au/ (O U (AT,, &)).
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Fig. 9. Forecasting of influence of diameter of a charge on size of stability of
dependence of burning rate of a mix 0,938Ta (2mxm) +0,062C (0,1mMKMm)
from the contents of additive KT to small indignations ® at AT,=0K,
pa=2,25atm, p =5,80 g/sm’ and f=0 in coordinates: a) - &, Au / (©3- u (d,
§); 6) - (d-1, ), Au/ (6 u (d, §)).
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Fig. 10. Forecasting of influence of pressure of argon on size of stability of
dependence of burning rate of a mix 0,938Ta (2mxm) +0,062C (0,1mMKMm)
from the contents of additive KT to small indignations ® at AT,=0K,
d=15mm, p =5,37g/sm’ and f=0 in coordinates:

a) - &, Au/(®" U (par, €)); 6) - (Par, &), Au/ (O- U (par, §)).
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Fig. 11. Forecasting of influence of density of a charge on size of stability of
dependence of burning rate of a mix 0,938Ta (2mxm) +0,062C (0,1MKM™m)
from the contents of additive KT to small indignations ® at ATH=0K,
par=2,25at™, d=15mm and f=0 in coordinates:

a) - & Au/(0-u(p, 9)); 6) - (p, &), Au/ (O-u (p, &)).
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Fig. 12. Forecasting of influence of dispersiveness of a powder of tantalum on
size of stability of burning rate of a charge of a mix 0,938Ta (2mkm)
+0,062C (0,Imxm) from the contents of additive KT at ATa=0K,
pa=2,25atm, d=15mm and p =6g/sm’ in coordinates:
a)-& Au/ (0 -u(f,§)); 6) - (f, &), Au/(© u (f, 9)).
Let's pay attention, that from (1) it is easy to receive the common expression describing

influence of various factors on size of the relation man/mmp, frequently used for an estimation of

going out of charges of gunpowder’s, explosives, solid propellants, etc.:
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=2

an _ 1
ap B aS/dnp ' (3)

=

+
a0 +a1p+a2p+a3x+a4§+3550+a6Sr +a7Sg

For confirmation of individual dependence (3) values Uy, and U,,, burning rate determined
from the experimental law u(d) are usually used, which is graphically represented monotonously
growing (with increase in diameter) a curve with "saturation". At carefully spent experiments value Uy,
with comprehensible accuracy can be found on measured burning rate near to a limit of burning.
However definition u,; is based on the qualitative reasons supposing, that value of adiabatic
temperatures in a zone of burning is reached at final value of diameter, burning rate of a constant

becomes higher which ("is sated), i.e. from the ratio To;= lim T.(d), follows, that u,,= lim u(d).
d—dyac d—d, .

Reliability of these assumptions can be proved only by the analysis of theoretical dependence

U= lim u(d) which corresponds to strict concept Ta= lim T.(d). According to expression (3)
d—o d—o

presence of size U, (0or M,y,) is unessential.

From the equation (3) follows, that the initial temperature of a charge does not render
influence on size of the relation m,,/m,, which essentially depends on character of heat exchange HEZ
with an environment. In case of heat removal from HEZ (i.e. at presence heat loss ag <0) the relation
m,,/myp> 1, and in case of a supply of heat in HEZ (ag> 0) this attitude {relation} becomes less than 1.
Besides the equation (3) predicts influence of factorial components of the maximal density of a
thermal stream on size m,,/my,. Calculation on the equation (3) has shown, that value of the relation
Ua,/Upp for charges of a mix 0,938Ta (2 microns) + 0,062C (0,1 microns) [7] at pressure pa~=2,25 atm
is equal 1,37, and at pa=0,1 arm appeared equal 1,681 (this value does not correspond to
representations of the theory of burning of gasless systems.

Thus, the analytical method of the decision of practical problems{tasks} of stability of
burning rate of charges concrete CS can be uniform.

In summary we shall note, that experiment was and remain a source of fundamental results of
a basis of perfection existing and development new CS. In this connection, creation of methods of
analytical forecasting of value of burning rate and its derivatives, and also the estimation of a role exo-
and endothermal transformations into the mechanism of burning concrete CS at use limited (up to a
minimum) volume of experimental researches (experimental basis), is an actual direction of applied
development of physics of burning CS. In this connection development of the common theory of
burning CS and in knowledge of the mechanism and laws of burning can promote methodology of its
effective utilization both reduction of volumes of expensive experimental researches, and increase of
reliability of functioning of pyrotechnic means.

The considered examples of forecasting of skilled values of burning rate with the help of the

fractional-linear equation confirm a real opportunity of creation of the common quantitative theory of
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burning of CS which opens new opportunities of the analytical decision of the big spectrum of
experimental problems: the description of experimental laws RPFC in charges CS; definitions of
burning rate in the expanded ranges of change of influencing factors; estimations of joint change of
influencing factors for burning rate and its derivatives; an establishment of conditions of stability
stationary RPFC; substantiations of ways of purposeful regulation of burning rate, its dependence on
all set of influencing factors, etc.

In this report the author has examined the elementary models of thermal influence of
different factors on the rate of propagation of the burning front (RPBF) with exo- and endothermal
transformations of the reagents (see the Table 1). RPFC in charges CS on the one hand it is
determined by factorial exo-and endothermal components of the maximal density of a thermal stream
gm transferable{tolerable} of HEZ in HAZ, and with another factorial exo-and endothermal
components of maximal enthalpy of reagents h,, in HAZ. Influence of these components on change
RPFC essentially depends on a combination exo-and endothermal components qn, with exo-and
endothermal components hp, (tab. 1).

Table 1.

EMTI factorial components qm, and hy, for speed of distribution of burning in charges CS

Types EMTI Values of factorial components of
enthalpy of reagents hp,. Density of a thermal stream qm
| endo (bifi> 0) * exo (aff> 0) -
[l endo (bifi > 0) endo (aif; <0)
11 exo (bifi <0) exo (affi> 0)
\Y €X0 (bifi <0) endo (aifi <0)

*-aifi, bifi - the common designation of diverse factorial components gm and hp,

From tab. 1 it is visible, that features of action of diverse factors on RPFC can be
characterized four elementary models of thermal influence-EMTI. The combinations of factorial
components resulted in tab. 1 qm and hy, are a physical basis of possible{probable} thermal models of
distribution exo-and endothermal transformations of the reagents proceeding in zones of absorption
and allocation of heat, i.e. in HAZ and HEZ. These elementary thermal models allow to reveal a role
factorial exo-and endothermal transformations into formation of characteristic laws RPFC in charges
CS.

In particular, at a combination of components qm and hy, which takes place in EMTI-I,
exothermal transformations of reagents in HEZ render raising action on RPFC, and endothermal
transformations in HAZ-lowering. Influence of the corresponding factor on RPFC in this case grows
out opposite action of transformations of reagents dependent on it in HAZ and HEZ. Owing to
opposite action of components qm and hy, character of factorial dependence RPFC is determined by a
role dominating (bringing the greatest contribution to change of speed) transformations of reagents.
For example, with increase in value of the influencing factor at a dominating role of exothermal

component gm RPFC will grow, and at a dominating role of endothermal component hy,.to decrease.
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At joint influence of components Qm and hp, inherent EMTI-II, action endothermal
transformations of reagents in HEZ and HAZ on RPFC is only lowering, i.e. influence of the factor
on RPFC in the given thermal model is caused by synergism of endothermal components g and hp,.
In this case lowering action of the factor on RPFC is the strongest.

As against EMTI-II the influence rendered on RPFC by exothermal by transformations of
reagents in HEZ and HAZ EMTI-III is raising. Due to synergism of endothermal components qn, and
hm, raising action of the factor on RPFC and in this case is the strongest.

On character influence of components qn and hy, on RPFC in charges CS concerning to
EMTI _ IV, is opposite. With increase in influencing factor RPFC in charge CS increases in case of a
dominating role of the exothermal component hy, and decreases in case of a dominating role of the
endothermal component Q.

Practical and theoretical interest represents use EMTI as a basis of classification CS on

property of similarity of factorial laws RPFC.

The common laws of speed RPFC in charges CS at Ta=293K.

For forecasting common laws RPFC in charges CS at combinations of factorial components
gm and hp, adequate established above EMTI, it is enough to consider properties of the simplified kind
of the parametrical fractional-linear or hyperbolic equations containing only one generalized factor f;
(the index i which can concern to the physical nature of the investigated factor: to initial temperature,
pressure, density, etc.). In this case at T,=293K (i.e. value of initial temperature CS at which the
enthalpy of components, and, hence and mixes, is accepted equal to zero) from the fractional-linear
equation it is received parametrical one-factorial fractional-linear dependence:

a, +a;f;

m(fi)=———-,
&) b, +b,f;

4

which always can be resulted in a kind of the parametrical equation of hyperbolic type:

b
f.+c

1

m(fj)=a+

()

a,b.c, which are connected with parameters a, aj, By, B; expressions (4) parities{ratio}:

Parameters a,b and ¢ of dependence (5) determine not only geometrical properties of
dependence m (fi), but also are physical characteristics of laws RPFC in charges CS. In particular, the
parameter a, being the characteristic horizontal acumnroTsl hyperboles (5), on physical sense

corresponds to limiting value RPFC in charge CS (i.e. flim m(f;)=a); the parameter b (factor of return
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proportionality) determines an accessory of dependence m(f;), to growing or decreasing function: if
b> 0 dependence (5) is decreasing, and at b <0-growing; the parameter with, being the characteristic
vertical acumnToTsl hyperboles (5), has the special physical sense connected to critical value of the
factor fi=-c, with, at which dependence m(f;) has break of Il sort (i.e. dependence m(f;) at fix=-c has
no neither left and nor the right final limit). On physical sense the fact of absence of the left and right

final limit means, that near to critical value of the factor fiy=-c existence of two phenomena is

inevitable: the phenomena of going out og the burning of a charge (when . lirngo m(f;)=-coinacaseb
i>—

<0, and when ] lirg m(f;)=- in a case b> 0); the phenomena of transition of normal burning in
i>—-C—0

explosion (when lim m(f,)=+coinacase b <0 and when lim m(f;)=+o0 in a case b> 0).
fi>-C—0 fi>-C+0

Full representations about critical values of diverse factors should be based on results of the
analysis of the derivative equations (4) and (5). At critical values of factors these derivatives are equal
to zero or do not exist. For an example we shall find critical values of factors of dependences (4) and
(5). Their full derivative will consist of two composed, connected with HEZ and HAZ.

dInm(f;
Vﬁ(fi):thgl) =Vearg () +Vesm (), (7)

af f %l
where vy (f)=—r=gt—=1-g1—=1- 1 (8)
B*af fil"'fi T?*fi 1+%§i
b,
b.f. f b
_ ii _ i _ i 1
Vst (f) = b0+b.f. = El =-1+ by 1+—b.f. 9
i +f. 20+, I+
bi ' bi 1 bo
f.
A% )= 1 =1- 1 , 8’
f,3TB( i) fi+c+b " f (8"
a otb
f.
Vst (f1) == f-II-C =-1 +—lf . 9"
' I+

From the equations (8), (9) and (8 '), (9 ") follows, that the full (total) derivative does not

exist at two critical values of the generalized factor:

=z

a
2=+ and fygm=—gi=-c.  (10)

i

fiare =

The critical value of the factor corresponding to a root of the equation concerns to stationary

value fic=0, at which v ¢35 (fi) =V (fi) -

14



It is necessary to pay attention, that dependence m(f;) has break of Il sort only at critical

value of the factor fikHAZZ—%Z-c At fikHEZZ—%Z-(ch%) its value m(fixgez) =0, i.e. dependence
; i
m(f;) can have one point of crossing with an axis of abscissas.

Let's consider characteristic dependences m(f;), determined for charges CS concerning to
typical EMTI.

The important characteristic of examined below generalizing dependences is the area of their
definition at which finding of usual ways it is necessary to take into account in addition and ranges of
change of the influencing factors, connected with their physical essence. For example, in baric
dependences m (p), pressure concerns to the factor of external physical influence on RPFC in charges
CS, and therefore can change in a semilimite range from 0 up to +oo. However, as shown below, this
range of change of pressure can not fully comply with a real range of definition of dependence m(p).

Generally the range of definition of dependences (4) and (5) should be from conditions
corresponding to a range of definition of an inequality m(fj)> 0 in view of a range of physically
possible{probable} change of the influencing factor. In particular, the range of definition of
dependence (4) should be established by conditions:

agta;fi>0, botbifi>0; agta;f;<0, by+b;f;<0. (11)
Taking into account a range of possible change of physical size fi.

For EMTI-I (i.e. at a combination exothermal component gm with endothermal component

hm) values of parameters a;, and b; are positive, i.e. a;> 0, and bj> 0. In a case positive values of

constants ay and By the range of definition of dependence (4) according to (11) can be characterized by

an inequality fi=0. However in the found range of definition parameters a and ¢ of the hyperbolic
equation (5) also will be positive, and value of parameter b, according to parities{ratio} (6), can be as

o . o . a, b
positive (in case of a dominating role of endothermal component hp, i.e. when —0>b—0), and

a; i

. o . b
negative (in case of a dominating role of exothermal qn, i.e. when %o b—o ).
a; i
In case of positive values of parameters a, b and c of the hyperbolic law (5) dependence
RPFC in charges CS from diverse factors should be characterized by a site of monotonously

decreasing right branch paBroO0uHOIT hyperboles with the camber directed downwards (fig. 13a).
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Fig. 13. Factorial dependences: a)-m(f;) and 0) - v(f;) for charge CS, predicted EMTI-I at dominating
endothermal component hy, (b> 0).

With increase in value of the factor f; the size m(fj) decreases, coming nearer to limiting
value a which determines position of horizontal acumnToTsl. In an examined range of definition (f>0)
dependences (5) horizontal acumntora is the bottom border of values RPFC in charge CS. Values
RPFC in charge CS have as well the top border which is determined by a point of crossing of the
schedule of dependence (5) with an axis of ordinates, i.e. value of dependence m(f;) at fi=0 which is
equal m(0). Thus, in an examined range of change fi dependence (5) should be limited both from
below, and from above. Approximately the range of change RPFC can be characterized an inequality:
a<m(fj)<m(0). The best way of a finding of the specified value of bottom limit RPFC is experimental,
connected with measurements of values m(f;) near to a limit of going out. However the decision of
this problem can be practically interesting on the basis of analytical estimations of extreme value of a

factorial derivative v (f;).
As ‘vaTB (fi)‘S‘vam (fi)‘ according to dependence (7) sensitivity RPFC change of the
factor fj is characterized by an inequality v (f;)<0. It is easy to show, that dependence vy (f;) is

extreme (fig. 130). Position of a minimum of a derivative f;, is determined with formulas:

a, b
f, = /a_?.b_(_):,/cmg) (12)

For calculation of the minimal value of a derivative ratio can be used:
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Critical values fixyrz and fikuaz according to expressions (10) are sizes negative, i.e. not
belonging to a range of definition of dependences (4) and (5). Thus the point fixypz belongs to the left

branch of a hyperbole, and, hence, cannot be connected with the phenomenon of going out of burning
of charges which on experimental data is realized at the limiting values f;| belonging to the right

(working) branch of a hyperbole. The analysis of conditions of going out of burning of charges CS

belonging EMTI-I at dominating endocomponent hy,, testifies to existence of natural conformity
between f; and f,, ,allowing to assert{approve}, that going out charges CS it can occur and near to
position of a minimum of a factorial derivative. Thus the actual range of definition of dependence (5)

represents the limited set 0<fi<f.”

1 ?

in which change RPFC is more precisely characterized by an

inequality m( f; )<m(f})<m(0).

In tab. 2 and the subsequent tab. 3-7 for charges CS and other condensed systems are
resulted received by a method of the least squares of value of parameters a,b and ¢ of hyperbolic
dependence (5) (values of these parameters for mass RPFC are resulted in parentheses).
Characteristics of components of mixes are specified also: the numbers placed in parentheses after
names or a chemical symbol of a component correspond to the size of its particles in a micron (and on
occassion, to number of apertures on lcm in cutax, used at disperse of components); the numbers
facing to the name or a chemical symbol of a component characterize its contents in mass fractions for
fuel and an oxidizer, and for additives in mass fractions over unit (in a case stoichiometric ratio of
components these numbers are absent before the name or a chemical symbol of fuel and an oxidizer);

a mark "?" Means absence of the information under corresponding characteristic. Characteristics of

charges (diameter d, density 1, type of a heat-shielding covering-T3II a lateral surface) are resulted

also; conditions of their burning (a kind of an environment; a range of change of influencing factor
Af}); number N of analyzed experimental values RPFC and maximal relative deviation |8 ‘ max Of
experimental values of speed m’ from settlement m.

Apparently from tab. 2, processes of distribution of a zone of burning in charges CS for the
investigated ranges of changes of diverse factors are characterized by constant values of parameters a,
b and ¢ which can be physical characteristics of the established modes of thermal and material
interaction on border of unit HEZ and HAZ.

In case of a dominating role of exocomponents Qn, (i.e. at b <0) and values a> 0 and ¢c> 0
hyperbolic dependence RPFC in charges CS from diverse factors f; should be characterized by a site
of monotonously growing right branch og the hyperboles with equal sides with the camber directed

upwards (fig. 14a).
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Fig. 14. Factorial dependences: a)-m(f;) and 6) - v(f;) for charge CS, predicted EMTI-I at dominating
exocomponent qm (b <0).

i

ixgTn

With increase of value fi RPFC the size increases, coming nearer to limiting value a which is
determined by position horizontal acumnroTs! the schedule of dependence (5). In a range of definition
(fi=0) dependence m(f;) is also limited: the top border for values RPFC in charges CS is horizontal

acumnroTta. The bottom border of values m(fj) approximately can be determined by value of

dependence m(f;) at fi=f; . In this case dependence (5) as is limited:
m(f, )~<m(fj)<a

As £<0 and ‘vaB(fi) according to the dependence (7) sensitivity RPFC

a

2 ‘Vfgm (f)

change f; is defined {determined} by inequality vg(f))>0. Dependence vg(fi) is also extreme (fig. 1406).
Position of a maximum of derivative Vgmax is determined by the formula (12) at b <0. For a finding of
value Veimax the formula (13) should be used in view of negative value of factor b.

According to (10) size fixuaz can have only the negative value which is not belonging to a

range of definition of dependence (5). As % <0 critical value fixugz can be both negative, and positive.

At %> ¢ value fixupz is positive, i.e. belonging to a range of change of the factor fi. In this case

distribution of a front of burning in charge CS can be connected only with the phenomenon of going
out of, taking place close fixugz. In tab. 3 parameters of hyperbolic dependence of experimental laws
RPFC in charges CS and other condensed systems with a dominating role exocomponent gn, are
resulted.

Values of parameters of factorial laws (4) and (5) EMTI-II (i.e. for a combination
endocomponents qm and hp,) it is defined {determined} by inequalities: a; <0; bi> 0; a <0; ¢c> 0 and b>

0. In this case dependence m(fj) should be represented by a site of monotonously decreasing right
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branch og hte hyperboles with equal sides with the camber directed downwards (fig. 15a).
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Fig. 15. Factorial dependences: a)-m(f;) and 6) - v(f;) for charge CS, predicted EMTI-II at
endocomponents hy, and gm, (b> 0).

To the important feature of dependence m(f;) it is necessary to attribute{relate} the fact of
existence of a point of crossing of a hyperbole with an axis of abscissas. Found from the decision of
the equation m(f;) =0 value of a root fi=f;;— divides area of positive values f; into two parts consisting
of sets: 0<fi<f—o; fm—0<fi<co. At values of the factor  first set RPFC in charge CS is positive, and for
values fi the second set negative. Negative values m(f)) mean, that process of selfmaintaining
distributions of a zone of burning to charge CS at values f;, belonging to the second set, is not possible.

However selfmaintaining process of distribution of a fronte of burning is possible not at all values

values f;, belonging to the first set containing limiting value of the factor f, at which comes
noracanue burning of charge CS. So as m(f;} )>0, limiting value f, <fin-o and the valid range of
definition of dependence m (f;) corresponds{meets} to the limited set 0<fi<f,] Dependence m(f) is
limited from below to value m(f;), and from above value RPFC in charge CS at f=0, i.e. m(0).
Thus, dependence m(f) is limited and satisfies to an inequality: m( f;, )<m(fj)<m(0).

According to (7), derivative v(fj) <0 is monotonously decreasing function (fig. 156). Critical
value of the factor fixyaz <0, i.e. does not belong to a range of definition of dependence m(fi), and
therefore the phenomenon of transition of burning of a charge in explosion is not inherent EMTI-II.
As critical value of the factor fixypz=fi—0 the phenomenon of going out of burning of charge CS
inevitably arises near to a point of crossing of a hyperbole with an axis of abscissas i.e. near to value
of a root of the equation m(f;) =0.

Parameters of experimental laws m(f;) for charges CS and other condensed substances

belonging EMTI-II are resulted in tab. 4.
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Values of parameters of the equations (4) and (5) for a combination exocomponents (n, and
hm the basic zones of burning EMTI-III satisfy to parities{ratio}: a>> 0; b; <0; a <0; ¢ <0 and b<0. In
this case factorial dependence m(fj) should be represented by a site of monotonously growing left

branch of the hyperboles with equal sides with the camber directed downwards (fig. 16a).

a) 0)
Fig. 16. Factorial dependences: a)-m (fj) and 0) - v(f;) for charge CS, predicted EMTI-III at
exocomponents hpy, and gm (b <0).

The important feature of this dependence, as well as in case EMTI-II, existence of a point of
crossing of the left branch of a hyperbole with an axis of abscissas is. This point, being a root of the
equation m(f;) =0, divides an axis of abscissas into two sets: 0<fi<f,- and f,—o<fi<c. At values f; the
first set of selfmaintaining distribution of a front of burning is not feasible (value m(fj) <0). The
opportunity of distribution of a front of burning in charges CS actually should correspond{meet} to a
range of definition of the dependence which are taking place in limited set of values fi: f;) <fi<f;’, i.e.
set which is limited to a limit of going out of burning of charge CS and a limit of transition of his{its}
burning in explosion. Thus values RPFC change in limits m( f; )<m(f)<m(f,”).

Derivative v(f;)>0 determined by expression (7) also is monotonously growing function (fig.
56). Critical value of the factor fixspr> 0, i.c. belongs to a range of definition of dependence (5), and

therefore at fiismr=c dependence m(f;) has break Il-ro of a sort. Close to the left of critical values fixuaz

there is a factorial limit fiE< fiknaz, at which burning of charge CS passes in explosion. Close to the

right of critical value fixygz=fim-o, there is the limiting value fiE ,corresponding moracanuto of burning

of charge CS.

Parameters of experimental laws m(fi) for charges CS and other condensed substances
belonging EMTI-III, are resulted in tab. 5.

The special case briefly examined here, represents EMTI-IV, corresponding to a combination

in zones of burning endocomponent qn, with exocomponent hy,. Parameters of laws (4) and (5) satisfy
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to inequalities: a;<0; b<0; a>0; ¢<0; b>0 (for dominating endocomponent qm) and b <0 (for
dominating exocomponent hy,). As in a case b> 0 range of definition of the equations (4) and (5)
belongs to two sets which correspond to inequalities: 0<fi<fixypz and fixnaz<fi<co dependence m(f;),
having break ll-ro of a sort at critical value of the factor fix=c=by/b; should be characterized by two
sites of monotonously decreasing hyperboles with equal sides: one site belonging to the left branch
(shown on fig. 17a) with the camber directed upwards, and other site belonging to the right branch (on
fig. 17a) with the camber directed downwards.

m

Fig. 17. Factorial dependences: a)-m (f;) and 0) - vg(f) for charge CS, predicted EMTI-1V at
dominating endocomponent qm (b> 0).

Change RPFC in charges CS in an examined range of definition corresponds to inequalities
m(f; )<m(f)<m(0) and m(f;,)<m(f)<m(f;’,).

It is necessary to pay attention to factorial derivative v(f;) which on the left site of a range of
definition of dependence m(f;) (shown on fig. 176) is negative i.e. v(f))<0, and on the second can have
both positive, and negative values. The factorial limit f;’, ,corresponding moracanmuio of burning of a
charge on the first site of a curve m(f;), belongs to the left branch of a hyperbole and is located near to
critical value of the factor fiurz=fim=0. The factorial limit figl ,corresponding to transition of burning
of charge CS in explosion, is located near to position of a positive minimum of a derivative fiymin, and
the limit is determined by negative value of derivative v(f;.,).

Parameters of experimental laws m(fj) for CS and other condensed substances belonging
EMTI-IV, at a dominating role endocomponents qn, are resulted in tab. 6.

In case of a dominating role exocomponent hy, the range of definition of dependence m(f;)
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will consist also of two sites belonging to sets 0<fi<fixnaz u fiknuaz<ti<co (fig. 18a).
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a) 0)
Fig. 18. Factorial dependences: a)-m(f;) and 6) - vs(f;) for charge CS, predicted EMTI-IV at
dominating exocomponent hpy, (b <0).

For the first set dependence m(f;) the equations (5) should be characterized by a site of
monotonously growing left branch of the hyperboles with equal sides with camber directed
downwards (shown on fig. 18a), and for the second a site of monotonously growing right branch (on

fig. 76) of the hyperboles with equal sides with camber directed upwards. Change RPFC in charges
CS on the first site is determined by an inequality 0<m(f;)< f;" , and on the second m(f;, )<m(fj)<a.

Dependence of a derivative complex (fig. 186): on the first site of a range of definition it is
positive monotonously growing function, and on the second there are two dependences of a derivative,
one of which is extreme (has a maximum with negative value), and the second is monotonously
decreasing positive function. As well as in case of a dominating role endocomponents qm near to
critical values fikgaz and fixugz there are phenomena of explosion and of going out of burning of a
charge.

Parameters of experimental laws m(fi) for CS and other condensed substances belonging

EMTI-IV, at a dominating role of exocomponents hp, are resulted in tab. 7.

Influence of an initial thermal condition of a mix

on factorial laws RPFC in charges CS.

Generally features of influence of initial temperature T,; on laws RPFC in charges CS are
determined with dependence in which as the characteristic of a thermal condition of a mix it is used

enthalpy (heatcontent), dependent on initial temperature T,. In comparison with temperature which is
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frequently used as the characteristic of a thermal condition of substances, enthalpy is the exact
characteristic of a thermal condition of mixed the systems containing components with phase
transitions. Therefore, alongside with dependence m(T,, fi) in which initial temperature T, can be in a
complex connection with enthalpy of mixes, factorial laws m[h(Ty),fi] in which the direct
characteristic of a thermal condition of investigated mixes is enthalpy will be considered also.

At the analysis of dependence m[h(Ty),fi] it is necessary to take into account special property
of size h (Ty) as characteristics of an initial thermal condition of charge CS which does not render
influence on thermal parameters of critical section of a wave of burning. On the other hand the size
h(Ty), being one of thermal characteristics HAZ, defines{determines} a difference [hn(Tx)- h(Ty)],
representing amount of heat absorbed at heating of a fresh mix from initial temperature up to its
critical value Ty at which enthalpy h,,(Ty) mixes in HAZ becomes maximal [].

Influence of an initial thermal condition of a charge of mix h (TH) on factorial dependences

RPFC m(f)) and its derivatives PBg(fi) and vg(fi) is characterized by the equations: fractional-linear

mih(To = 0 (14
RO e e Y

or hyperbolic

b'Th(T)]

m[h(TH),ﬁ]=a+m, (15)

a. . : oy
where the parameter azb—‘ does not depend on a thermal condition of a charge of a mix; with increase

1

b
enthalpy mixes h (TH) the factor of return proportionality b’[h(TH)]Za{z—?—b—o}+bih(TH) linearly
grows, and the size c’[h(TH)]Zb—O - h(l;l" n) linear decreases.

Approximately the range of definition of the equations (14) and (15) can be characterized a

range of definition of an inequality:
m[h(T,,),f;; ] <m[h(Tu),f]< m[h(T,),£;;] (16)

in view of ranges of physically possible {probable} change of investigated factors.

The range of definition of the equations (14) and (15) on a range of allowable values initial

enthalpy is defined{determined} by double inequality hlI[T,",f,]<h(T,) <hy(f;). Ranges of change of

Hp’ 1
the factor f; can be found from the decision of two systems of inequalities:
a,+a,f; >0 a,+af; <0

, for the equation (14)
b, +b,f; —h(T,) >0 b, +b,f, —h(T,)<0

As negative values fi have no physical sense values of investigated factors should satisfy to
an inequality £;>0.

Thus, the analysis of influence of an initial thermal condition of charge CS on RPFC is
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reduced to an establishment of changes, which bring dependences b'[h(Ty)] and c'[h(Ty)] in factorial
laws EMTI considered above.
According to (14) influence of a thermal condition (initial enthalpy) a charge on sensitivity
RPFC charges CS to change f; it is determined by dependence:
valh(Tw),fi]=Vinez(f)+vinaz[h(Tw).f],  (17)
Where value of first factorial component vgypz(fi) is under formulas (8) or (8’), and values of the

second factorial component dependent on a thermal condition of a mix under the formula:

Vinaz[h(Ty),fi]=— W (18)
T+fi

Component venez(fi) characterizes sensitivity of density of a thermal stream gm to change of the factor
fi and does not depend on an initial thermal condition of a mix. Component vigaz(fi) determines
sensitivity of amount of heat by+b;fi-h(T,), absorbed by a fresh mix in a zone of heating, to change of
the factor f;.

From (18) it is visible, that character of influence h(TH) on vigaz[h(Ty)] in essence depends on
value of parameter b;. With increase h(Ty) component viyaz[h(Ty),fi] decreases at values bi> 0 and
increases at values bj <0.Hence, with increase h(T;) mixes total size vi[h(T}),fi] is reduced at b> 0 and
raises at b; <0.

Let's consider features of influence of a thermal condition on the basic characteristics of
factorial laws RPFC in charges of the mixes belonging typical 9TMB.

In case EMTI-I with dominating endocomponent hp, the family of factorial curves m[h(T,),
fi] with various values h(T,) has one horizontal acummnrory which corresponds to a limit

: L bTh(T)] |  a -
filg?oo[h(TH ),fi1= filir?w{a +m =a= b_1 , not dependent on a thermal condition of charge CS.

bTh(T, )]

As,  lim  m[h(T,),fj]= lim {a+m

=+o0 1is vertical acumnroroin families of
f,—>—c'[h(T,)] f;—>=c'Th(T,)]

factorial curves m[h(Ty), fi].
On RPFC it is possible to judge influence of change of a thermal condition of a charge under

the schedules describing factorial dependences m(fi) at two values of initial temperatures, for example
the initial temperature of a charge equal 293K (at which enthalpy h(293K) =0) and initial temperature
Ty> 293K (at which h(Ty)> 0).

From fig. 19a it is visible, that with increase enthalpy mixes RPFC - increases, and its

factorial limit is displaced aside the big values of this factor.
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Fig. 19. Influence of a thermal condition of a charge on dependences: a)-m(f;) and 0) - vg(f;) CS for
factorial EMTI-I with dominating endocomponent hy, (b> 0).

The thermal condition of a mix renders essential influence and on sensitivity RPFC to

change of the factor fi; with increase sutambnuu vg(fi) decreases, and position of an extremum of

ov.(f.
dependence v(fi) (a minimum of a derivative Vgtg ) ) is displaced aside smaller values of the factorf;

(fig. 196).
From the equation (14) follows, that sensitivity RPFC thermal influence quantitatively

characterizes thermal factor of burning rate:
+

which increases with increase in initial enthalpy. With increase of pressure thermal dependence of
factorial factor Bn[h(Ty),fi] is weakened at mixes at which bi> 0 and amplifies at the mixes having
bi<0; at mixes at b=0 size Bu[h(Ty),fi] does not depend from f;.

About influence of an initial thermal condition of a charge on factorial dependences m(f;)
and vg(fi) CS, belonging EMTI-I with dominating exocomponent gn, and another EMTI full enough it
is possible to judge under the schedules submitted on fig. 20-24.
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Fig. 20. Influence of a thermal condition of a charge on dependences: a)-m(fi) and 0) - vg(f;) CS for
factorial EMTI-I with dominating exocomponent qn, (b <0).
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Fig. 21. Influence of a thermal condition of a charge on dependences: a)-m(fi) and 0) - vg(f;) CS for
factorial EMTI-II with endocomponent hp, and gm, (b> 0).
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Fig. 22. Influence of a thermal condition of a charge on dependences: a)-m(fi) and 0) - v(f;) CS
factorial EMTI-III with exocomponents hy, and gm (b <0).
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Fig. 23. Influence of a thermal condition of a charge on dependences: a)-m(fi) and 0) - v(f;) CS
factorial EMTI-IV with dominating endocomponent qm (b> 0).
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Fig. 24. Influence of a thermal condition of a charge on dependences: a)-m (fi) and 0) - vg(fi) CS
factorial EMTI-IV with dominating exocomponent hp, (b <0).

Influence of diameter of a charge on factorial dependences m(f;) and vx(f}))

Other external factor influencing on RPFC in CS is scale diameter of a charge. As against
the considered influence initial enthalpy of mixes h (Tu) with increase in diameter of charge RPFC
can as to increase (in case of heat removal from HEZ), and to decrease (in case of a supply of heat in
HEZ). At designing pyrotechnic mains in which the same mix is used in charges of different diameter,
there is a necessity to take into account feature of influence of the scale factor on RPFC and its
stability connected or with going out of burning of a charge, or with transition of its burning in
explosion.

Influence of diameter of a charge on factorial dependence RPFC m(f;) and its derivatives
B(fi) and vg(fi) at initial temperature T,=293K (i.e. at h(293) =0) it is determined by the equations:
fractional-linear

-1
a,+af+a,d

m(f)) = 20
E)="%pr ~ @0
or hyperbolic
b'(d
m(fi):a+%c), (21)

b

in which parameters a = U c= FO also do not depend on the scale factor, and the factor of return

o
b,
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. a, b aa o . : .
proportionality b'(d) = a(a—?—b—f’j +a—i2d with increase in a linear range grows at a2> 0 (i.e. in case

of a supply of heat in HEZ) and linearly decreases ata, <0 (i.e. in case of heat removal from HEZ).
Investigating the equations (20), (21) with the help of the transformations tested on
expressions (14) and (15) in range of definition of dependence m(fi, d), characterized by inequalities
fi>0 u d>0, it is possible to reveal features of influence of diameter of charge CS on factorial
dependences
On schedules fig. 25-30 factorial dependences m(f;) vg(f)) for charges CS with various
ITMB are submitted,
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Fig. 25. Influence of diameter of a charge on dependences: a)-m(f;) and 6) - v (f;) CS factorial EMTI-I
with dominating endocomponent hp, (b> 0).
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Fig. 26. Influence of diameter of a charge on dependences: a)-m(f;) and 6) -vg(fi) CS factorial EMTI-I

with dominating exocomponent qm (b <0).
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Fig. 27. Influence of diameter of a charge on dependences: a)-m (f;) and 6) -v(f;) CS factorial EMTI-

II with endocomponents hy, and gm, (b> 0).

30



j=

0 T-inn[':r'-J T-inn['jn] fn"[d"j T-ing[':r'] 1-inﬁ[':rJ fixs'rn| ! T R
T-ing['jn] | d*

a) 0)
Fig. 28. Influence of diameter of a charge on dependences: a)-m(f;) and 6) - v(f;) CS factorial EMTI-
I with exocomponents hp, and qn, (b <0).

m

[ I
mn1

PG [
rrign,d%
m,dt

ne
mn1

fin1"1 Figern fing 18 finz 04
fiKSTB[dD]
a) 0)
Fig. 29. Influence of diameter of a charge on dependences: a)-m(f;) and 6) - v(f;) CS factorial EMTI-
IV with dominating endocomponent qn, (b> 0).
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Disscution

In the present report an attempt is made to describe experimental multifactorial laws of RPFC
of CS. The main problem in the decision of this task involves consideration of a variety of physico-
chemical processes which may occur in the combustion zones.

In theoretical description of EMTI we shall aim at mathematical and physical accuracy neither
in the initial equation, nor in the final results, in order not to complicate the main point by unimportant
details. All EMTI may be divided into four types. The analysis of EMTI gives a quantitative idea of
possible types in substance conversion during combustion processes and permits to draw certain
conclusions as regards the regularities in combustion. The above-mentioned simplest types of EMTI
may be realized in the real CS.

Systematization of elementary combustion mechanisms and types of their interaction permits
proposing a new classification of CS (Tabl.1). CS are classified by physico-chemical processes
occurring in combustion. The division of CS to initiating, high explosives (secondary), powders and
pyrotechnic systems, used in the theory of explosives reflects the practical use of the substances to a
greater degree than their mechanisms of combustion.

The present report is not claimed to be a comprehensive analysis of all theoretical

investigations within the field covered.
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This report is not claimed either to create a complete theory of stationary combustion of CS.
The report is combustion processes complicated by varieties in forms of substance conversion and at
systematizing the results obtained.

It is apparently much to be done. In fact, the theory of combustion of CS is just arisen.

Experimental investigation of theoretical nature, especially experimental realization of

elementary combustion processes on the simplest CS to correlate experimental and calculated models
— all this is of great importance for developing the theory at the present time. Considerable body of the
experimental results described in literature does not permit analyzing thoroughly the processes
occurred due to complication of systems studied and deficiency in information obtained, and therefore,
is of interest in fact for the combustion theory.

The following conclusions can be made:

— in typical models the dependences of RPDZ on different factors for any combustible
systems are isomorphic;

— for ehdofactor components hy,, dominating in the model I, the dependence m(f) is
decreasing and for exthofactor components qy, it is increasing;

— in the model IV there are critical values of factors; in the left and in the right parts of
the neighbourhood of these critical values there are characteristic combinations of two
phenomena: a) transition into explosion and extinction at dominating exthofactor
components hy,, b) extinction and transition into explosion at dominating endofactor
components (.
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