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Modeling of Combustion of Energetic Materials with
Chemically Induced Mechanical Processes

A. G. Knyazeva*
Tomsk State University, Tomsk 634050, Russia

and

V. E. Zarkot
Institute of Chemical Kinetics and Combustion, Novosibirsk 630090, Russia

This article suggests heat and mass transfer equations for a reacting solid, with due regard for its deformation
and destruction. The equations are derived with account taken for the relationships of nonequilibrium ther-
modynamics. Deformations and stresses in a system result from a chemical reaction, which is taken into account
through a change in the specific volume of the substance. The applicability of the suggested approach is illustrated
by particular simple ignition models for high energetic materials. The models reveal new qualitative mechanisms:
the dependence of ignition characteristics on the mechanical properties of materials, the influence of the manner
of sample fixing on reaction initiation, and the mechanisms of damage accumulation in the reaction zone. It is
shown that the solid-phase reaction zone structure is determined by the reciprocal influence of thermal and
deformation processes as well as by chemical transformation.

Nomenclature

= differential operators

= generalized forces

= generalized coordinates

specific heat under constant deformation
diffusion coefficient of component k
= Young’s modulus

energy of activation

generalized deformation different from zero
beyond elasticity limit

= strain tensor deviator
deformations

= free energy

= shear modulus

= Aagac.pylarQy

= scalar damage potential

strain tensor invariants

heat flux

= mass flow of component k&

bulk modulus

Boltzmann constant

= rate constant of crack growth

= concentration of component k
= average (hydrostatic) pressure
dimensionless external heat flux
o = heat of chemical reaction

q. = external heat flux

R = universal gas constant

r = damage extent

S = entropy

Sir See = stresses, S,;, S, = Su/3
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= Sft(Tll)

= temperature

= time

= relaxation time of heat flux
= specific internal energy
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Subscripts

A
a
B
c
d

It

displacement of the points of medium,
i=1,2,3u,=u

volume of system

specific volume of reacting mixture
specific volume of damage

power density of internal heat sources and
sinks

vector component of external force
spatial coordinates, x, = x

substance conversion extent
pre-exponential factor

coefficients of thermal, concentration, and
structural expansion, respectively
RT,/E,

c.poRTHENQ,

coherence coefficient for deformation and
temperature

Kronecker symbol

strain tensor component

shear coefficient of viscosity
dimensionless temperature

Lame coefficients

thermal conductivity

chemical potential of component k
Poisson factor

dimensionless spatial coordinate
density of medium

stress tensor component o, = 0,,,
O = Oy, O33 = 0,

dimensionless time

stress tensor deviator
@04 Ppol (a70500)

damage potential

sum of source and sink channels for
component k

damage tensor

reactant
adiabatic
product
concentration
damage



792 KNYAZEVA AND ZARKO

e = external

i,j., k,I,m = indexes

) = structural

T = thermal

0 = initial

= reference

Superscripts

ch = chemical

0 = nondeformed
Introduction

GREAT deal of the data contained in the literature points

to the important role of mechanical processes during the
combustion of propellants. In particular, instabilities of motor
operation are attributed to the possibility of convective com-
bustion in propellant cracks as well as to local failure of charge
caused by both external and internal loadings.!~* Propellant
failure during combustion and the ensuing change in burning
rate are associated with structural macrocharacteristics of
propellant'+ (porosity, grain size, etc.), and changes in me-
chanical properties or with the effect of thermal stresses re-
sulting from both external heating and high-temperature gra-
dients in the combustion zone.>~7 Some theoretical approaches
relate the propellant burning rate with such external loadings
as given tension and external static loading.*># At the same
time, it is known that stresses and deformations can be caused
by the solid-phase reaction, per se, independently of external
factors and, in turn, can affect the kinetic behavior of this
reaction.’~'* An attempt has been made'® to relate the char-
acteristics of the stationary wave front in a solid-phase re-
action to the conditions of material failure in the front. A
theoretical model has been developed!” suggesting a ther-
momechanical type of stationary front instability, which is
associated with the reaction rate sensitivity to stresses and
deformations. In this work, we propose a generalized ap-
proach to the macrokinetic modeling of solid-phase transfor-
mations, which takes into account different types of stresses
and deformations resulting from changes in temperature and
concentration of components as well as from propellant de-
struction in the reaction zone. Since the reaction zone in
highly energetic materials is formed during ignition, and the
reaction zone structure predetermines to a large extent the
character of the process, investigation of the ignition stage is
of interest from the viewpoint of the potentialities of the
proposed approach.

Derivation of Basic Equations

Thermodynamic Relationships

The general equations describing coherent processes (tem-
perature stresses,'® diffusion in stress field,'*?* material failure
including energy dissipation,*'-*? electromechanical phenom-
ena,” etc.), are as a rule derived using the methods of non-
equilibrium thermodynamics. The best known thermody-
namic theories have been reviewed by Petrov and Brankov.?*
Similar techniques are employed in deriving the laws of con-
servation in the models of reaction media. Chemicomechan-
ical effects are described by Eringen and Ingram,* who mod-
eled the chemical reaction zone by the disruption surface
wherein substance properties change. Models of reacting solid
mixtures have been described,?*?” and by Dunwoody and
Muller.?® Many works have been concerned with modeling
martensite transformations accompanied by structural changes
and deformations.”?~*! Reaction diffusion in solid media has
also received a considerable amount of study.!9-20-32

In this work, we restrict our consideration to the case of
the isotropic medium without introducing of special internal
variables**=* for the continua, i.e., we deal with so-called
elementary media. It is assumed that all types of deformations
and stresses (temperature, concentration, and structural) that

accompany chemical reactions in the solid in the first ap-
proximation additively change the relative specific volume of
the solid

v —
03 [aT(T - T, + Z @y (N — Nyo)
vy ®

+ a(vy — vd()):l | (1)

The coefficients of linear thermal «, concentration «., and
structural expansion «, are determined as follows:

S (0 P N R
aT_36T Vg s ck_3aNk 0

_ Loy
o =3 m g

where partial derivatives are taken, with the other parameters
constant. Now, to determine the effect of changes in specific
volume, incorporated in Eq. {1}, on the temperature field and
the diffusion of components, we write the law of conservation
of energy for a system with a variable number of particles*
as

@

dU = Tds — D, Aa; + 2 ue AN, 3)
(i) (k)

In a deformed system, the elementary stresses o;; (determin-
ing pressure changes in every elementary volume) act as gen-
eralized forces, with the elementary deformations acting as
generalized coordinates. Thus,

pdV = —o,;dg; O]
Here, dV = (1/v,) dv refers to the relative change in specific
volume due to all processes. By analogy, we introduce one
more type of generalized coordinates, the tensor of medium
damage w,,, and the corresponding potential y,,,. Examples
of the tensor description of damage can be found in Refs. 21,
22,37, and 38. According to Eq. (1), the damage of a medium
can be described through the parameter » = v,/v,,, which
yields the tensor w,, with the components w,,, = r for/ = m,
w,, = 0for! # m, and w,,, = 0for ! # m. The corresponding
potential is denoted by the letter .

Remember now that the main thermodynamic potential of
a chemically reacting system is the free energy*® F = U —
TS. Its total differential following from Eq. (3) and the def-
inition of F'is

dF = —=SdT + 2, w AN, + >, o, de;; + 2, Xy dooy,,

(k) (.j) .m)
®)
Hence,
oF
T Ni&ij
o; = | —
9g;; N Toopy,
(6)

()
M = \
‘ aNk T.ey,

u.u#k.wij

aF oF
Xim = or h = .
aa)lm NpTey or Nk.T.si/-
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For the isotropic system it is correct to expand the free energy
F into a series in the vicinity of the nondeformed region*-3%;
F(T, N,, r,) = F°, where r® = (u,/us)° is the damage of the
nondeformed medium. This allows us to establish the relation
of S, o;;, u, and y;,, with deformations. Taking into account
the terms second-order infinitesimal with respect to ¢;; (since
all the desired values are determined by differentiation, which
leads to a loss in order with respect to g,;), we have

0
oF
F = FT, N, 1) + (—) I,

ol
aF\’ 92F\" I?

+ L + 4. 7
<alz> - (al%) 2 @)

where I, = g, and I, = g,¢

ij<ijt

Generalized Hooke’s Law

The expressions for the stress tensor components are de-
rived from Egs. (6) and (7):

AF® aF” aF°
L— . + g, —
war, ol o e (8)

;=28

where 8, is the Kronecker symbol, §;; = 1if{ = j, and §;, =
0if i # j. The coefficients in expansions (7) and (8), deter-
mined empirically'®->"-** using Hooke’s laws for pure shear

and one-axis stress as well as the Poisson effect, have the form

0
- 2
DR et

BYE 3

oF\" - 2
FY _ v—w(, L2 )
al, Yo 3

The equality G = u, where u is the Lamé coefficient or the
shear modulus in the limits of elasticity, is valid for purely
elasticsmall deformations. For the systems that experience non-
linear elastic or plastic deformations, G = [E/2(1 + »)]

1 —e) = u(1 — ¢). The generalized deformation function
e**-% is different from zero only beyond the elasticity limits.
Thus, the free energy of a deformed system can be repre-
sented as

9)

V=Y

YT % Ap
F=Fv— . Ke, + &,8,u(l —e) + 5, <5 + 3 e)
(10)

where the repeated subscript indicates summation. The re-
lation of the tensor components o;, and g;; for the elastoplastic
deformations of an isotropically reacting medium, taking into
account its damage, follows from Eqs. (8) and (9):

v—v, {2 2
0= —§; I:T'Q <§“+)\> ~ Eik </\+§P~e>:|

+ 2u(l — e)g, (11)

where the change in specific volume is caused by changed
temperature T, component concentrations N, and structural
distortions. The latter differentiates the relationships obtained
from those published by Nikitenko,* where only the concen-
tration and thermal expansions were taken into account.
Equation (11) is the state equation for the solid. The analogy
between temperature, concentration, and structural stresses
is also valid in the presence of a viscous deformation. For
e = 0, from Eq. (11) we derive the relation between the first
invariants of stress and strain tensors

O = 3K <8kl< - u) (12)
Yo

which clearly coincides with the available relationships for
particular cases. Thus, for example, setting v = v,, from Eq.
(12) we find the relationship for purely elastic deformations3®
0y = 3Ks,,. Provided that the specific volume changes only
because of thermal expansion, we have the familiar relation-
ships for thermoelastic deformations.'®-*® Similarly, if the spe-
cific volume changes only because of changed concentration
of components, Eq. (12) coincides with the relationships sug-
gested by Eremeev'® for a system with internal concentration
stresses and deformations.

Viscoelastic Stresses

For further generalization, we define the deviators from
the stress and strain tensors, using the formulas

T = 05 — 6,',0'/(/(/37 € = &; — 8ij£l<k/3 (13)

The rheological model for a viscoelastic material'®!® in-
volves the operator relationship
AT

i =

Be,, (14)

where A and B are the differential operators linear in time.
The previously mentioned analogy allows the theory of ther-
moviscoelasticity and concentration viscoelasticity to be ex-
tended to a more general case. It follows from Eq. (14) and
the relationship between the first invariants of stress and strain
tensors that

Ao, = B(s,; — 8,e,/3) + 8,AK (ekk - ”—13@)
Uy

From this equation we obtain relationships between stresses
and deformations for particular viscoelastic media for certain
types of A and B. For example, for the viscoelastic model of
Maxwell, '8

(15)

2 K v — Y,
- g“éij + 'LLT <5kk - U—U>] (16)
0

where dots above variables denote differentiation with respect
to time. Setting A = % w and B = 1, we obtain the model of
a purely elastic body (14) for e = 0.

Free Chemical Energy and Chemical Potential of Components

Equation (10) for the free energy of a system can be pre-
sented in another way, e.g., fore = O it is

)

F=F-K

1 - K
e T 1 (5,',' - 5 5i/5k/<> + 5 £7x (17)

Uy

Considering the concentration stresses only, Eremeev!'?

analyzes individually the part of free energy that is determined

in experiments with no loading. Proceeding similarly, the lat-
ter equation can be written as

U — Uy

2
1
Uy S + M (81'/' T3 8il'8kk>

[+ (2] | 19)

where Fh = FY — (K/Z)[('U - 'U())/Uo]z'

F=Fd - K

+

NN
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Using Eqgs. (6) and (18), we determine the chemical po-
tentials of the components of a reacting mixture

— w v = U 9 (v — v,
= - (R ) K — (22
(% i < v, mm F) N/( U

1 o v =~ v(,)z%

+ i— = O — + 2 | &pm +
81/ 3 118177m> aNk < UO aNk

(19)

where u¢h is the purely chemical part of the potential u,

2
1 9 v — U
ch — 0 _ = _“
My Moy 2 oN, |:K< " >] (20)

and pY is the chemical potential of the components in the
absence of deformation, u? = dF°JN,. When the system is
subject to plastic or nonlinear elastic stresses (e # 0), the
expression for p, is derived in the same way. In the particular
case of constant A and w (not explicitly dependent on con-
centrations), we have

i) U —
pe = pi — Kep, o ( 0) (21)
k

Ug

In the construction of macrokinetic models of various solid-
phase reactions, the question arises concerning the mecha-
nism of solid-phase diffusion,!*-?**> which in fact determines
the reaction rate in the solid. In other works, diffusion is an
intrinsic stage of such a reaction. Assuming that the mass flow
of every component J, in a reacting mixture depends only on
the chemical potential gradient (i.e., is independent of other
thermodynamic forces), we determine that

D,N, 3 (v — v
= —D/,VN, + KV — |
Jk k k k T Enm aNk < Uy (22)

Using the .balance equation valid for every additive value,*
we obtain the equation of transfer

oN, L
—* = div(D, .«VN,) + ¥, (23)

with the effective diffusion coefficient

- _ N 9 (2=
Dk.eff - Dk {1 kTVNk KV I:Smm (")N}\ < v, >:l} (24)

Here, i, is the sum of source and loss channels for component
k. Equations (23) and (24) imply two transfer mechanisms:
1) the diffusion transfer of components due to their own mo-
bility and 2) the deformation transfer in which the defor-
mation is a consequence of the chemical reaction. A more
rigorous consideration requires that the nature of the diffusion
mobility and the dependence of the component & flow J, on
the temperature gradient and on the chemical potential gra-
dients of other components must be taken into account.

Energy Equation

The energy equation in the form of the generalized equation
of thermal conductivity for an isotropic medium is written as>*

T%f = —div()) + W (25)

where T79S/dt is the heat absorbed in unit volume per unit
time, J is the heat flux density, and W is the power density

of internal heat sources and sinks (e.g., of chemical origi-
nation). From Egs. (6) and (10), we obtain

S= -8+, —(Lk
oT Uy
a 9 (A p
— ;8 .ﬁ" p,(l — 6) — S,z,,m (’9—7‘, <'2' + E €> (26)

or, in the particular case of constant A and u (not explicitly
dependent on temperature)

d (v — v
= —8S0 + K —_ 0
S S € 3T ( ” > 27

Ignoring cross effects, i.e., assuming the heat flux density
to be proportional only to the temperature gradient J =
—A;VT, and taking into account that 35%dr = 9(aF°/aT)/ot
= — T 'c,p,(8T/8t),>~¢ from the previous equations, we have

oT a d v — v
— = div(A VT) + W - T— — | Kk—=2
PoC. ot IV( T ) . ot Epam oT < v, )

(28)

a, =0

<

In the particular case o, =

3%u;
ot X = py y (29)

we obtain the familiar equations of thermoelasticity comple-
mented by chemical sources. Here, X, are the vector com-
ponents of the external force. Now add the definition

1 {du, OJu;
= l=+ 30
) <6x, 6x,-> (30)

to Eqgs. (11) and (29).

In deriving the energy equation for reactions proceeding in
times comparable with the time of sound-wave propagation
through the preheated layer, one should take into account
the finiteness of heat flux relaxation time and use the gen-
eralized Fourier law

d
J=—AVT -1, =1J
T -0 (D)

This leads to the more complex equation for energy

0 oT ] o (v — v,
1+t — po—+T—|K —l— | - W
( , Bt) {Capll a1 Py [ Emm 8T< v >] }

= div(A,VT) (32)

Ifa, = a, = 0, from Egs. (11), (29), and (32) one may derive
the equations of coherent general thermoelasticity.*' Equa-
tions (29) and (32) in combination with Eq. (16) yield a gen-
eralized equation of thermoviscoelasticity for fast reactions.
For slow solid-phase reactions, including combustion pro-
cesses, the inertial forces (resulting from the considerable
difference of characteristic times for chemical reactions and
for sound propagation) can be disregarded. Then, instead of
Eq. (29), we have the equilibrium equation

0,; + X;,=10 (33)
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Kinetics of the Specific Volume of Damage

The expression for the tensor damage potential follows from
Egs. (6) and (10):

d U~ Uy
Xim = Xom — Exx P <K )
(7 Vo

d J A0
tepe,——pl—e)+e— I 5+75 34
£’J£U aa)lm M( e) 8kk a(”)Im (2 3 e> ( )
where x9, = (9F°%/or) .7 Tepresents the damage potential in

the absence of stresses and deformations. In terms of the
scalar description of damage

h=ho — gkk£<Kv — Uo)

ar Ug

d (A
+ g8 ar w(l —e) + ei o (E +3 e) (35)

The value of 4 is determined by the intrinsic properties or
the structure of the medium. In particular, if V, is considered
to mean the specific volume of the dislocations for an indi-
vidual crystal that are the potential centers of damage (for-
mation of microcracks)*? and the potential site of prevailing
formation of the product nucleus on initiating the solid-phase
reaction,!*-!! then 4 is the structural chemical potential of the
dislocations. In this case, by analogy with the reacting com-
ponents, we consider a dislocation flow proportional to Vi
and describe the dislocation concentration kinetics using a
balance equation similar to Eq. (23). The corresponding func-
tion ¢ includes the rates of formation and the disappearance
of dislocations by different mechanisms.*’*-* The diffusion
equations for micropores and microcracks can be written in
the same way. A number of models for the dislocation kinetics
have been proposed by different authors.?!-?24345-4% The
mechanism of thermal activation of microcrack formation**
employs the common nature of damage excitation and reac-
tion in the solid on the microlevel. Application of the kinetic
laws of damage growth depends on the particular problem.
In many cases, the simplest models* are applicable. Most
problems are solved using the law

or _£ (r + rp)’ p <0
pri Na (36)
0’

p=0

where the damage is assumed to form by the activation mech-
anism described by the equation r, = r,, exp(p/p,), or by its
modifications. The values »,, 7,4, and p, in the failure me-
chanics are taken to be constants inherent in the material (p,
< 0). The coefficient r,, = v,/v40, in principle, can be equated
to unity (i.e., the potential centers of crack formation can be
set equal to the initial damage volume), r,, = 1; 7, has the
meaning and dimensions of dynamic viscosity; p, determines
the critical level of average pressure p (p = 0,/3) from which
the formation of microcracks accelerates. Clearly, uncondi-
tional extension of the concepts of failure mechanics to the
theories under consideration is not valid. Expressions such as
Eq. (36) are employed only for some qualitative estimations.

Analysis of Particular Problems
Simplest Model of Heat-Flux Ignition of a Solid with
Thermoelastic Stresses
Let us consider the excitation of an exothermic reaction at
the surface of a semi-infinite solid by an external source. In
this case, the deformation may be considered to be uniaxial.
Let the reaction be described by the simplest scheme:

A,— B, 37)

Since we are interested only in the ignition stage, gas-phase
processes and condensed-phase diffusion of the reaction prod-
uct are not considered. We assume that in the case of highly
exothermic reaction and sufficiently intense external heating,
the change in the specific volume of the system is totally
determined by thermal expansion. Temperature-induced
changes in substance properties are neglected. The system of
equations of coherent thermoelasticity, corresponding to the
simplest problem, follows from Eqgs. (11), (28), and (33) and
has the form

T 8T d
Co gy = Ar o + QoZeh (N(T) = ar(Bh + 2T ==
(38)
oy
EYR zo$1 (y)dAT) (39)
90, .
—==0 (40)
T = ea0h 4 20) @A 2T = T)

Oy = 0. = g, — a7 (3N + 2u)(T — Tp)

The relationships (41) in this particular model coincide with
the law?**-% for one-axis deformation (so-called generalized
Hooke law®).

The boundary and initial conditions are

oT
- Ar Pl (free end)

X — 00; gzo (42)

t=0 T=1T, y=0

It is taken that the heat release in the chemical reaction obeys
the Arrhenius law ¢, = exp(— E,/RT), and that the kinetic
function is of the simplest form ¢, = (1 — y)~, where n is
the formal reaction order.

The ignition characteristics and the reaction zone structure
are to be determined. Using Eq. (40) and relationships (41),
we determine that in the system under consideration the de-
formations follow the changes in temperature profile. For
stresses we have o, = 0, 0,, = 0,. = —2uo /(A + 2u),
where o7 = ar(31 + 2u)(T — T,) are the maximum stresses
in an inert body at an instantaneous temperature rise from
T, to T at its boundary. Hence, from Eq. (38) we have

T

oT 2T
CePo l:l =+ ST—:I = ATE + QoZyh(¥)0AT)  (43)

where 8 = (34 + 2u)?a?T. /(A + 2u)c.p, is the coherence
coefficient of deformation and temperature fields, and T, is
the characteristic temperature (e.g., the ignition temperature
defined later). Equation (43) differs from the energy equation
conventionally employed in the ignition theory of condensed
substances® only by the temperature dependence of effective
specific heat of the solid

¢, = ¢ (1 + 8T/T,) 44

&

where c, is the specific heat at a constant deformation, which
is equal (in terms of the linear theory of thermoelasticity) to
the specific heat at a constant volume. Thus, the change in
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¢, has a clear physical meaning. In terms of dimensionless
variables

where

Ar ¢ poRT% E,
=, ty, = — —— €X 45
T C.Po * E\QuZ, P <RT* (45)

the problem of ignition of a deformable solid takes the form
of

[1+ 81 + BO)] g—z = %{z + ¢:(y)ea(6) (46)
9
= 6.0)(0) (47)
e& =60+ 00 (48)
=00 6= —6, y=0 (492)
90 0
£=0: _5;’: 0., £— oo 8_§_0 (49b)

where

(/] T:k - Tl)
(0) = , L= lop
$:(0) = exp <1 n Be) b = "rrz Lo

RT, q.Eo Ly CpoRT
B = . 0= 7o s Y E oo
EU RT* C.vp()/\T EuQ()

are the traditional parameters of the ignition theory (6, >>
1, B << 1, y << 1).°° The deformation is defined here in the
following way:

- a3\ + 2u) RT3
b = £, & T A+ 20 E, (50)

Disregarding the dependencies on the small parameter 3,
let us estimate the ignition characteristics, assuming a zero-
order reaction [n = 0, ¢,(y) = 1] and using Vilyunov’s
adiabatic criterion.”-! According to this criterion, at the mo-
ment of ignition the rates of temperature rise at the boundary
x = 0 due to an external source (determined from the solution
of the inert problem of thermal conductivity) and chemical
heat release become comparable. The result for the ignition
time is

7.1 + 8 =6,/2 = Q%= (51)

The time 7, is referred to as the adiabatic induction period
or adiabatic ignition time. The ignition temperature, deter-
mined by Eq. (51) and coinciding with the result reported by
Vilyunov® [T, = T{], is the temperature of the initiation
of chemical reactions. However, when compared to the clas-
sical thermal theory, where 7, = 7" = 6,/2, the ignition time
in the first approximation increases by a factor of (1 + 8).
As noted for many materials,> (including polymers), the co-
herence coefficient d calculated at a temperature of T, is of
the order of unity, which makes this coefficient different from
that in the thermoelasticity theory, where the initial temper-
ature is chosen as characteristic.

Dynamics of Damage Accumulation in the Surface Layer

For high-energetic materials, thermal stresses appear to be
the main reason for surface layer destruction on ignition. For
qualitative estimations we use the kinetic law of destruction
in the form of Eq. (36) and neglect the effect of damage on
heating the propellant. Let us rewrite Eq. (36) in terms of
the dimensionless variables S, = p/o, (o, = 07./6,) and 1

ar S,
Py = -8k, [r + exp <—S—:-)>}, r(0) =1 (52)

where k, is the rate constant of crack growth [k, = ot/
(6ym4)], S, is the critical average pressure (S, = p,6,/0r.),
and

Sy = =236, + 9, Yo = 2u/(h + 2p)  (53)

At the stage of inert heating, the temperature at ¢ = 0 in-

creases by the law 6(0, ) = —6¢ + 20 [v/=-(1 + §)]"2
Consequently, from Eq. (51) we have

Sp = =3 V20,/(1 + 8) (54)
which is valid up to the time 7, when S,(7,) = S,, = —2v,6,/

3. Assuming the critical stresses (or average pressure) to be
comparable to or less than the theoretical strength (e.g., | pq|
= p/10), S, is represented as

— Y . 0
203 = 2y,) a(T, — T)

[Sol >> 1 (55)

The condition S,/S, << 1 allows the exponent of Eq. (52)
to expand by small parameter powers, giving the following
estimation to r:

F= =14 3(y,600/8,) + [2 — 3(v106/S0) lexply: (260} 2k 77
(56)

Note that the greater the ,, i.e., the less the initial tem-
perature of propellant, the larger the damage in the subsurface
layer. This is in agreement with the real situation, when the
unstable combustion of high-energetic propellants, associated
with propellant destruction, is observed on burning at low
initial temperatures. The value of k,, which depends on the
dynamic viscosity coefficient, is determined by the propellant
type. If k, — 0, the destruction is insignificant (this is also
the case with very large S;).

The numerical solution of problems (46—49) and (52) is
achieved through an implicit differential scheme using itera-
tions for each time layer (the other problems are solved sim-
ilarly). Examples of the time dependencies of surface tem-
perature 6(0, 7), damage r(0, 7), stresses S,(0, 7), and
deformations e.(0, ) are shown in Fig. 1. The calculation
was performed for the following set of parameters: A, = 2.35
x 1072 W/(ecm-K), ¢, = 1.46 J/(g-K), p, = 1.6 g/lem?, E, =
1.456 x 10° J/mole, Q, = 1200 J/em?®, Z, = 8.6 x 1073571,
and T, = 273 K, which for g. = 45 W/cm? lead to the di-
mensionless parameters

g = 0.032, v = 0.034, Q. = 542, 6, = 16.2
We put S, = 4.18 and y, = 0.292. The values of 6 and £,
were varied. The time of reaction initiation by Eq. (51) is in
satisfactory agreement with the numerical calculation of the
problem [7, and 7 for different d are shown as ordinates in
Fig. 1a]. Note that the solution [8(0, 7) and 7] for y = 0 and
v = 0.034 practically coincide (curve 1). The temperature
curve at times corresponding to inert heating deviates slightly
from the analytical solution of the problem for 8 = 0 and o
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# 0, B < 1. Increasing B leads to a remarkable deviation of
the curves from analytical dependence (curve 2).

Ignition with a Hot Body

The effect of stresses and deformations is similar to that
described for the case of ignition by an external heat flux if
the propellant is ignited under a high temperature 7, > T,
sustained”? at the boundary x = 0. The mathematical equa-
tions are as before [Egs. (38—41)]. The boundary conditions
for temperature are conventional for the thermal ignition the-
ory .

oT
x=0 T=T, x—>o0w —=0 o T=T,
ox

The conditions for the mechanical values can vary.

1) In the simplest case, the ignited material can be consid-
ered semi-infinite for temperature as well as for stresses and
deformations. It is assumed that the end x = 0 is not fixed
and that o (¢, 0) = 0. Then, in terms of dimensionless var-

iables, the problem has the form of Eqs. (46-49) with the
boundary conditions

00
£=0. =0, ¢z §=0, <a_§:0>

For an approximate estimation, we employ the quasistation-
ary criterion™ by which the ignition occurs when the heat flux
from the zone of chemical reaction is equal to the heat flux
at the boundary x = 0 due to external heating. The ignition
temperature in this case is the temperature of the hot body
T. = T,. As in the previous problem, stresses and defor-
mations completely follow the change in the temperature field,
with the ignition time 7, being (1 + 8) times longer than that
in the thermal theory:

7, = (05/2m)(1 + 8) = 7@-(1 + §) 57

The time 7, 7{” is referred to as the time of the breakdown
of the quasistationary thermal equilibrium.

2) Let the sample be finite for stresses and the following
conditions be met:

x:O:uIO,'x:l: O = —P.

In this case, the ignition time is determined as before by Eq.
(57). The deformations e, are defined using the equation
derived from the equilibrium equation differentiated with re-
spect to the coordinate and from Eqs. (41). The solution has
the form

e = a(T = T) + UIHa(T, — Tp) — [p/(A + 2w)]}x  (58)

Note that T(z, 0) = T, and x = [ represent the infinity for
temperature, 7(t,I) = T,, T = T,. Here, a = a3\ + 2un)/
(A + 2p). It follows from Eq. (58) that the sign of defor-
mations at different points of the reactant can vary depending
on the values of exothermic reaction temperature and layer
thickness /. The energy equation remains the same [Eq. (43)].

Sample Fixing, Reaction Rate, and Damage Accumulation

In terms of the simplest model (38-41), the effect of stresses
and deformations on the rate of chemical reaction is reflected
above all by changes in the temperature field, thus deceler-
ating the heating. Deformations can also change the global
chemical parameters of reaction. In particular, as mentioned
earlier,'’-'*** many solid-phase reactions are initiated by both
deformation and thermal mechanisms. In complex and mul-
ticomponent systems such as propellants, it is difficult to iso-
late particular stages with certain initiation mechanisms.
Qualitative estimations, as in thermal theories, are possible
in terms of global macrokinetics. Let us assume that the stress-
and deformation-induced changes in the mechanisms of in-
dividual stages result in apparent changes in the formal ac-
tivation energy of the reaction®>>*

E =E, — AE

where AE = B,,-p-dV = B,,-p-¢,, and B, is the structure-
sensitive coefficient. Then, in terms of dimensionless varia-
bles, the function of the heat release in the chemical reaction
takes the form

0 — S, :
b= o ("), w-p

Taking into account the relation of stress S, and deformations
that are characteristic of free-end problems, we obtain S, ¢,
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= —2v,(8 + 6,)**. The adiabatic ignition time in the problem
of the ignition by heat flux is

7= TO( + 9! (59)

and the corresponding ignition temperature T, can be deter-
mined from the formula

Qilm = 0(,(f/2) (60)

where f = exp[ —(2y,¥63)/3].

The damage growth in the problem of ignition by a hot
body obeys the law

r = [1 + exp(S,/Sy)lexp(—S,k.7) — exp(S,/S,) (61)

under practically constant stresses S, the value of §, being
dependent on fixing conditions. For an infinite sample with
afreeend S, = §,, = —2v,6,/3, these stresses accelerate the
reaction. Therefore, the formula for the time 7, of quasista-
tionary equilibrium breakdown (57) must be complemented
with the factor f~!, as in Eq. (59). For samples finite for
mechanical disturbances, we have

e, = 0 + &6, — S,)/L
S = —0, + €6, — S.)/L (62)

S 21 = v, )(8, — S)EL — 27,0 — 36,)/3

where L = 1/x, and S, = p,/o,.. Consequently, as ¢ — 0
when 6 = 0, and e, — 0 when 8 = 0, and e, — 0, there is
no additional activation of the reaction; however, the sample
can be destroyed under practically constant stresses S, = — 6,,
which are greater than those in the previous case. The reaction
acceleration by the deformation mechanism is possible at
é€> 0 whene, + 0.

Thus, the mechanical conditions at the end of the sample
manifest themselves not only in deformation and stress fields,
but also in the extent of destruction and stress fields, and in
the extent of destruction of the surface layer and the rate of
chemical reaction. In terms of the thermal theory, to estimate
the ignition time on igniting by a hot body or by a convective
flow at a large heat exchange coefficient, it was sufficient to
use Eq. (57). However, an account of the mechanical effects
shows that the deformation forces have essentially different
effects on the reaction kinetics and destruction. It seems plau-
sible that the different effects of stresses and deformations on
the rate of chemical reaction (at the surface or in the bulk)
are responsible for the different global kinetic parameters
determined from experiments on ignition under different con-
ditions with data treated in terms of the thermal model.

Ignition Model Taking into Account Concentration Stresses

In all previous ignition models, the question of whether the
reaction product is gas or solid was not important and the
properties of the product were disregarded. Our model allows
taking into account one more parameter, concentration ex-
pansion, which gives rise to concentration stresses. For the
simplest reaction scheme (37) or

A, — B, : (63)

the second summand in brackets in Eq. (1) may be presented
in the form

% (N, — Nio) = yAag,

where y is the extent of substance conversion (or the fraction
of the reaction product) y = Ng/N, g, Aagy = (g — a,)N .
Here, N,, is the reference value, and a; and «, are the

concentration expansion coefficients of the product and reac-
tant, respectively. If the reaction proceeds to extend the vol-
ume, Aag, > 0 and vice versa in the opposite situation. The
large positive values of Aa,, may be considered characteristic
of the reactions yielding gaseous products. The system of
equations in this problem is presented by Eqs. (38-42) with
the term Aay;, (31 + 2ur)y added to Eq. (41).

Similar transformations yield the new heat release function
in Eq. (43) for the thermal conductivity

¢AT) = ¢(T) (1 — TIT,)

where g = Aag c.p/a;Q,.

Thus, if the reaction proceeds to expand the volume, g >
0, then the effect of concentration stresses is equivalent to
initiation of an endothermic reaction concurrent with the basic
reaction in the vicinity of T = T, or to a decrease in total
chemical heat release. The regime of induction ignition in-
volving two distinct stages 1) the inert heating and 2) the
reaction under practically adiabatic conditions,* does not nec-
essarily realize. If g < 0, explosion-type ignition regimes are
possible, when at ¢ — ¢, the rate of temperature rise 97/dt
dramatically increases in a short time.

Let us consider a problem on ignition by a constant heat
flux [condition (42)]. In dimensionless variables, the energy
equation is

a°0
ag?

[1+501 +80)] 22 = 22+ 4,01 ~ ag(1 + Bo)]

(64)

Deformations e,, and stresses S, depend on both temperature
and conversion extent

e, =0+ 8, + (g/7)y, S, = "%'Ylegg (65)

The other equations are not changed. Estimations of the ig-
nition time in problem (59), (64), and (65) under conditions
(49) (if this regime is realized), using the adiabatic criterion,
yield:

0() Tu 1 - 6g
0, = ————/u
6, + 1 ™1+ 8
26y/(6y+ 1) (66)
T, 1 —8)y (7.1-35
O 1+8  \r®1+5
where 7(? = 6,/2. The reference temperature in this case is

the temperature of initiation of chemical reactions T’ for
& = g = 0. For the ignition time at 6, >> 1, Eq. (66) yields
the familiar result 7, = 7(1 + §8). The temperature is es-
timated by the equation

6, = —u(l — 8 (67)

When such estimations are valid and classic ignition regimes
are realized, the only limiting condition for the parameters is
g < Us.

The numerical solution of the problem shows the presence
of different reaction regimes in such a system (Fig. 2). The
classic ignition is realized at g = 0 and in a very narrow region
of positive g values (curves 1, 2, and 3). Such regimes are
characterized by high temperatures, a dramatically increasing
reaction rate at 7 — 7, small negative and high positive values
of average pressure S, after initiation of chemical reaction,
and by slight damage of the surface layer. As g increases, the
ignition regime degenerates and the reaction proceeds under
the action of an external source (‘“‘exothermic pyrolysis,” curves
4 and 5). The rate of damage growth significantly exceeds the
rate of temperature rise. In this case the surface layer de-



KNYAZEVA AND ZARKO 799

1
80 1
60 -
40 A 2
20 Y
0+ 5
-20 141 Y T T T T

i T T T 1 ¥ v
m O 5 10 15 80 T

Y

40-
08- H
06
0.4
0.1

o T T L v L] v
c) 0 5 10 15 20 T

Fig. 2 Effect of concentration expansion on the time dependencies of
a) temperature, b) damage, and c¢) conversion extent at £ = 0 (8 =
0.032,k, = 0.03,6 =0.392): 1) g = —5;2)g = —0.5;3) g = 0.5;
Hhg=2dg =5

struction is very significant: the specific volume of damages,
calculated in accord with kinetic law (52), increases by several
orders of magnitude. Hence, the energetic effects resulting
from concentration stresses during the reaction can play the
role of sources or sinks in the parallel exo- or endothermic
reaction (for details, see Ref. 55).

The possibility of nonthermal initiation of the chemical re-
action due to changing the free energy of the system can be
taken into account in the model with concentration and struc-
tural stresses and deformations and by changing the temper-
ature field as described above and in the thermoelastic model.>*
From Eq. (10), in the first approximation we have dF = —{(v
— vy)/vy|Key,. Then, if the reaction proceeds to reduce the
volume (g < 0), the concentration stresses decelerate the
reaction; at g > 0 the reaction accelerates due to the con-
centration stresses. The complex interrelations of the phe-
nomena do not permit us to make an unambiguous conclusion
about the combined effect of the concentration and structural
expansions on the reaction kinetics.

The model allows analysis of transient ignition regimes for
systems with solid-phase reaction products. The detailed nu-
merical solution of the problem shows that in the first case
(g > 0) a self-sustaining solid-phase chemical reaction wave

is possible after switching off the external source. In the other
case (g < 0) the velocity of the front of the reaction with the
solid-phase products slows down. When the reaction front is
far from the surface and the effect of the external source,
even if its action is insignificant, the reaction stops. The self-
sustaining reaction is possible in the presence of additional
heat supply, e.g., due to destruction in the front.

Determination of Global Kinetic Parameters

There is one more approach to estimation of the ignition
characteristics. Let the ignition temperature T, at the given
set of the parameters 6 # 0, g + 0 be the reference tem-
perature T, [i.e., it is assumed that 7 = 7, 6(0, 7,) = 0] at
the ignition instant. This leads to the relationships

2,
(1 - 89)6, = ;QZ

a0+ QXL+
T 201~ 8g)  m(l — 8g)°

(68)

which are meaningful only at 8 < 1/g. These expressions make
is possible to take into account the mechanical properties of
the propellant in estimating the global kinetic parameters E,
and Q,Z,, provided that the coefficients of the linear thermal
expansion «, and the coefficients of the concentration ex-
pansion of the product and reactant are determined indepen-
dently. Indeed (as in the thermal ignition theory™) in terms
of dimensional variables, the above equations can be written
as follows:

y ( ra > = { 1 + S(Ta) T Csp()} + EL
“\1 - 147, “l2[t - &(T)gl “0.Z,)  RT,

I
“ o WC;P()/\T[l + &(T,)]

Let us make simple estimations of £, and Q,Z, for a double-
base propellant N + 1% carbon black. Typical values of
ignition time as a function of heat flux are listed in Table 1.
It is assumed that A, = 2.35 X 1072 J/(cm-s-K), ¢, = 1.47
J/(g-K), and p, = 1.6 g/cm>. Treatment of the data in Table
1 in terms of the parameters 1/T, and 4 (z,/(1 — T/T,)] yields
E, = 191 kJ/mole and Q,Z, = 2.66 x 10*' J/(g-s) for y =
g = 0. For the real values of A, u, ar, and Aag,, we may
accept 8(T,) = 0.206 and g = 0.25[6(T,) = &(T)T./To]. In
this case, a similar treatment yields E, = 233 kJ/mole and
0,Z, = 3.46 x 107 J/(g-s). Note that the activation energy
changes by 20% and the total heat release rate, which is equal
to Q,Z, exp(—E/RT), increases to T, = 200-300°C by a
factor of 3—18.

The ignition time can be estimated in a similar way via the
quasistationary criterion.**

Effect of Damage on Reaction Zone Structure

In a more general formulation of the problem, with all
physicochemical processes characteristic of solid ignition mu-
tually related, analytical estimations appear to be impossible,
particularly with a model in which the damage to the sub-
surface layer due to chemical reaction and high-temperature

Table 1 Ignition time

vs heat flux
q.. Wiem? t, s
46.09 0.13
26.40 0.39
10.48 2.00
7.12 4.00
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gradients affects heating through a change in the specific vol-
ume of the substance. In this case, for the simplest reaction
scheme (37) or (63), we have

_ar(3h + 2u)
B = A+ 2u

[(T - To) + AaBA

LRZ
+—— —
w7 e (r 1)}

(70)
Hence, the thermal conductivity equation (43) is replaced by

oT 9°T

C;Po‘a—t = /\TW + QiZo(¥)Po(T) — (T, 1)
where
T T
C£=C€(1+5ﬁ>, Q6=Qo<1—5g}‘*>
(711)
_Xxg Lo
¢3(T’ r) 6 T* 81‘

is the additional heat supply due to destruction and y =
a,u,C,po/(a70,Q,) < 0. For reasonable values of the physical
parameters involved in the new dimensionless complex, the
value of y will probably be small since a, ~ a;Q/c.p, and
valvy, < 1. Thus, the effect of this parameter on temperature
is weak.

In terms of dimensionless variables, the thermal conduc-
tivity equation and the relations of the deformation to the
other parameters take the form

10 52 = 55 + OO0 = TL6) (1)
eggzt9+0(,+—g}:y+§(r—1) (73)

where f(0) = 1 + 8(1 + B0), f,(6) = 1 — 6g(1 + B#), and
f(0) = 8(1 + po)x/y.

A numerical solution of problems (72), (73), (47), and (52)
under conditions (49), and with the previous reference pa-
rameters, is exemplified in Fig. 3. Even at small structural
expansion coefficients, the self-sustaining combustion is pos-
sible with an additional energy supply due to reaction zone
damage within a sufficiently wide range of positive g. Since
all the processes are coherent, by the time “forced” (Fig. 3)
or self-sustaining combustion is established, the system has
been destroyed to a certain extent, but not disintegrated. The
boundary stresses and deformations decrease almost to zero
(or to those stresses caused only by the external heat source)
when the reactant is completely converted to the product. A
similar pattern is observed in the bulk as the reaction prop-
agates inward: the region of maximum stresses and defor-
mations moves together with the reaction zone, but does not
coincide with the zone of complete conversion.

It is natural that the chemical reaction changes the sub-
stance properties. For example, a new level of damage dif-
ferent from the initial one r, = 1 is formed (see preceding).
In real situation, the value of r affects the thermophysical and
mechanical characteristics of the energetic material. This ef-
fect can also be taken into account in the model. In the case
when the crack formation can be described by one parameter>®
(in our problem, it is damage r), the shear and bulk compres-
sion modules can be approximated by the functions

G = G, exp(—{sr), K = Kyexp(=&kr)  (74)
where ., {x, G, and K, are the constants inherent in the
material. Assuming these equations to be valid in our case

a) 0 5

1 —
y 0 5 10 15 20 T
Fig. 3 Effect of damage on the time dependencies of a) ¢, and §,

andb) rat £ =0 (8 = 0.032, k, = 0.03,6 = 0392, g = 2): 1) x
=0,2)y = —0.01,and 3) y = —0.1.

and accepting that {; = {x = {, we obtain a model similar
to the previous one, but with the other pattern of functions
fi.f>, and f; incorporated in the thermal conductivity equation:

fi(0) =1+ 8(1 + Bo)exp(—¢r)
f(0) = 1 — 8g(1 + Bo)exp(—{r) (75)
f(0) = 8(1 + BOexp(—{r)x/y — lex]

Now the stresses and deformations are related as
S, = — »%'Yl exp(— gr)eff (76)

The calculations show the variable elastic properties of the
material are the reason for increasing the reaction zone width
and the velocity of the reaction front propagation into the
bulk.

Figure 4 shows spatial distributions for dimensionless heat
release due to the chemical reaction (Fig. 4a):

Gon = $1(¥):(6) (77)
and the destruction (Fig. 4b):

q. = —f0,r) 2—: (78)

which is characteristic of the forced reaction regime by scheme
A, — B,. The heat release q., is practically compensated by
the endoeffect of the apparent parallel reaction. The reaction
front propagation is supported by the external source and the
damages in the reaction zone.

The oscillating combustion regimes are characterized by
extremely nonuniform spatial distributions; however, here g,
is an order of magnitude higher than g,. There are also mild
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Fig. 4 Spatial distributions of dimensionless heat release due to a)
chemical reaction and b) destruction characteristic of the forced re-
action regime. g = 2, y = —0.01, { = 0.1, 8 = 0.032, S, = 4.18,
0, = 16.2, y = 0.034, 6 = 0.392, k, = 0.03. Dimensionless time 7:
1) 6.0, 2) 11.6, 3) 18.7, 4) 28, 5) 40, and 6) 52.

regimes of reaction wave propagation, with all energy effects
comparable in magnitude. Thus, the global characteristics of
the reaction zone determined experimentally do not neces-
sarily have the physical meaning assigned to them by classic
ignition and combustion theories.

Comments on the Effects of Diffusion
and Siscoelastic Stresses in Solid

We shall briefly describe two simple models for reaction
schemes (37) and (63). If a solid-phase reaction yields gaseous
products, they can escape through the cracks and pores formed
during the reaction. The only physical mechanism of gas trans-
port is the diffusion. Normally, the diffusion in the solid phase
is very slow; its characteristic rate is much lower than the rate
of heat transfer. Thus, the classic thermal theory of ignition
and combustion disregarded the diffusion in the solid, re-
stricting its consideration of reactions to equations like Eq.
(39). In studying transient regimes in solid propellant ignition,
various conventional criteria were used in determining the
solid surface and the velocity of its motion. Some of the cri-
teria are associated with achievement of a given extent of
material depletion at the surface; in this case, if the surface
does not move, no substance is supplied to the gas phase.*>
Another method is approximate simulation of solid propellant
decomposition in the condensed phase by pyrolysis,>=° which
yields incorrect values for the transient burning rate. As fol-
lows from the general relationships for the free chemical en-
ergy, the chemical potential of the reactants, and the phe-
nomenological equation for the diffusion (23), the motive
force accelerating the diffusion transport of the ration prod-
ucts to the gas phase are the stresses and deformations re-
sulting from the chemical reaction. For the simplest reaction
scheme, the equation for the product concentration is

ay a2y 3 (yhe,
==D, 7 = D(BA + 2u)(ap — ay) ‘é; < kT + Zo1h,

(79)

This approach to modeling solid-phase processes in the ig-
nition and combustion of solid propellants allows one to de-
termine the ignition characteristics by reaching a certain value
of damage or a certain value of the condensed-phase reaction
products supplied to the gas phase. These values can be easily
compared with experimental data. Adding the Hooke law
relationships written for the one-axis deformation, the free-
end conditions, and the system of gas-phase equations to the
system of Egs. (38), (70), and (79), we obtain a more realistic
ignition model than that based on the classic thermal ignition
theory. Analyzing the ignition stage, we may restrict ourselves
to a simplified formulation of the problem (disregarding the
gas phase) with the boundary conditions of the third kind at
the boundary x = 0 (i.e., the problem is simplified by intro-
duction of the effective mass transfer coefficient). Preliminary
calculations have shown that for sufficiently small y values,
which are characteristic of the heating stage up to the moment
of initiation of the chemical reaction ¢,, the results are almost
the same as those for D, = 0. Additional consideration should
be given to the analysis of ignition transients and combustion
at D, + 0, which leads to qualitatively new effects. The
ignition and combustion model for two-component propellants®
can be complemented in a similar manner.

The other model that needs further development is the
ignition model involving viscoelastic stresses. In a problem
concerning the ignition of a semi-infinite layer, the trans-
formed deformation equation has the form

4 v,  GK de
SGHK) =y (e, —e) - Ko2X=0 (80
<3 G ) o . (e — &) p (80)

where ¢, = (v — v,y)/v, is the deformation resulting from the
chemical reaction. For the stresses we have o,, = 0; the two
components different from zero (o,, = 0,, = o) can be de-
termined from the differential equation

2 9 K
a—a-i-gU:(K—“G) 8XX+G_(8XX_8V)
n

at 7 3 ot
dey Je,,
- K— =2 1
at G dt (8 )

The equations for thermal conductivity and chemical kinetics
remain unchanged [Eqs. (38) and (39)]. An analysis of the
problem concerning ignition by constant heat flux [condition
(42)] reveals a strong dependence of process behavior and
reaction zone structure on viscoelastic deformations. This de-
pendence is similar to those considered above, excluding one
point. The stresses (and the average pressure) are small, which
gives r = 1 in the reaction with the previous destruction ki-
netics [Eq. (36)] and the above reference parameters. Further
studies on designing the kinetic law of destruction in the re-
action zone should explicitly take into account the thermo-
fluctuation mechanism of microcrack formation,*® the com-
mon nature of the damage, and the excitation of the chemical
reaction in the vicinity of nonuniformities in the solid.

Conclusions

This article suggests basic equations for the description of
mass and heat transfer, taking account of deformations and
destructions in chemically reacting media. The applicability
of the proposed approach to the macrokinetic modeling of
physicochemical transformations in solids is illustrated in the
ignition problems. Results of calculation show that the ap-
parent change in the energy of activation and in the different
physicochemical characteristics of the reaction zone can occur
due to the effects of mechanical stresses and deformations on
chemical transformations in the condensed phase. The me-
chanical effects are an intrinsic feature of the physicochemical
behavior of energetic materials upon heating.
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It follows from this study that accounting for the mechanical
effects can lead to a 20% change in the energy of activation
for global exothermic reactions and to the variation of total
heat release in the condensed phase within an order of mag-
nitude. The energetics of the reaction zone incorporate the
heat release due to chemical reactions and dissipation of me-
chanical energy in the solid.

The approach considered in constructing transfer equations
for the solid, in addition to those available, is applicable to
the analysis and macrokinetic modeling of not only slow solid-
phase reaction,' but also self-sustaining high-temperature
synthesis, reactions proceeding under special conditions (e.g.,
under high pressures and deformations), and solid-phase det-
onation.

The high rates of chemical reactions, anomalous rates of
mass transfer under mechanical effects, and the possibility of
controlling the burning rate under static loading all appear to
be related to the interaction mechanisms of the different phys-
ical and chemical processes described above.
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