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Abstract: A negative erosive effect arises in the simulation of combustion due to a generated
turbulent motion in the gasification zone of a solid energy material. A thermal energy in the
gasification zone comprises the heat of chemical sources in it and the heat coming up to the
gasification surface from the flame zone in a gaseous phase. Some of this energy returns to the
gaseous phase in the form of the mechanical energy of turbulent motion, and this turbulence cools
down the gasification zone. This model is used to explain the weakening of the negative erosive
effect, observed in the experiments, with increasing pressure and decreasing initial temperature.
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INTRODUCTION

The motion of gaseous products of combustion
along the gasification surface of a solid energy material
(blowing) changes the burning rate. This is determined
by an erosion factor during combustion ε = uw/u0,
where uw and u0 are burning rates for blowing veloci-
ties w �= 0 and w = 0. If the burning rate rises, then
this is a positive erosive effect discovered by Leipun-
skii in 1930s [1] (the Leipunskii effect). Leipunskii also
notes the threshold nature of this phenomenon: the ero-
sion factor increases after the blowing velocity w exceeds
some threshold value w∗. The top limit εmax is not es-
tablished yet. The nature of the velocity threshold w∗
and approximate theoretical approach to calculating it
are described in [2].

The decrease in the burning rate discovered later [3,
4] is known as a negative erosive effect (the Vilyunov–
Dvoryashin effect). The burning rate drops during
blowing of the gasification surface in tests with homoge-
neous [3, 4] and heterogeneous [5, 6] propellants. There-
fore, the Vilyunov–Dvoryashin effect is explained on the
basis of general physical processes, where the particular
composition of an energy material is simply a secondary
factor.
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1. BRIEF REVIEW
OF THE MODERN STATE

OF THE THEORY
OF A NEGATIVE EROSIVE EFFECT

In theoretical studies [7–10], an erosion factor
cannot be smaller than a theoretically minimal value
εmin = 1/

√
e ≈ 0.61. If ε < εmin, then combus-

tion is unstable and can fail. Instability is also possible
with ε > εmin, which is dependent on the closeness of
combustion parameters to the stability boundary de-
termined by a large number of other physical parame-
ters. Until the present moment, the smallest observed
value of an erosion factor in tests is 0.7–0.73 [5, 6]. The
Vilyunov–Dvoryashin effect is observed in the case of
relatively low blowing velocities w. A further increase
in w makes ε larger due to a turbulent flame in the
gaseous phase, which stimulates the development of a
positive erosive effect [7].

It is noted in [7–10] that the Vilyunov–Dvoryashin
effect may manifest in semiclosed spaces [3–6], in which
case some of the inner energy of combustion products
transforms into a mechanical (kinetic) energy of motion
along the propellant surface, and, as a result, an erosive
effect is observed. If blowing in the experiments comes
from a stream of a hot gas and there is no mechanical
work [11–13], then the erosive effect is positive only.
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In the experiments, a blowing stream has a charac-
teristic velocity w∞ = const (w∞ is the gas velocity on
the axis of a cylindrical combustion chamber in rocket
engines). More universal dependences of the erosion fac-
tor can be determined using the Vilyunov number Vi or
the Bulgakov–Lipanov number Θ [7, 9]:

Vi =
√
ζ
ρw∞
ρcu

, Θ =
δb
δg

.

Here ζ is the drag coefficient, ρ and ρc are the densities
of gas and condensed phase of the propellant, δb is the
thickness of the combustion zone in the gaseous phase,
and δg is the thickness of the viscous sublayer in the
turbulent boundary layer. The Vilyunov number can
be conveniently used to process and represent experi-
mental data [11, 12], and the Bulgakov–Lipanov num-
ber is more suitable for theoretical studies [7, 9]. The
requirement for the Leipunskii effect to work is that
Θ > 1. If Θ < 1, the Vilyunov–Dvoryashin effect may
be observed [2, 7, 9]. In theory [2, 7–10], there are two
blowing velocity scales:

w0 =
√
cpTb, w∗ =

32.5√
ζ

ν

δb
.

Here cp is the heat capacity of gaseous products of com-
bustion at constant pressure, Tb is the flame tempera-
ture in the gas or combustion temperature, and ν is the
kinematic viscosity of the gas. Typical scale velocities
are w0 ≈ 103 and w∗ ≈ 102 m/s. The primer charac-
terizes the Vilyunov–Dvoryashin effect, and the latter
describes the Leipunskii effect. According to the theory
of similarity and dimensionality [14], the erosion factor
ε can be represented as a function of two dimensionless
parameters V1 and V2:

ε = F (V1, V2) = F

(
w∞
w0

,
w∞
w∗

)
,

V1 =
w∞
w0

, V2 =
w∞
w∗

.

Further in the positive direction of the w∞ coordi-
nate, a negative erosive effect is observed initially, and
then the first threshold blowing velocity w∗1 is exceeded
(w∞ > w∗1), which increases the burning rate, while
ε < 1. The velocity w∗1 is the root of the equation
dF

dw∞
= 0. Next, as the second threshold velocity is

reached w∞ = w∗2, the erosion factor equals ε = F = 1,
after which the burning rate can only become larger. As
a rule, w∗1 �= w∗2, but there is no Vilyunov–Dvoryashin
effect as long as w∗1 = w∗2. An inverse process has
never been observed in the experiments, i.e., a negative
erosive effect never follows a positive erosive effect. This
one-sided nature of the erosive effect and the existence

of blowing velocities w∗1 and w∗2 can be explained as
follows [7]: the Vilyunov–Dvoryashin effect manifests
if the chemical reaction zone in the gaseous phase is
located in the viscous sublayer, which means that com-
bustion in the gaseous phase is predominantly laminar.
As the blowing velocity becomes larger, the thickness of
the viscous sublayer decreases, while the thickness of the
combustion zone remains virtually constant. The rela-
tionship w∞ ≈ w∗1 determines the conditional bound-
ary of transition of the laminar flame in the gaseous
phase into a turbulent regime.

The burning rate of many solid energy materials
u is exponentially dependent on temperature (pyroly-
sis law). In the absence of blowing, the temperature of
the gasification surface is Ts and u ∼ exp(−Ec/2RT s),
where R is the universal gaseous constant, and Ec is
the activation energy of the bulk reaction of pyrolysis.
The motion of combustion products along the gasifica-
tion surface changes the balance of thermal energy in
the whole combustion zone, and then the temperature
of the gasification surface takes the value of Ts,w and
the burning rate u ∼ exp(−Ec/2RT s,w). As the char-
acteristic value of the activation energy of the chemical
reaction is taken as Ec ≈ 8 · 104 J/mol and the temper-
ature of the gasification surface is Ts ≈ 650 K [15, 16],
the smallest value ε = εmin = 0.61 corresponds to the
maximal relative change of the temperature

ΔT =
Ts − Ts,w

Ts,w
=

RTs

Ec
= 0.068.

Hence, it is necessary to determine the temperature of
the gasification zone Ts,w with a relative error not ex-
ceeding 1% and an absolute error ΔTs,w ≈ 44 K. It is
quite difficult to experimentally determine Ts,w by the
existing measurement means because of the small gasi-
fication thickness: ≈2–2.5 μm [15, 16]. Therefore, the
validation of different theories of a negative erosive ef-
fect [7, 8, 17–25] is currently possible only on the basis
of indirect data. Along with that, one should maintain
a high accuracy of results of theoretical calculations, in-
cluding the correct numerical solution of the equations
of mathematical models.

The small value ΔT � 1 (or the value of ΔTs,w

is about several degrees) provides large opportunities
for constructing the Vilyunov–Dvoryashin effect mod-
els, and the reasons for such an insignificant decrease
in the temperature in the gasification zone can be quite
many. However, there is at least one key experimental
fact [4], which is the gradual extinction of the Vilyunov–
Dvoryashin effect with the falling initial temperature
of the propellant T0. In theoretical studies [17–20,
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22–25], this result is often ignored.∗ Any model of a
negative erosive effect should probably be tested for
predicting the key experimental fact [17, 21]. The
fact that the Vilyunov–Dvoryashin effect weakens at
high pressures [6] (propellant is a ammonium perchlo-
rate/polyurethane) can also be interpreted as a more
important experimental fact. But there are also other
issues: how universal the vanishing of the Vilyunov–
Dvoryashin effect at a low initial temperature and high
pressure is and whether the decreasing burning rate
during blowing should be equalized with the Vilyunov–
Dvoryashin effect. It is known [6, 15] that the burning
rate slightly drops in the case of acoustic instability.
In this case, the blowing of the gasification surface is
mainly due to acoustic oscillations of the gaseous prod-
ucts of combustion.

The manifestation of an erosive effect in mixed pro-
pellants and its relation to motions of gas similar to
acoustic oscillations are described in [22–25]: a dimen-
sionless vector of gas velocity near the gasification sur-
face has longitudinal w̄ and normal v̄ components with
amplitude A and wavelength λw:

w̄ = Ax sin(Ωt) sin

(
2πy

λw

)
,

(1)

v̄ = 1− πA

λw
x2 sin(Ωt) cos

(
2πy

λw

)
.

Here the y coordinate is directed along the tangent, and
the x coordinate is directed along the normal to the
gasification surface, t is time, and Ω is the frequency.
This choice of velocities is motivated by a difference
in the gasification rates of components of the heteroge-
neous propellant, and these components are contained
in the propellant as microscopic particles with an aver-
age size a ≈ 1 μm. It can be approximately assumed
that λw ≈ a, so the spatial heterogeneity along with a
difference in the gasification rates leads to the spatial
and time heterogeneity of the vector of the velocity with
which gaseous products flow out. Equations (1) quite
roughly represent the real distribution of velocities w
and v, there should be a small-scale turbulent motion
of gas near the gasification zone of the heterogeneous
propellant [27], and this motion is referred to as “inter-
nal turbulence” below.

The combustion of a mixed propellant with a more
accurate approximation for a gas velocity vector is de-
scribed in [23–25], where Eq. (1) is replaced by a wide
range of velocities with different wavelengths and fre-
quencies. This approach imitates internal turbulence

∗The study of the dependence between the erosion factor
ε and initial temperature T0 in the model [20] is described
in [26]. Apparently, ε either is totally independent of T0

or decreases along with it, i.e., contradicts the experimental
data [4].

very well. The main result of [23–25] is relationship
ε(A), and it is quite possible that ε(A) < 1 under certain
conditions superimposed upon the chemical reaction
rate in the solid phase. The reason for the Vilyunov–
Dvoryashin effect is the formation of discontinuities in
the flame front in the gas, with no combustion in the
discontinuity regions. As a result, the heat flux to the
gasification decreases along with the burning rate. The
formation of a discontinuity can be explained as follows:
the existence of a steady combustion front (flame) re-
quires that diffusive, thermal, and hydrodynamic pro-
cesses are concurrent. If the gas velocity v is larger
than the normal velocity of the flame in the gas, then
the gas flow entrains the combustion zone. If this ex-
cess of the velocity is local, then the plane front of the
flame is deformed. The Markstein mechanism [28] can
partially stabilize the flame front by the dependence of
the flame velocity on the front curvature. However, if
the local velocity of gas is high, the flame breaks, and
this mechanism stops working.

There is another possible reason for the dropping
burning rate [2]. As combustion products move along
the gasification surface of the propellant, the momen-
tum of the gas flow on a solid surface is lost [29]. Thus,
there is an excess gas velocity in a negative direction
relative to the motion of the flame. If turbulent trans-
fer coefficients are small, then the flame in the gaseous
phase should be moved away from the gasification sur-
face, which then reduces the heat flux to this surface
and the burning rate. The concept of small-scale tur-
bulence also propagates in [22–25] on the case of the
combustion of a homogeneous propellant. There is no
doubt that a new mechanism of a negative erosive ef-
fect is discovered in these studies, but this mechanism
is quite weak because the erosion factor in this model
is ε = 0.95–1 [22–25]. However, it is important to sub-
stantiate the assumption that the theoretical results ob-
tained correspond to the experimental data of Vilyunov
and Dvoryashin [3, 4]. The observed phenomena are
explained by the influence of large gas velocity gradi-

ents
∂w

∂x
on combustion. This effect is mathematically

strictly investigated in [30], with the results widely ap-
plied in the theory of turbulent combustion of gas mix-
tures [31]. The rough estimate of the gas velocity gra-
dient that makes the manifestation of the Vilyunov–
Dvoryashin effect possible is given in [7], and it is ap-
proximately 104 s−1. This value is in good agreement
with the results from [22–25].

Another explanation of the Vilyunov–Dvoryashin
effect on the basis of internal turbulence near the gasi-
fication zone is given in [21], where the formation of
chaotic motion is assumed to be the result of ther-
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mal instability. The reason for this instability is an
excess heat release in the subsurface zone of gasifica-
tion [16, 21]. Jackson’s model, his group’s model, and
the Gusachenko–Zarko model rely on the hypothesis
that there is a small-scale turbulence near the gasifica-
tion zone, but are essentially different in how its effect
on the burning rate is explained. In the Gusachenko–
Zarko model, the blowing should suppress the internal
turbulence and reduce the effective coefficient of ther-
mal conductivity in the gaseous phase and heat flux
to the gasification surface. This strictly contradicts
the established physical picture of Jackson and others,
where the blowing should improve the internal turbu-
lence. This difference arises from a different nature of
turbulence in these two models.

Small-scale turbulence near the gasification zone
can be observed as a result of hydrodynamic instabil-
ity [32], which is very similar to the Landau–Darrieus
instability [28, 33]. The predicted hydrodynamic insta-
bility [32] is so strong that it cannot be fully suppressed
by viscous forces and inertial effects [34]. Here pertur-
bations with an arbitrary wavelength are localized in a
relatively small vicinity of the gasification zone.

In a combustion model [35, 36], the turbulence in
the gasification zone is developed by fracturing micro-
scopic bubbles of gaseous products of decomposition of
the solid phase. The formation of a mechanical turbu-
lent motion uses the inner energy of the double-phase
medium, and this can reduce temperature in the gasi-
fication zone or cause the Vilyunov–Dvoryashin effect.
Turbulent motion is carried away by the gas stream into
the flame zone, which means that the thermal energy is
returned by the gasification zone into the gaseous phase
in a mechanical form. Below the study is carried out on
the basis of the model from [35, 36].

2. EQUATION FOR SIMULATING
EROSIVE EFFECTS

This section is devoted to internal turbulence aris-
ing in the collapse of gas bubbles in the double-phase
zone of gasification [36]. This small-scale turbulence is
interesting for its high intensity and conversion of the
larger part of the inner energy of the medium into the
energy of mechanical motion of gas. The double-phase
gasification zone is illustrated in Fig. 1. As the motion
of gas is turbulent, here and below w and v are the
average velocities of gas, which is not similar to Eq. (1).

If there is an exothermal chemical reaction with
thermal effect Qs in the gasification zone, then the real
heat released Q′

s is smaller than Qs [36]:

Q′
s = Qs − ek,s. (2)

Fig. 1. Gasification zone: I is the solid phase, II is
the zone where gas nuclei are formed in the solid
phase, III is the liquid phase with gas bubbles, and
IV is the gaseous phase; xs and xf denote the coor-
dinates of the gasification surface and chemical reac-
tion zone.

Here ek,s is the specific kinetic energy of turbulent mo-
tion, which is equal to the work performed by the gasi-
fication zone for forming this motion. The chaotic col-
lapse of bubbles of diameter db and gas density ρs in the
gasification zone creates turbulent motion with charac-
teristic pulsations of the gas velocity v′ and scale lt [36]:

v′ ≈
√

σs

ρsdb
, lt ≈ db.

Here σs is the surface tension coefficient. This expres-
sion can be applied for bubbles whose diameters reach
values up to db ≈ 10−8 m, while the effect of viscous
forces should be taken into account in the case of smaller
diameters for estimating v′ [36]. The motion of gaseous
products of combustion along the gasification surface
with the characteristic velocity w∞ should improve tur-
bulence. On the one hand, this increases the coefficients
of transfer and heat flux from the flame in the gas to
the propellant surface. On the other hand, the conver-
sion of heat into the kinetic energy of turbulent motion
increases too. This energy is carried away with velocity
v back into the flame zone, thereby creating a special
thermal insulation of the gasification surface [35]. The
dependence of turbulent pulsations of the gas velocity v′

can be estimated using the approximate expression [35]

v′2 =
2Δp∗
ρs

+ b1w
2
∞,

where Δp∗ is the characteristic difference in pressures
inside and outside the bubble, and b1 is the constant.
As v′2 and ek,s differ in a factor of the order of unity
and

v′ ≈
√

σs

ρsdb
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in the case w2
∞ = 0, the following equation can be writ-

ten:

ek,s =
3

2

σs

ρsdb
+ b1w

2
∞. (3)

Next, turbulence in the gaseous phase is under con-
sideration. Here the determination of turbulent transfer
coefficients is a complex and unsolved problem. Below
these coefficients are generally denoted by Dt and the
simplest representations in the form

Dt =
1

3
ltv

′ + s2
∂w

∂x
, (4)

where lt is the turbulence length scale, s is the Prandtl
mixing length, and the numerical factor 1/3 is intro-
duced in analogy with molecular diffusion. The first
term in Eq. (4) describes the transfer by internal tur-
bulence, and the second one by the external turbulence
arising in the motion of gaseous products of combus-
tion along the propellant surface. The intensity of in-
ternal turbulence is the largest near the gasification sur-
face xs(t), and it gradually drops under the influence of
the forces of friction as the distance from it becomes
longer.

In the region outside of the gasification zone, which
is occupied by turbulent motion, the energy dissipates.
The evolution of this motion is simulated using a small
number of variables as the main ones, which are the
specific kinetic energy ek, dissipation rate ε, the char-
acteristic value of turbulent pulsations of the velocity
v′, and linear scale lt. Kolmogorov’s theory of locally
isotropic turbulence relates ek, ε, and lt [37]:

ε = a1
e
3/2
k

lt

(a1 is the numerical factor). If there are no turbu-
lence sources and diffusion energy transfer is weak in
the gaseous phase, then changes in the kinetic energy
can be written in the form of the differential equation

∂ek
∂t

+ v
∂ek
∂x

= −a1
e
3/2
k

lt
, (5)

where v is the average gas velocity in the direction of the
x coordinate. Another equation is needed to determine
all the turbulence parameters, and it is obtained from
the condition of retaining of the square of total momen-
tum of the pulse and the assumption of limitedness of
the Loitsyansky integral [37, 38]:

l5t ek = a2 = const. (6)

Here a2 can be obtained from the conditions of genera-
tion of turbulence in the gasification zone: a2 = ek,sd

5
b .

The characteristic velocity of turbulent pulsations of the
gas velocity v′ are calculated from the equality [37, 39]

ek =
3

2
v′2, (7)

where the factor 3/2 is introduced in analogy with
molecular chaos in statistical physics.

Many solid propellants in the gasification zone con-
tain a vaporizing liquid phase, and the chemical reac-
tion of pyrolysis is occurring simultaneously in this zone
(Belyaev–Zel’dovich model [16]). The gasification zone
is very narrow, and the detailed investigation of all pro-
cesses therein leads to complex mathematical equations.
Therefore, the gasification zone is assumed to be the
surface of discontinuity of the derivatives of temperature
and relative concentration of the reacting substances in
the brutto reaction A → B (see Fig. 1) with an effec-
tive activation energy Ec. This surface has the xs(t)
coordinate and moves from the right to the left. In the
region x < xs(t), there is a solid phase (substance A)
with temperature Tc, density ρc, specific heat capacity
cc, and thermal conductivity λc. The region x > xs(t) is
occupied by gas with temperature T , molar mass Mm,
density ρ, pressure p, heat capacity at constant pressure
cp, and molecular thermal conductivity λ. In the region
x > xs(t), the gasification products (substance B) are
characterized by the relative concentration Y (Y < 1)
and molecular diffusion coefficient D. Here only one
chemical reaction occurs: B → C (C denotes the com-
bustion products) with activation energy E.

In the model of combustion of solid high-energy
material used below, the gasification zone (zone III in
Fig. 1) is represented as a surface. Internal turbulence
is generated only on this surface, and there is no in-
teraction with external turbulence, which arises in the
motion of gaseous products of combustion with veloc-
ity w. Such simplifying approximations make it possible
to use Eqs. (2)–(7). Moreover, the small difference in
the heat capacities of solid and gaseous phases can be
ignored: cc = cp. Changes in the molecular mass of
the reaction products and heat capacity cp are ignored:
Rg = const and cp = const. The subscript w of the
temperature is omitted for simplicity. The mathemat-
ical form of the model is represented by the following
equations:

for −∞ < x < xs(t),

ρccc
∂Tc

∂t
=

∂

∂x

(
λc

∂Tc

∂x

)
; (8)

for xs(t) < x < +∞,

ρcp

(
∂T

∂t
+ v

∂T

∂x

)

=
∂

∂x

[
(λ+ λt)

∂T

∂x

]
+ ρQW +Wg,s,
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Wg,s = −ρ

2

(
∂w2

∂t
+ v

∂w2

∂x

)
+ ρa1

e
3/2
k

lt
,

W = Y k0 exp

(
− E

RT

)
, lt = db

(
ek,s
ek

)1/5

,

ρ

(
∂Y

∂t
+ v

∂Y

∂x

)
=

∂

∂x

[
(D +Dt)ρ

∂Y

∂x

]
− ρW,

∂ek
∂t

+ v
∂ek
∂x

= −a1
e
3/2
k

lt
,

∂ρ

∂t
+

∂

∂x
ρv = 0, p = ρRgT.

Boundary conditions are:

for x → −∞, Tc = T0;

for x = xs(t), − ρc
dxs

dt
= −ρ

dxs

dt
+ ρv, ek = ek,s,

−ρc
dxs

dt
= −ρ

dxs

dt
+ρvY −(D+Dt)ρ

∂Y

∂x
,

− ρc
dxs

dt
= m(Ts, p),

Ts = Tc(t, xs(t)),

λc
∂Tc

∂x
= (λ+ λt)

∂T

∂x
−Q′

sρc
dxs

dt
,

T = Tc;

for x → +∞,
∂T

∂x
= 0,

∂Y

∂x
= 0.

Here k0 is the factor in front of the exponent in the Ar-
rhenius law, Rg is the gaseous constant, Rg = R/Mm,
λt is the coefficient of turbulent thermal conductivity of
gas, m(Ts) is the mass burning rate, and Ts is the tem-
perature on the gasification surface. The kinetic energy
of turbulence in the gasification zone ek,s is determined
by Eq. (3). The initial conditions for system (8) are
taken as their stationary solutions in the limit of an in-
finitely thin zone of chemical reactions in the gaseous
phase (E → ∞). These solutions in dimensionless form
are given in [10].

For the propellant gasification rate u, the simple
equation can be written [6, 15, 40, 41]:

u = −dxs

dt
= u∗ exp

(
− Ec

2RTs

)
, u∗ = const.

This makes it possible to determine the mass gasifica-
tion rate m(Ts) = ρcu. The dependences of the molecu-
lar diffusion coefficients D, thermal conductivity λ and
viscosity ν of gas on pressure p and temperature T are
taken in the form [10]

D = D0
p0
p

(
T

T0

)2

, λ = λ0
T

T0
,

ν = ν0
p0
p

(
T

T0

)2

,

where D0, λ0, and ν0 are the values of D, λ, and ν in
the case where T0 = 293 K and p0 = 105 Pa. The scale
v∗ contained in the determination of the dimensionless
velocity ω can be calculated using the expression v∗ ≈
0.045w∞ [10, 29].

The purpose of this study is to search for steady
solutions of Eqs. (8) by the relaxation method, so the
following equalities are taken for simplicity:

∂ek
∂t

= 0,
∂ω

∂t
= 0.

The mixing length s and the components y of the gas
velocity vector w are determined using the equations
[42]:

s
d2s

dx2
− 1

2

(
ds

dx

)2

− γ

ν
s2

dw

dx

(
1− 1

μ

ds

dx

)
= 0, (9)

ν
dw

dx
+ s2

(
dw

dx

)2

= v2∗ , γ = 0.15, μ = 0.395.

The equations of the turbulent boundary layer
should be solved under the conditions [42]:

for x = xs(t),

d2s

dx2
= q

v∗
ν
, q = 4.23 · 10−3; s = 0; w = 0.

3. SIMULATION RESULTS

The guiding physical idea of this study is as follows:
the combustion of solid high-energy materials is always
accompanied by turbulence and its source is a gasifica-
tion zone. If there is motion of gaseous products of com-
bustion along the gasification surface, then there is also
external turbulence. Gas moves in a semiclosed space,
so some of its inner energy is converted into a kinetic
energy. All these factors actively affect the combustion
process: internal turbulence and energy conversion al-
ways reduce the burning rate, and external turbulence
increases the burning rate. On the basis of this model,
the joint influence of two given types of turbulence on
the burning rate should be analyzed.

The numerical solution of equations in system (8)
is carried out by an implicit conservative scheme [43].
Approximation errors for Eqs. (8) and (9) have the order
of (Δx)2 in a spatial step Δx = 10−6 m, and the time
accuracy of the first order in the step Δt = 10−6 s [the
Courant dimensionless number is κcΔt(Δx)−2 ≈ 0.43].
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Fig. 2. Scale lt/db (curves 1 and 3) and the dimensionless
coefficient of turbulent diffusion Dt/κ0 (curves 2 and 4)
versus the x coordinate for a1 = 10−8 (1 and 2) and
10−7 (3 and 4).

Combustion becomes steady in time periods of the order
of several values of the time of the thermal reaction of
the solid phase tr = κc(u

′)−2 ≈ 1.2 · 10−2 s, so the
calculated time is (8–10)tr. The solution of the model
equations is sought for in the region from −1 to 2.3 mm.
The width of the combustion zone δb is determined from
the position of the maximum of the chemical reaction
rate W .

3.1. Combustion in the Absence of Blowing
and in the Presence of Internal Turbulence

Kolmogorov laws for locally isotropic turbulence
superimpose restrictions on the nature and limits of
changes in the kinetic energy ek and scale lt. The faster
the energy ek dissolves, the larger lt becomes, but the
coefficient of turbulent diffusion Dt decreases. Large
values of a1 accelerate the conversion of kinetic energy
of turbulence into thermal energy, and the region of gas
with turbulent motion concentrates near the gasifica-
tion surface. Figure 2 shows the spatial distributions
of the dimensionless scale lt/db and transfer coefficient
Dt/κ0 for a1 = 10−8 and 10−7. In this figure and in
Fig. 3, the origin of the x coordinate is the gasification
surface.

The data from Fig. 2 make it possible to estimate
the influence of a1 on the nature of decay of internal
turbulence, which plays an important role in the com-
bustion of solid propellants. The combustion of a stan-
dard N powder is simulated below. It is assumed that
the combustion zone has internal turbulence with pa-
rameters a1 = 10−10 and b1 = 10, but there is no mo-

Fig. 3. Distributions of the temperature ratios T/Tf

(curves 1 and 1 ′), relative concentration Y (curves 2
and 2 ′), and chemical reaction rate W (curves 3 and 3 ′)
with account for internal turbulence (1–3) and with no
account for the internal turbulence (1′–3′); it is assumed
that Y = 1 in the region x < 0, and Tf is the flame
temperature.

tion of the gaseous products of combustion along the
gasification surface (w∞ = 0). Equations (9) are not
considered. The small value of a1 is taken for simu-
lating the weak decay of turbulence within the width
limits of the combustion zone. The burning rate of
the N powder is calculated using the following con-
stants [44]: u∗ = 8.46 m/s, Ec = 7.98 · 104 J/mol, the
temperature on the gasification surface in the case of
steady combustion Ts = Ts0 = 658 K, and burning rate
u0 = 5.732 mm/s at p = 50 atm.

The following parameters for the N powder are
recommended additionally [10, 44]: ρc = 1600 Kg/m3,
cc = cp = 1465 J/(kg ·K), λc = 1.0 J/(m ·K · s),
thermal effect of the reaction in the solid phase
Qs = 2.53 · 105 J/kg and in the gaseous phase
Q = 2.73 · 106 J/kg, Rg = 489 J/(kg ·K),
〈db〉 = 0.87 · 10−7 m, σs = 10−2 N/m,
D0 = 1.1 · 10−4 m2/s, λ0 = 0.15 J/(m ·K · s), and
ν0 = 1.1 · 10−4 m2/s. These gas parameter values yield
the value of the Lewis number Le = 0.75. Chemical re-
action rate in the gaseous phase: k0 = 1.018 · 1010 s−1,
and E = 1.86 · 105 J/mol.

The main purpose of this study is to simulate the
combustion of the N powder in the experiments [3],
where the results for the erosion factor are presented in
the form of a relationship with the Vilyunov number Vi
and the interval Vi = 1–10 at p = 50 atm corresponds to
changes in the velocity in the range w∞ = 12–140 m/s.
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Fig. 4. Theoretical (curves 1 and 2) and experi-
mental (points 3 and 4) [3] dependences of the ero-
sion factor on the Vilyunov number for p = 50 (1
and 3) and 80 atm (2 and 4).

This circumstance superimposes restrictions on possible
values of the molar mass of gas Mm and coefficients D0

and ν0 with chosen values of other parameters of the
N powder.

Figure 3 shows the distributions of temperature,
concentration, and chemical reaction rates in the ab-
sence and presence of internal turbulence, and they cor-
respond to a burning rate u0 = 5.733 mm/s. The flame
temperature is Tf = 2327 K at T0 = 298 K with ac-
count for internal turbulence and Tf = 2334 K with
no account for it. It should be clarified that the flame
temperature is understood as the temperature of the
combustion products near the chemical reaction zone.
The weak decay of turbulence and the limited abilities
of the computational equipment prevent from calcula-
tions with large spatial scales. Therefore, a decrease in
Tf = 2327 K is an apparent effect.

The thickness of the chemical reaction zone in the
absence of internal turbulence equals δb ≈ 0.1 mm, the
“inclusion” of turbulence increases the combustion zone
up to δb ≈ 0.12 mm. Thus, the internal turbulence
moves the flame away in the gaseous phase from the
gasification surface.

3.2. Combustion with w∞ �= 0

Simulation in the presence of blowing is carried out
for pressures p = 50 and 80 atm, the same as in the ex-
periments [3] with the N powder on the study of erosive
effects. The coefficient of hydrodynamic resistance is
ζ = 0.03, and the Prandtl number is Pr = 0.75. Fi-
gure 4 shows calculation results for the erosion factor
ε(Vi), where the Vilyunov number Vi changes from 0 to
10.75. Accordingly, the interval of changes in the blow-

ing velocity w∞ is determined in the limits 0–130 m/s.
In [3], it is noted that there are two threshold numbers
Vi1 and Vi2, where Vi1 characterizes the formation of a
negative erosive effect, and Vi2 is related to the recovery
of the erosion factor up to a value ε = 1. In simulation,
the number Vi1 is not detected, and the burning rate
smoothly decreases as Vi becomes larger.

The results for a pressure p = 50 atm are consid-
ered as follows. According to the experimental data [3],
the erosion factor at Vi = Vi∗ ≈ 3.7 takes a minimal
value ε = εmin ≈ 0.95. It is theoretically obtained
that Vi∗ ≈ 4.9 (see Fig. 4). On the region Vi < Vi∗,
the generation of turbulent mechanical energy and its
return from the gasification zone into the flame zone
play an important role, while the heat flux from the
flame zone to the gasification surface remains the same.
The negative energy balance arising from the turbu-
lence reduces the erosion factor. The whole combus-
tion zone is located inside the viscous sublayer of the
outer turbulent boundary layer. The threshold number
Vi∗ ≈ 4.9 corresponds to the velocity w∞ ≈ 60 m/s.
The thickness of the viscous sublayer for Vi = Vi∗ is
δg = 0.257 mm, and the thickness of the combustion
zone is δb = 0.115 mm, i.e., the Bulgakov–Lipanov
threshold number is Θ∗ ≈ 0.45. The parameter δg is
determined from the spot where turbulent viscosity be-
comes equal to the molecular viscosity of gas. The thick-
ness of the combustion zone δb is considered to be the
distance from the gasification surface to the point where
the chemical reaction rate is maximal. The pressure
rise reduces the threshold values of Vi∗ and Θ∗, and
the negative erosive effect weakens along with them.
This agrees with the experimental observations [6] if
the mechanism of formation of the negative effect is as-
sumed to be the same for all types of propellants. In the
region Vi > Vi∗ (or Θ > Θ∗), the flame in the gaseous
phase becomes turbulent, which strongly increases the
heat flux from the flame zone to the gasification sur-
face. The value of this heat flux exceeds the mechanical
energy of turbulent motion, returned to the flame zone.
Therefore, the erosion factor in this region is larger.

The gas temperature behind the chemical reaction
zone monotonously decreases from 2327 to 2236 K with
increasing blowing velocityw∞ from 0 to 130 m/s. How-
ever, this does not mean that the flame temperature
drops, and the simulation region small in space prevents
from fully accounting for the energy dissipation of the
turbulent motion of gas.

The experiments [3] reveal the universal depen-
dence ε(Vi): the erosion factor turns out to be the same
at p = 50 and 80 atm. The comparison of theoretical
results (see Fig. 4), obtained at p = 50 and 80 atm, does
not reveal total universality. However, it can be seen in
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Fig. 5. Erosion factor versus the blowing velocity at
T0 = 298 K and different pressures.

Fig. 6. Erosion factor versus the blowing velocity at
p = 50 atm and different initial temperatures.

the comparison of ε(w∞) in Fig. 5 and ε(Vi) in Fig. 4
for the given pressures that the corresponding curves
become closer in Fig. 4, i.e., Vi is sufficiently universal.

For the N powder, the negative erosive effect van-
ishes at T0 = 238 K, and the minimal value is εmin = 0.8
at T0 = 325 K [4]. The simulation shows a decrease
in εmin with reducing T0 (Fig. 6), i.e., the theoretical
results agree only qualitatively with the experimental
data [4], where the dependence εmin(T0) is stronger than
in Fig. 6. The minimal values of ε in this figure are as
follows: εmin(238 K) = 0.966, εmin(298 K) = 0.953, and
εmin(325 K) = 0.95.

The discovered difference between theoretical and
experimental data can be explained the simplified na-
ture of the combustion model, especially the rough
representation of chemical reactions in the condensed
phase of the propellant as there is a strong dependence
of εmin(T0) on the activation energy Ec.

In previous studies [7–10], the manifestation of the
Vilyunov–Dvoryashin effect is explained by the fact that
some inner energy of gaseous products of combustion
converts into their kinetic energy of motion with the
velocity w. This energy conversion is accounted for by
a complex as a source function

ρ

2

(
∂w2

∂t
+ v

∂w2

∂x

)

in the expression for Wg,s. In the tests [3, 4], this com-
plex does not play a significant role, but its influence be-
comes significant in other experiments [5, 6], where the
Vilyunov–Dvoryashin effect is manifested with w∞ �
150 m/s.

CONCLUSIONS

The main results of the analysis of the pre-
sented combustion model and those obtained previously
in [6, 17–19, 21, 34, 36] come down to the following.

1. Small-scale turbulence is formed with a large
probability practically for all solid propellants near the
gasification zone, and this turbulence differs in its in-
tensity for various propellants.

2. The Vilyunov–Dvoryashin effect manifests as a
result of conversion of some inner energy of gas or
vapor–liquid phase into the mechanical energy of mo-
tion. If this transition occurs near the gasification zone,
then part of the heat flux returns into the gaseous phase
in the form of mechanical energy, and this “mirror ef-
fect” manifests as a thermal insulation.

3. The manifestation of the Vilyunov–Dvoryashin
effect is almost improbable at high pressures and initial
temperatures.

4. The possibility of the manifestation of the
Vilyunov–Dvoryashin effect is high for propellants with
low burning rates with a noticeable layer of liquid or
vapor–liquid phase in the gasification zone.
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