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Numerical Studies of Solid Propellant Erosive Burning

Victor K. Bulgakov* and Alexander I. Karpovt
Khabarovsk State University of Technology, Khabarovsk 680035, Russia

and

Alexei M. Lipanovi
Institute of Applied Mechanics, Izhevsk 426001, Russia

A model of solid propellant erosive burning is developed. Reciprocal interaction of turbulence with chemical
reaction is taken into account by considering correlations for turbulent heat transfer affected by combustion
reaction in the flame zone and developing an expression for the averaged value of combustion reaction rate. A
local-isotropic assumption is invoked to reduce the full transport equations for turbulent fluctuations to simple
formulas. Erosive burning of stick propellant is studied numerically by a boundary-layer approach. Satisfactory
agreement with measurements is obtained using the proposed model both with the full transport equation and
with the local-isotropic assumption. A new physical mechanism of negative erosive burning (decrease of propellant
burning rate under blowing of burning surface) is proposed and confirmed by numerical investigations of stick
propellant burning by using a mathematical model that is described by two-dimensional Navier-Stokes equations.

Nomenclature

pre-exponential factor

species mass fraction

constant in Eq. (17)

specific heat

constant in Eq. (20)

constant in Eq. (25)

constants in Eq. (15)

activation energy

friction factor

turbulent heat flux, — 7" (pv)’
duct’s half-thickness

kinetic energy of turbulence
Lewis number

boundary-layer thickness

solid propellant mass burning rate
reaction’s order

Prandt] number

pressure

effective heat of reaction

specific gas constant

Reynolds number, p.uh/u,,
universal gas constant
temperature

characteristic period of chemical reaction
characteristic period of turbulent fluctuations
velocity in the x coordinate
Vilyunov’s parameter, (87,)"2/m?
velocity in the y coordinate
chemical reaction’s rate

distance along the burning surface
distance normal to the burning surface
constants in Eq. (24)

parameter in Egs. (18) and (19)
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dissipation rate of turbulence energy
thermal conductivity

viscosity

density

shear stress

parameter in Egs. (17) and (18)
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Subscripts

core flow
flame

gas

molecular
initial

input flow
solid propellant
reaction
burning surface
turbulent
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Superscripts

)
)

normal (nonerosive) burning
Reynolds-averaged variables
fluctuations

» Introduction

INCE the effect of erosive burning of solid propellants

was discovered, many studies have been devoted to this
problem. Concerning the theoretical modeling of this phe-
nomenon, different models were proposed; most of them were
reviewed in the survey papers of Kuo and Razdan® and King.?
In addition, some other original works®*~7 may be mentioned.
According to King? (also Ref. 5), three groups of erosive
burning models can be distinguished.

Models of the first group are based on the peculiarities of
convective heat transfer from the core flow to the solid pro-
pellant burning surface. As King has shown, this mechanism
cannot be considered as a fundamental reason of erosive burn-
ing because some physical features confirmed by measure-
ments are not handled by this approach. Concerning this
mechanism, our numerical investigations®*2?? of solid propel-
lants burning under blowing by laminar flow have shown that
change of the convective energy balance in the flame zone
causes the erosive burning effect (meaning that under this
definition any change of burning rate, disregarding physical
reasons for this phenomenon). But actually, such an approach
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cannot describe one of the main features of erosive burning
(confirmed by numerous measurements) that appears as an
increase of burning rate with the increase of blowing flow
Reynolds number if boundary layer is fully developed. On
the other hand, “convective” mechanism was assumed as a
basic hypothesis for the theoretical modeling®?* of the neg-
ative erosive burning (discovered by Vilyunov and
Dvoryashin'®!'), and furthermore, for the study® of solid pro-
pellant burning under blowing by low Reynolds number flow
of complicated configuration.

Returning to the conventional erosive burning process, the
last two groups of models (following King’s classification)
actually deal with the same physical mechanism and differ
from each other by different emphases on combustion chem-
istry vs gas dynamics. This mechanism, first proposed by Cor-
ner,'? attributes erosive burning effects to turbulent heat transfer
in the flame zone that leads to increased heat flux into the
solid fuel and, correspondingly, to increased burning rate. It
should be mentioned that the same approach was proposed
by Zeldovich in the 1940s, but accessible publications!® did
not appear until a few decades later. Thus, the problem of
erosive burning modeling stands close to the classical problem
of turbulent combustion of gases,*~'® including its peculiar-
ities of theoretical analysis, but complicated by special fea-
tures like a flow dynamics in the near-wall region and inter-
action with burning surface of solid fuel. Among other things,
two main aspects of these phenomena should be considered:
1) the quest of behaviors by which turbulence affects chemical
reaction and 2) the feedback influence of combustion reaction

_on the turbulent transfer.

In the model of Beddini* the generation (or suppression)
of turbulent fluctuations provided by chemical reaction is taken
into account by using full transport equations for Reynolds
stresses, but reaction rate isn’t actually averaged, but calcu-
lated simply by using averaged parameters in the Arrhenius-
type formula. In contrast, Razdan and Kuo*!7 used the “‘eddy-
break-up” model'® to describe reaction rate, but did not
consider the effect of combustion on turbulent heat transfer.
As noted by the authors, this model can be applied only to
fully developed turbulent flow. Therefore, characteristics of
erosive burning cannot be predicted by this model when Rey-
nolds number isn’t sufficiently high for the penetration of the
flame zone through the viscous sublayer. In this case molec-
ular transfer should not be neglected in comparison with the
turbulent one, and therefore, the eddy-break-up model isn’t
suitable for predicting reaction rate. Another study of Hsieh
et al.” is based on using the probability density function to
obtain an averaged value of reaction rate by using Favre-
averaged equations. This approach seems to be fairly com-
prehensive, but it is quite difficult to choose a suitable defi-
nition of the probability density function.

Summing up the discussed details, two requirements of ero-
sive burning modeling should be addressed. These are 1) ac-
counting for an influence of chemical reaction on the turbulent

- heat and mass transfer in the flame zone; and 2) developing
an expression for an averaged value of reaction rate that
would be applicable for any Reynolds number of blowing
flow. In addition, a new physical mechanism of negative ero-
sive burning effect is proposed. These subjects are studied in
this article, which is a unified analysis of the authors’ previous
works®?:19-24 on this problem.

Model of Erosive Burning Taking into Account an
Interaction of Turbulence with Chemical Reaction

To simplify the analysis developed in this article, the fol-
lowing assumptions are imposed:

1) One single-step chemical macroreaction of combustion
is taken into account in the gas phase.

2) Following the first assumption, only two species are con-
sidered in the gas phase: reactant at mass fraction a and re-
action product at mass fraction (1 — a).
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The mathematical model of solid propellant erosive burning
is described by boundary-layer equations for the flow with
chemical reaction. The general form of these equations is

., w9 u_dp
P TPy Ty T M
T 9T _ 8 AT Q
el el i1
pu——+pv o —ayCay TP )
a da 3 LeA da
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ox dy
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Reaction rate is described by an Arrhenius-type formula

Eg
W = A,a” exp “RT
. 0

In addition, to avoid superfluous details, Eq. (3) is excluded
from the consideration assuming Le = 1. In this case, using
the similarity between distribution of temperature and mass
fraction, the following equation results one:

_L-7
s (Tf - T:)

(6)

I

7
: ™
The analysis of mass transfer in the case Le # 1, considered
in Ref. 20 is similar to the analysis of heat transfer presented
below and doesn’t produce any essential new features.

Turbulent Heat Transfer in the Reacting Flow

Applying Reynolds time-averaging procedures to Egs. (1),
(2), (4), and (5) we obtain

W @

T T o |A,oT 0

il —_— = T

Pt ay[cay (V)] CPW )
P ay_o (10
5 = R(GT + p'T') (11)

Since dynamical turbulence is not affected by chemical re-
action in this part of the analysis (uncoupled), the Reynolds
stress in the momentum Eq. (8) is described simply as for
nonreacting flows:

—— _ o
- W = w3 (12)
Neglecting the fluctuations of pressure, we obtain
7T = ~ (DT> (13)

Concerning the parameters of turbulent heat transfer ex-
pressed by the correlation —T7'(pv)’ in Eq. (9), previous
studies®>”!7 took into account only the conventional expres-
sion for nonreacting flow:

T

ST = g5 (14)
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In this analysis the influence of chemical reaction on the
turbulent heat transfer is determinated by considering an
equation for turbulent heat flux g, = —T'(pv)’ that can be
expressed, following Ref. 25, in the form?

08 —08 _ 9 (A, 9%;
Pl TPy 6y<C G ) o
_eaoT pe QW
-G+ & : 15
pars SR & TP T (15)

where C, = 1, C, = 1.6, C; = 5.4.

Chemical reaction is postulated to affect turbulent heat
transfer by two mechanisms. First, the relaxation process of
heat transfer in the flame zone is defined by a new charac-
teristic period ¢,, which can be estimated as ¢, = 1/W. Tur-
bulent fluctuations whose periods are greater than ¢, cannot
affect the distribution of temperature in flame zone because
chemical reaction and conduction are faster processes in de-
termination of temperature profiles than turbulence. At the
limit of infinitely fast reaction rate (W — o, t, — 0), the
temperature gradient becomes infinitely large, the width of
reaction zone becomes infinitely thin, and therefore, turbu-
lence doesn’t affect heat transfer in the flame zone at all. In
the opposite extreme, in the case of very small values of
reaction rate, the characteristic period ¢, increases and a wider
spectrum of turbulent fluctuations affect heat transfer in the
flame zone.

Secondly, chemical reaction directly affects the distribution
of temperature fluctuations by the last term of Eq. (15). This
mechanism was taken into account in the studies of Beddini*
and Vilyunov and Dik.?

Applying the first principles to Eq. (15) we define param-
eter k, as a turbulence energy of fluctuations which period is
limited by ¢,:

= ke(t 1) (16)

Here 1, is the characteristic period of the entire spectrum
of turbulent fluctuations.

Defining ¢, =~ k/¢ and using ¢, = 1/W, we find that t./t, ~
e/kW. To provide conditions go(O) -0, (1) = 1, () =
1, the correlation function ¢ is approximated as

o =1 — exp[—B(e/kW)] a7
where B is an empirical constant. As numerical studies have

shown B = 1.
Then Eq. (15) can be rewritten as

— 9 a (A 9,
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8= C, & CaT (19)

Considering assumption of local-isotropic turbulence, Eq.
(18) can be significantly simplified. Here, the generally em-
ployed expression for turbulent viscosity is used in the form

W, = Cupkile (20)

where C,, = 0.09.
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Keeping only the generation and dissipation terms in Eq.
(18), and defining w/(8@/dy) = —u'(pv)’ = 0.3pk, Eq. (18)
can be transposed to simple formula

_ k@ 9T
S s e @)

where Pr, = C;C,,/0.3C, = 1.

Equation (21) differs from Eq. (14) for turbulent heat flux
in the nonreacting flow by the factor ¢/(1 — §). Here, ¢
describes an influence of chemical reaction on the turbulent
heat transfer by the first postulated mechanism, and (1 — §)
by the second one. Therefore, the coefficient of turbulent
heat transfer can be expressed from Eqs. (14) and (21) as

U ©
toPr,(1 -9

(22)

The Influence of Turbulent Fluctuations on the Rate of
Chemical Reaction

Strong nonlinearity of the dependence of reaction rate upon
temperature expressed by Eq. (6) leads to W(T) # W(T).
Expanding the function W(T') into a power series and aver-
aging the resulting expression, we obtain

W(T) =

:r'2 (23)

Considering the energy Eq. (9) and defining

_.—'_2_’ = hid T,Z
T3 = ar e o™ 3 oy
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we can derive an equation for 72 in the form
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where a; = 1, B = 5.4.
Under the local-isotropic assumption that was applied above
to Eq. (18), Eq. (24) can be simplified to

-\ 2
T i ¢ (T
o Y (¢
T =G — oy (ay> )

where C; = 1/8,C,, = 2.0.

Turbulence Model and Boundary Conditions

To complete the set of equations, a turbulence model must
be introduced. In the following,* the well-known k-& model
is used. Since the viscous sublayer is also considered in the
calculations, modification of Chien?’ is used for the prediction
of the local characteristics in the flow domain with low Rey-
nolds number.

Finally, the solid propellant burning rate is calculated as?-38.3 -

1/2
B p A, T2RA, _E
™, = (E,,[C,,(Ts 1y -0,7) “°\"2&1) @
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Boundary conditions on the propellant burning surface are
described as follows™:

y=20 /\gy— =m(CT, - C,T, - Q,)
u =0
pv = m,

Results

Numerical solution of the set of equations presented in the
previous sections is obtained by using a finite-difference
scheme,? which is based on the procedure of Patankar and
Spalding® for two-dimensional parabolic boundary-layer flows.

Some results of the study of stick propellant erosive burning
are presented below. Thermophysical and kinetic properties
of these stick propellants and gas-phase parameters are given
in Table 1.

The influence of chemical reaction on the turbulent heat
transfer in the flame zone is shown in Figs. 1-3. Since the
temperature increases monotonically by moving away from a
burning surface, according to Eqs. (18) and (19), the chemical
reaction generates additional turbulent heat flux g, in the pre-
flame zone where aW/8T > 0(5 > 0), and damps g, on the
descending part of function W(T) where 6W/aT < 0(8 < 0).
The same result was obtained qualitatively by Vilyunov and
Dik.?® As the results presented in Fig. 1 show, generation of
g, by chemical reaction is almost negligible while suppression
is significant. The last conclusion can be seen clearly from the
analysis of curve 3 in Fig. 2. The coefficient of turbulent heat
transfer whose distribution is shown in Fig. 3 is expressed
from Eq. (14) as

- (?) .

Figure 3 shows significant influence of chemical reaction
on the turbulent heat transfer in the flame zone. Moreover,
in the point y = 0.15 mm which corresponds to the point of
maximal heat release (see curve 3 in Fig. 1), turbulent heat
transfer level is even lower than molecular thermal conduc-
tivity. Comparing curves 1 and 2 in Fig. 2, and also, the same
curves in Fig. 3, fairly good suitability of the local-isotropic

assumption can be concluded.

"~ Before the results of this erosive burning study are consid-
ered relative to the prediction of erosivity, one advantage of
presented model may be noted. To provide correct prediction
of erosivity, normal burning rate (without flow over burning
surface) must be calculated using the computational technique
that is as close to the technique used for erosive burning as
possible. In this regard, the presented model has not assumed
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Fig. 1 Distribution of parameter & (curve 1), temperature (curve 2),
and reaction rate (curve 3) in the flame zone.
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Fig. 2 Influence of chemical reaction on the turbulent heat transfer
in the flame zone: curve 1—distribution of turbulent heat flux g,
obtained from the transport Eq. (18); curve 2—distribution of g, ob-
tained using local-isotropic assumption, Eq. (21); carve 3—distribu-
tion of ratio g,/g’; g,—turbulent heat flux affected by chemical reac-
tion, obtained from Eq. (18); g/—turbulent heat flux for nonreacting
flow, obtained from Eq. (18) under 6 = 0, ¢ = 1.

Table 1 Solid propellant properties and gas-phase parameters3s-3’

Value
Name Symbol Gas Solid Units
Specific heat C 1466.5 1465.0 J/(kg-K)
Thermal conductivity A 1.0 0.2 W/(m-K)
Density p 14.62 1600.0 kg/m3
Pressure r 107 Pa
Specific gas constant R 293.0 J/(kg-K)
Universal gas constant R, 8.314 J/(mole -K)
Effective heat of reaction Q 2435.3 556.8 kl/kg
Pre-exponential factor A 10t 3.7-10° Vs
Activation energy E 186.1 ” 79.7 kJ/mole
Initial temperature T, 293.0 K
Molecular viscosity s 6.2-10~¢ kg/(m-s)

Q% O

G
At the adiabatic flame temperature 7, = Cp T, +— + ol 2333 K.
8

(4 4
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Y, mm

Fig: 3 Distribution of the ratio of turbulent thermal conductivity A,
to the molecular one A, in the flame zone: curve 1—obtained from
Eq. (27) using transport equation (18) for g,; curve 2—obtained by
local-isotropic assumption, Eq. (22); curve 3—nonreacting flow, 6 =
0,0 =1

any substantial physical distinction between erosive burning
and normal burning. Thus, with neglect of turbulent fluctua-
tions and exclusion of convective terms in the x-coordinate
direction, the set of Eqs. (9—11) is used to predict the normal
burning rate.?* In this case, the continuity equation (10) is
transposed to a simple formula pv = m,, and the momentum
equation (8) is excluded from the account. To provide nu-
merical solution stability, the unsteady term p(6T/dr) is used
in Eq. (9) instead of the convective term pa(a7/dx), with
calculations being carried out until a steady value of burning
rate is achieved. The model was verified by the predicting of
normal burning rate values that agree with measured values.

Measurements of erosive burning of stick propellant over
a wide range of blowing velocities of Vilyunov et al.10.30.31
have shown that erosivity coefficient can be described uni-
formly as a function of a dimensionless parameter, which was
defined in Ref. 19 as Vi. Original expression for this param-
eter is* )

vi = Pete i (28)

Replacing the friction factor with f = 8r,/p.u2, Eq. (28)
can be rewritten as

/2
vi = Genl (29)

Figure 4 shows substantial disagreement between measure-
ments and predicted results which were obtained neglecting
an influence of interaction between chemical reaction and
turbulence, while the presented model shows good agree-
ment.

When analyzing results presented in Fig. 4, it can be noticed
that negative erosive burning was observed below Vi = 5.6.
Earlier, some heuristic qualitative description of this phe-
nomenon was considered in Ref. 19. However, direct pre-
diction of negative erosive burning is fairly difficult or even
impossible under a boundary-layer approach, because a lim-
iting condition of the existence of a boundary-layer equations’
solution depends upon the ratio of stream flow velocity to
injection velocity (i.e., burning rate of solid propellant) stands
close to the value under which negative erosive burning is
observed. For this reason this phenomenon is studied by using
a mathematical model described by full two-dimensional Na-
vier-Stokes equations. '

12 2
S0
g L 1
\w 11
E 3
1.0

09 . . !

Vi

Fig. 4 Erosivity m,/m? vs parameter Vi: curve 1—calculation by
presented model taking into account the interaction of turbulence with
chemical reaction; curve 2—calculation obtained disregarding the in-
teraction of turbulence with chemical reaction; curve 3—measure-
ments.'®

Negative Erosive Burning

A decrease of solid propellant burning rate under blowing
over burning surface, that was defined later as a negative
erosive burning, was discovered by Vilyunov and Dvoryashin'®
by measuring burning rates of stick propellants over a wide
range of blowing flow Reynolds number, beginning at Re =
0. The same authors have also observed negative erosive ef-
fects for composite propellants.! Negative erosive effects have
been obtained under blowing of burning surface by the flow
with low Reynolds number or, using parameter Vi as a cri-
terion of erosivity, in the range 1.6 < Vi < 5.6. First, a
systematic error of medsurements was considered by some
researchers as a reason for negative erosivity appearance.
Finally, direct measurement*! of negative erosive burning con-
firmed this real physical phenomenon.

The results of numerical investigations®?? of the negative
erosive burning and the description of a proposed physical
mechanism are presented below.

Mathematical modeling of the gas flow is described by two-
dimensional Navier-Stokes equations in this study, while the
combustion model is the same as that discussed in the previous
section. Numerical solution of the two-dimensional equations
is obtained by using a finite-difference procedure and the
SIMPLE algorithm of Patankar.

The proposed physical mechanism of negative erosive burn-
ing is based on the following fundamental premise: negative
erosivity doesn’t deal with any effect of turbulence. Following
this suggestion, burning under laminar flow was studied. Ac-
cording to boundary-layer flow analysis,** crossflow velocity
appears in the inert duct (without wall injection) over a region
where axial velocity profile is not fully developed until bound-
ary layers merge. (In the case of free expanding boundary-
layer flow over flat plate, crossflow velocity has 4 maximal
value on the front edge and asymptotically vanishes down-
stream.) Therefore, if flow over the burning surface is not
fully developed, the convective energy balance in the direction
normal to burning sutface is changed relatively to the non-
erosive burning due to additional crossflow convection caused
by the boundary layers developing, leading to movement of
the flame zone away from the burning surface. As a result,
heat flux from the flame zone into the solid propellant de-
creases, and correspondingly, burning rate drops.

Results of a numerical study of stick propellant burning in
the axisymmetric duct formed by two burning surfaces are
presented in Figs. 5—8. Propellant properties and gas-phase
parameters are the same that are indicated in Table 1. As the
results have shown, the parameter Vi is not a universal cri-
terion for prediction of features of the negative erosive effect.
An increase of input Reynolds number leads to increased

" negative erosivity (Fig. 5, curve 1 vs curve 2). An increase of
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input boundary-layer thickness leads to decreased negative
erosive effect (Fig. 5, curve 1 vs curve 3). In agreement with
the suggested theory, the burning rate remains unchanged
when input velocity profile is fully developed (Fig. 5, curve
4). Results presented in Fig. 6 give an obvious notion of the
proposed mechanism. Negative erosive effects occur until the
crossflow velocity in the flame zone exceeds the value that
corresponds to nonerosive burning.

Results shown in Figs. 7 and 8 present an erosive burning
study in the casé of blowing flow that transits from laminar
regime to turbulent. Since described physical mechanisms of
negative and conventional “positive” erosive effects do not
connect with each other, the distribution of curve 1 in Fig. 7
shows that these effects occur in the different regions of the
burning surface. According to the previous explanation, burn-
ing rate decreases in the developing profile region adjacent

1.0 #
3

ow 0.9t 1
€
~ 2
g 0.8t

0.7

1 1 1 1

x/h

Fig. 5 Distribution of erosivity m,/m?over burning surface. Laminar
flow. Curve 1—Re, = 450, I/h = 0.25; curve 2—Re, = 2200, l/h =
0.25; curve 3—Re, = 450, I/h = 0.5; curve 4—Re, = any, l/h =
1.0.-
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Fig. 6 Distribution of crossflow velocity in the flame zone. Re, =
450, I/h = 0.25: curve 1—x/h = 0.55; curve 2—x/kh = 1.1; curve
3—x/h = 1.7; curve 4—x/h = 2.7; curve n—nonerosive burning.

115

o}
mg /mg
>

0.9+F

Fig. 7 Distribution of erosivity m /m? over burning surface. Tran-
sition flow. Curve 1—Re, = 2200, I/h = 0.25; curve 2—Re, = 4100,
lh = 0.25.
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o I L L 1
10 15 20 25

x/h
Fig.8 Location of flame zone (curve 1) and viscous sublayer thicimess
(curve 2) over burning surface.

to the duct’s entrance (actually, parameters of curye 1 in Fig.
7 are the same as of curve 2 in Fig. 5), while an increase of
burning rate takes place downstream of the point where tran-
sition of laminar flow to turbulent occurs. This last fact is
confirmed by the data of Fig. 8 where mutual locations of
flame zone and viscous sublayer thickness are shown. Viscous
sublayer thickness was determinated as a point where coef-
ficients of turbulent viscosity and molecular viscosity are equal.
It can be noticed that the cross section where erosive burning
appears (x/h = 22 in Fig. 7) corresponds to the point where
the flame zone penetrates into the turbulent core flow (x/h
= 22 in Fig. 8). The pattern of curve 2 in Fig. 7 represents
typical distribution of erosivity over propellant burning sur-
face under mutual interaction of negative and positive erosive
effects.
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