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Motor and Plume Particle Size Prediction
in Solid-Propellant Rocket Motors

Oleg B. Kovalev*
Russian Academy of Sciences, 630090, Novosibirsk, Russia

Models are developed for 1) agglomeration of powdered aluminum on the burning surface of a metallized com-
posite solid propellant in order to predict average diameter of aluminum agglomerates as a function of propellant
composition, pressure, burning rate, and size distribution of oxidizer particles and 2) the processes of coagulation
and aerodynamic shattering of liquid aluminum-oxidedroplets in an accelerating gas flow. The critical upper value
of droplet diameter in the throat, which is calculated theoretically, is in agreement with the mean-mass diameter
D43 obtained by numerical simulation of a two-phase flow with coagulation and particle breakup. A formula is
proposed for the average particle diameter at the nozzle exit, which is confirmed by agreement with the measured
values of D43 of aluminum-oxide particles in plumes of small, medium-sized, and large solid rocket motors. The
proposed formula is also in agreement with Hermsen’s correlation of measured diameters. Based on a comparison
between theoretical calculations and numerous experimental data, the formula is recommended for prediction of
the aluminum-oxide particle size in plumes of various types of solid rocket motors.
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specific heat capacity of the gas at constant pressure
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0 = density
o = surface tension
0o = 5.67 x 1078W/(m>K*), Stefan—Boltzmann
radiation constant
T = dimensionless temperature
X = molecular weight
w = composite solid propellant burning rate
Subscripts
a = “aggregate,” agglomerate
Al = aluminum
agl = lifted-off agglomerate
b = material
C = curvature
e = equilibrium
f = polymeric binder
8 = gas
J = number of the fraction of oxidizer particles
or pocket number
ox = oxidizer
s = surface
T = solid propellant
t = throatvalue
1 = gaseous oxidizer
2 = gaseous propellant
3 = gaseous products of reaction
o0 = gas-phase flame
~ = quantity averaged over the diameter 4:
.1 [°
T= 3 /{: T(z)dz
I. Introduction

OMBUSTION of composite solid propellants (CSPs) is ac-

companied by accumulation and agglomeration of aluminum
particles on the reacting surface. According to the estimates of pre-
vious investigations, =7 the diameter of particles ejected from the
surface by gaseous products of CSP decomposition can vary from
5-10 to 200-800 pm. The absence of prediction and control over
the degree of agglomeration can result in undesirable deposition of
burning particles onto walls in the combustion chamber and mo-
tor malfunctions. The existing analyticalmodels®~!2 cannot predict
the size distribution function of particle agglomerates leaving the
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burning surface, which is vitally necessary for numerical simulation
of two-phase flow in the chamber. Among well-known models are
those reported in Refs. 10 and 11, which are based on the pocket
model of agglomeration. According to this model, the volume be-
tween ammonium perchlorate(AP) particles providesisolated pock-
ets in which the accumulation and interaction of particles occur
with the binder and small aluminum particles; as a result, particle
agglomerates are formed with dimensions limited by the pocket
sizes and the content of aluminum in them. The pocket model of ag-
glomerationis widely used in analysis of CSP burning. Correlations
of agglomerate diameter on the volume of pocket and AP particle
sizes, which are similar in shape, are analyzed in Refs. 6, 13, and
14. Unfortunately, the pocket modelignores the effect of pressurein
the combustor, the changes in the burning rate, etc. In addition, the
study’ shows that, apart from the pocket model of agglomeration,
there are interpocket mechanisms (where agglomerates of differ-
ent pockets merge) and prepocket mechanisms (where more than
one agglomerate is formed in the pocket). Agglomeration of alu-
minum depends on many competitive dynamic processes; the lack
of knowledge of these processes leads to insoluble difficulties in
the agglomeration description. It follows from the analysis that the
agglomeration models developed should be rigidly related to CSP
composition and the character of its burning.

Being located on the surface or close to it, particle agglomerates
have enough time to ignite. A two-phase flow with liquid burning
polydisperse particles is formed in the combustor. Having differ-
ent particle-gas lag, the particles might collide with each other and
interact. Particularly large agglomerates entrained by the gas flow
can break as a result of the Rayleigh-Taylor instability arising in
them. Combustion of metal particles in the chamber proceeds at
a temperature of the ambient gas ~3000-3500 K and is accom-
panied by the formation of condensed aluminum oxide; therefore,
when aluminum burns out its oxide in the liquid form remains on
the agglomerate. This indicates that particle agglomerates, enter-
ing the flow and traversing the distance from the burning surface to
the nozzle, cannot change significantly their diameters caused by
combustion. Even in the case of complete oxidation of aluminum,
particleagglomerateschangein diameterby only 20—40% (Ref. 14).

Historically, models of the motion of two-phase mixtures were
based on experimental studies of solid rocket motor (SRM) nozzle
flows.3=2* Models of two-phase flows!® were initially constructed
on the assumption that the particle size is small (~1-2 pm), their
volume concentrationis insignificant (<10~*), and the particles ex-
ert no effect on the gas and do not interact with each other. The
gas played a role of a carrier phase, which activity was reduced to
resisting strength stipulated viscosity of gas and friction at stream-
lining a particle. The influence of volume of particles and constraint
of a stream!® was complicated by equations of motion; the type
of these equations became composite,?®> which have complicated
the mathematical statement of boundary-value problems. Models
of polydispersetwo-phase flows were proposed to take into account
particleinteraction, which allowed calculation of particle growth as
aresult of collisions and coagulation.!”=2° These models were later
complemented in Refs. 21-23 by a description of fragmentation
effects during collisions.

One of the main principles of mechanics of heterogeneous
media®® is the conditionof conservationof nesting of mixture scales.
In other words, the characteristic scale on which the averaged flow
parameters change significantly should be much greater than the
scale of nonuniformity, that is, particle size. Thus, the assumption
of the small particle size is the most severe requirementin all models
of two-phase flows, and it is impossible to avoid it.

The mostimportantfactorthat suppressessignificantly the growth
of particlesis theiraerodynamicfragmentationcausedby interaction
with the gas flow. Aerodynamic fragmentation of liquid particles is
described by the dimensionless Weber criterion, which character-
izes the ratio of the aerodynamic and surface tension forces on the
particle. The Weber criterion of fragmentation allows two-phase
flow theory to satisfy the scale principle.

Hermsen?’ documentsan extensivebibliographyof the previously
published experimental data on the measured mean-mass particle

diameter D,; in plumes of a large number of various SRMs, which
differ in size, propellanttype, content of aluminum, nozzle geome-
try, etc. He also lists a number of empirical dependencesobtained by
the least-squares method for D,3. According to the data of Ref. 27
D,; for the selected Al, O; particles at the nozzle exitis in the range
0.25<Dy3 <13.3 pum.

Laredo et al.?® present the results of measurements of aluminum
agglomerate dimensions not only at the nozzle exit but also in com-
bustion chambers of very small-scale engines with channel and
head-end combustion. Observation and optical measurement of par-
ticles in the combustor were performed through a special window
built into the engine body. The window was mounted either ahead
of the nozzle entrance or near the propellant surface. According
to Ref. 28, aluminum agglomerates leaving the propellant surface
at a pressure of 3.6 MPa had the normallogarithmic size distri-
bution with a mean volume-surface diameter D3, = 132 pum and
standard deviation of 18 um and were significantly greater than
the initial aluminum powder in the propellant. Almost all large ag-
glomerates turned into a large number of small particles as they
moved along the combustor. The mass concentration of small par-
ticles (D3, <2 pm) at the nozzle exit was less than 10%, most
particles had D3, <50 pm, and only a small number of particles
had D;, > 85 um. The mean volume-surface diameter D3, at the
nozzle exit was less than 2.5 um.

A joint analysis of the results of numerous experimental
studies?”-?® and numerical simulations'’~24%° of polydisperse two-
phase flows with liquid particles in SRM nozzles yields the fol-
lowing pattern of variation of the granulometric composition of
particles in the two-phase flow. The mean-mass diameter D43 (x) as
a function of the x coordinate exhibits the greatest change in the
subsonic part of the nozzle, including the throat. If small particles
are injected at the nozzle entrance [ D,3(0) = 0.01-2 um], then the
calculations of Refs. 17-19 yield a monotonic increase in Dz (x)
for x > 0, which is sustained by coagulation caused by collisions of
particles with each other because of the difference in the velocity
lag relative to the gas. The conditions of aerodynamic fragmenta-
tion according to the Weber criterion We > We, for particles of this
size either cannot be reached at all or are fulfilled for individual
large fractions. Effects of breakup as a result of collisions can be
manifested very seldom and for individual particles only. If large
particles are injected at the nozzle entrance [ D43 (0) =20-100 pm],
the curve of D,;(x) has alternating sectors of monotonic increase
and drastic decrease, which are caused by particle breakup induced
by reaching the critical conditions of aerodynamic fragmentation
We > We,. The effect of aerodynamic fragmentation prevails over
coagulation, and the dependence D,;(x) decreases with increas-
ing x.

Behind the throat, the expanding flow is stratified so that large
fractions of particles remain in the core of the stream (as a result of
inertia), whereas small particles have enough time to change their
trajectoryto follow the gas and are deflected toward the nozzle wall.
Under these conditions the lag between the gas and particle veloci-
ties becomes small, and D3 (x) remains almostunchanged.!”-18:23:2

An analysis of specially performed calculations Kovalev and
Fomin?® shows that, as a result of aerodynamic fragmentation and
coagulationof particles,the mean-mass diameter D3 (x) of particles
inanacceleratinggas flow tends to alimiting value, whichisreached
in the nozzle throat and then remains almost unchanged up to the
nozzleexit. Under these conditionsthe regime of the flow around lig-
uid droplets always remains close to the Stokes law (C, =24/Re).
A deviation from this law inevitably leads to the developmentof the
Rayleigh-Taylor instability inside the particle. Under conditions of
rapid acceleration of the gas flow, particularly in the subsonic part
of the nozzle, instability occurs almost instantaneously, which leads
to particle breakup. Unfortunately, quantitative characteristics of
fragmentation (number and size) of the droplets formed cannot be
rigorously described. Thus, liquid droplets of Al or Al,O;5 suffer
the greatest changes in size during their motion through the engine
nozzle.

In the present work a numerical-analyticalanalysis of aluminum
agglomeration processes on the CSP burning surface is performed,
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and the degree of shatteringand coagulationof liquid Al,O; droplets
in SRM nozzles is evaluated.

II. Aluminum Agglomeration Model

In constructing the physical model of aluminum agglomeration,
we will use experimentalresults availablein this field,~> where the
most typical features of the formation of aluminum agglomerates
in combustion of AP-based model CSPs with moderate content of
metal are formulated. The main assumptions on which the model is
based are as follows (see Fig. 1):

1) The CSP burning surface, following Ref. 30, is assumed to
consistof cellsincludingelementary surfaces of the AP oxidizerand
the polymeric binder with small (diameter §; = 5-15 um) particles
of aluminum.

2) In the course of decomposition of the binder, accumulation
of aluminum particles occurs within the surface S bounded by AP
grains.

3) The initial aluminum particles that appearon the surface S have
a temperature equal to the burning surface temperature (7, = 800—
1000 K), that is, higher than the aluminum melting point and lower
than the aluminum-oxide melting point.

4) Within the surface S an “aggregate” consisting of contacting
aluminum particles is initially formed; cohesion of particles is en-
sured either through carburizing by carbon-containing products of
polymer decomposition or by liquid aluminum that appears partly
on the particle surface, which results from the formation of cracks
on the oxide film.

5) The shape of the aggregate is such that it is always possible to
introduce some effective diameter §,(¢) and effective width of the
oxide film n,(t).

6) There is no temperature gradient inside the aggregate, which
allows us to introduce the mean temperature 7,(f) over the mean
diameter §,(t) of the aggregate.

7) The aggregate is affected by the general confining mechanical
force (surface tension and other forces), which retains it on the
surface S, the body force, and the Stokes drag force induced by the
flux of gases formed by decompositionof the polymeric propellant.

8) If the aggregateis small (§, less than 500 pm), the mass force
is also small and can be ignored?’

9) The internal energy of the aggregate changes as a result of
heat exchange with the ambient gas ¢., radiant flux g, from the
diffuse-kineticflame, internalself-heatingresulting from aluminium
oxidation, and contact interaction with colder particles.

10) The aggregateincreasesin size until the moment of aluminum
ignition, after which the initial particles merge and form a spherical
agglomerate;at this moment the confining mechanicalrelation with
the surface is broken, and the agglomerate hangs above the surface
and is entrained by the gas flow under the action of the Stokes
force.

11) The geometric configurationof the propellantsurfaceremains
“frozen,” that is, S remains unchanged in time up to complete for-
mation and separation of the agglomerate (see Fig. 1).

A. Laws of Conservation

The variation of the mass and internal energy of the aggregate
(agglomerate) is described by the following system:

— Dy —

Fig. 1 Aluminum agglomeration model.
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a

1

4 4
@ =eon(TL = T)). 0= e + 1/6, — 1
The functions §,(?), T,(t), and n,(¢) are unknown quantities. The
first equation describes the change in the aggregate mass as a result
of addition of initial aluminum particles from the heated layer. The
second equation describes the energy balance of the aggregate, and
the third equation s the effective law of oxidation for the conglom-
erate of aluminum particles3!

The CSP composition determines completely the size of elemen-
tary surfaces of the oxidizerand fuel-binder>® Accordingto Ref. 32,
we can write S = anx(l — Box)/6Box; here Dy, Box are the mean
diameter and the volume fraction of the oxidizer particles.

To calculate heat exchange between the agglomerate and gaseous
products of decomposition around it, we use the following expres-
sion for the Nusselt number*®:

N 2+ 0.5RePr,
2+ 046Re"5 P03,

Re <1
Re > 1 “4)

Here Pr=c,u, /A, is the Prandtl number, and Re = p,v,6,/ 1, &
(1 —aa)prorda/u, is the Reynolds number.

The growth of an agglomerate begins with a diameter §; of initial
particles Al, which have width of an oxide film 7. The final diameter
of an agglomerate, which is carried out in a stream, is determined
then, when its temperature 7,(¢) begins unrestrictedly to increase:
T,(t) —> 00, 8,(f) = 8,01 Equations (1-3) for the first time were
offered in Ref. 33, but without the accountradiant componentg, of
heat exchange between an agglomerate and gas, which, as will be
shown next, essentially influences on its heat-up.

Equation (1) is immediately integrated, whence 6,(f) = §,[1 +
(6Baiwr S/m82)t]'/3. After transitionto dimensionlessvariablesand
elimination of time, two other equations [(2) and (3)] are reduced
to the following form:

do-ar— ° )ise 3ix)e
4o ex o (3 .
dx 1+z " P\TTro s TA\%

+Ex[(1 + A0, — (1 + A0)*] (2%)
d x? ®
—Z=A exp (3*%)
dx 1+Z 14+ A®
X = xq, ® =0, Z=0
E — 1)
@ — a (T 7—;)7 Z — r} r’.Y’ x = a
RUTJZ Ns Dox
6 a B K, D} 1
Q=2 & _m A= u eXp(——)
A parcaiTy Doy 2BmwrS Uh A
37 dg Dox 37 D2 g0 T3
Y = —————Nu, E=————2%———
capaiBaior S A capafaiorS
D2 (1 — Box R°T,
5 DL = o) N
6Box E,

Here x is the dimensionless diameter; ®(x) is the dimensionless
temperature, and Z(x) is the dimensionless effective width of the
oxide film of the agglomerate.



1202 KOVALEV

B. Calculation of the Heat-Wave Profile in the Gas

According to the commonly accepted notions,*® the products of
decompositionof the oxidizer and fuel-binderreact with each other
and form local microflames (kinetic and diffuse ones). The kinetic
microflame arises at a certain distance from the solid surface and
is characterized by combustion of the premixed mixture of gaseous
oxidizer and fuel-binder. In the diffuse microflame the oxidizer and
propellant are separated so that combustion is limited to diffusion
of components to the reaction zone. According to the Beckstead
Derr Price (BDP) model,*® diffuse microflames arise in regions of
stoichiometric ratios of the components. If the propellant composi-
tion is overrich in the binder, the surfaces of stoichiometric ratios
of the components merge above the oxidizer particles and have a
paraboloid shape. The formation of a kinetic microflame on the sto-
ichiometric surface of the components leads to the appearance of a
diffuse microflame. Thus, at low pressures the kinetic microflame
can cross only the tips of stoichiometric surfaces above large par-
ticles of the oxidizer on which diffuse microflames are formed.
With increasing pressure the stand-off distance of the kinetic mi-
croflame from the solid surface decreases, and diffuse microflames
can be formed on finer fractions of the oxidizer. Heating and igni-
tion of agglomerates is accelerated as a result of interaction with
microflames.* Thus, the position of the kinetic microflame is a fac-
tor that hampers the growth of particles and limits the degree of
agglomeration.

Solving the problem of CSP burning in the general case is cur-
rently rather problematic. We consider a simplified formulation of
the problem. It is assumed that the chemical processes in the flame
are irreversible and proceed in one stage v;A; 4+ v, A, = v;A; with
velocity W (Y}, Y5, T,). The presence of aluminum particles and ag-
glomerates on the surface does not exert a significant effect on the
formation of microflames. The distance at which the kinetic mi-
croflame is formed is determined by solving one-dimensionalequa-
tions of heat conduction and diffusion of the components** (see
Fig. 1):

d d?

CmeETg _)\.gFTg =Q,¥v(Y, 15, Ty) (5)

d d?
mTEYI_’OgKgFYI =-—vxV, Y, Ty) (6)

d d?
mTFYZ_’OgKgFYz = -V, 12, Ty) Q)
c=0: T,=T Y=Y, = —
z = g — Ls» 1 — U_l—C{Al

C{OX
,=Y=1-
1 — oy
z=+o0: T, =T,, Y1 =Y, Y, =Yoo

,P\" [ v,P\" E,
V=K\z1, ) \%1,) "1, ®
Ifthe firstcomponent(oxidizer)is deficientin the CSP, then Y, =0,
Y, #0; otherwise, Y1, #0, Y5, =0. The z coordinate changes
along the normal to the solid surface of the propellant.

Assuming that the Lewis numberis Le = A, /p,k,c, =1, system
(5-8) reduces to one equation in dimensionless variables*:

d d? A E
—_ = T = $\p(-{)
dh dh? szcf,RUTozQ
h=0:. =1, h=+4o00: =0
= St — 8
h = )\,g z, T = RUTOZQ (Tg - Too) (9)

To solve Eq. (9), we use an approximate integral method with
temperature approximated by the third-order polynomial

t=1,[l— 1.5(h/H) +0.5(h/H)’] (10)

where the coefficients are determined from the boundary conditions

d2
h=0: =1, @r=0
d
h=H: =0, —1=0
dh

Equation (10) represents the variation of gas temperature across the
layer from the propellantsurface to the flame. Here H is the dimen-
sionless thickness of the thermal boundary layer or the distance at
which the kinetic microflame is formed. Setting additionalboundary
conditions on the derivatives is a natural requirement in the theory
of the stationary thermal boundary layer. Substituting Eq. (10) into
Eq. (9) and integrating with respect to & from 0 to H, we obtain a
quadratic equation for H; solving it, we find

D+ P2+ 6D
2

L ROEKY(p Y (N[
. T, ROT2 (c,mys)* \R'T,, €xp _Ag U\IJ[I(Ht)]dt

w- (_) [1 - i(l . _)} explr/(1+ A,7)]
T, VY, T, 1+ AgT)w

Vi X1 R°T,,
Vo = vy + by, v =— A, = ——
V2 X2 ¢ E

H =

4

Within the range 0 <t < 1, t varies from 0 to 7, < 0. We can easily
see that W(7) > 0 across the layer 7, <7 <0 and is limited by the
condition Yy, /vY,, <1, which corresponds to lack of the oxidizer.
Equations (5-9) assume that the mass burning velocity my = prwr
is known (Moreover, the dependence of the burning rate on pres-
sure is also known.), which allows one to calculate the parameters
at +o00. In particular, for the burning temperature 7,, we obtain
T =T, + (Q,/cp) Y15 Yas /(v Yo + 1, Y()]. The calculation of the
gas temperature profile 7, (z) begins from estimating 7., then ®
and H are determined at a given pressure p, and, finally, (k) and
T,(z) are found (Fig. 1).

C. Calculation of the Effective Diameter of Agglomerates Lifting
Off from the Surface S

Introducing the effective temperature of the gas on the agglom-
erate surface by the formula

. 1 (%
T,= 6_ / T,(z)dz
a Jo

we provide mathematical closure. Integration of Eqgs. (1-3)
was performed by the fourth-order Runge-Kutta method with
a variable step. The following values of constant parameters
were used in calculations: 7, =980 K, §, =15.0 x 107® m, n, =
5x1077 m, 1,=0.1258 J/(m-s-K), p,=7.2x10"° N-s/m?,
c, = 1257 J/i(kg-K), vi=1, va =1, car=1000 J/(kg-K), pai=
2000 kg/m?, x; =27.893 kg/kmole, and yx, = 30 kg/kmole. The law
of oxidation of a conglomerate of aluminum particles was borrowed
fromRef.31: E, =4.19 x 10° kJ/kmole, K, = 3.84 x 10° m?/s, and
0,=3.352 x 10" J/m3.

The curves in Fig. 2 show the agglomerate-temperatue variation
as a function of the agglomerate diameter on the burning surface for
various pressures. Ignition and lift-off coincide with the moment of
unlimited increase in temperature. The critical value 8,5 at which
breakdown of thermal equilibrium and unlimited increase in tem-
perature occur corresponds to the finite size of the agglomerate at
the moment of ignition and liftoff from the burning surface. With
increasing pressure the dependences 7, (8,) in Fig. 2 become closer
(curves 3,4, and 5), and the function d,, () with increasing pres-
sure has a certain nonzero limiting value §,,,. The mechanism of
pressure influence is explained as follows. The stand-off distance
H of the kinetic microflame from the solid surface decreases with
increasing pressure in accordance with Egs. (9) and (10), which re-
stricts the degree of agglomerateenlargementand creates conditions
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Fig. 2 Temperature of the agglomerate 7, versus its diameter 9, for
different pressures P(MPa): 1—0.04 MPa, 2—0.1 MPa,3—1.0 MPa,4—
2.0 MPa, 5—4.0 MPa (wy =0.9 mm/s, Doy = 200 pum, and & = 14 pem).
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Fig. 3 Change of dimensionless components thermal balance of the
agglomerate with the growth of its diameter: 1—oxidizing of aluminum
Jf1=QA[x/(1+7Z)] exp[®/(1+ A®)]; 2—heat exchange by gas and
initial particles f, =X ®, — (3/x + 2)®; and 3—radiation from the gas
phase f3 =Ex[(1+ A®,)* — (1 + A®)*].

for the formation of several agglomerates within one pocket, so-
called prepocket mechanism?> At low pressures, where H is high,
the agglomerate does not have enough time to ignite, its size be-
comes comparable with the size of the surface S, and the possibility
of contactinteractionwith similaragglomerateslocatedin the neigh-
boring pockets appears. In this case the interpocket mechanism of
agglomerationdescribed in Ref. 5 is operational.

Figure 3 shows the changes in heat-balance components of the
agglomerate with increasing diameter of the latter. The influence
of the process of aluminum oxidation remains negligible up to
the moment of agglomerate ignition initiation. The contribution of
the radiation component is significant during the entire residence
time of the agglomerate on the surface.

The effect of various initial parameters on the degree of agglom-
eration was numerically studied. As the dependence of the burning
rate on pressure wr (P) used in Eqgs. (1-8) becomes stronger, the
residence time of particles on the surface and the agglomerate sizes
become smaller. With increasing pressure the degree of agglom-
eration decreases, and there exists a threshold value in terms of
pressure, above which 8,y =4, remains constant. It was found®~*
that the size distribution of AP particles affects the degree of ag-
glomeration so that 8,y varies in proportion to the diameter D.y.
The calculated values of 8,4 (Do) are compared with experimental
results® in Fig. 4. The CSP composition in the calculations corre-
sponded to that in Ref. 3: B4 =0.12, B,x =0.37, and §; =14 pum.
The dependencies of the burning rate on the diameter D,y of AP
particles, which were set in the calculations,and the calculated val-
ues of agglomerates are listed in Table 1. The agreement between
the calculated results and experimental data® in Fig. 4 was reached
by changing the burning rate shown in Table 1.

D. Generalization of the Model to the Case of a Polydisperse Oxidizer

An important factor that has a significant effect on agglomer-
ate dimensions is the granulometric composition of the oxidizer.

Table1 Dependence of the burning rate on the diameter
D, of AP particles, and calculated values of agglomerates

P,MPa Doy, pm w7 ,mm/s Bagl, m
2.0 50 7.5 68
80 7.5 80
140 7.5 106
200 7.5 180
280 7.5 205
350 7.5 240
4.0 50 9.0 47
80 8.9 58
140 8.5 81
200 8.0 104
280 7.7 140
350 7.0 192
exp |
8agl > 8agl>“m oA A
200 Eag V3, 2;
5 %
i ﬁi +
100 - ?Er
E; 3 K oo
A 2|experimental (Sa .
g
n & 7 3
50 — %
H 4
predicted (8, ))
+ 5
®, mm/s
3 . 10
~ 8
- 6
) L
-4
T T T T T T 1 T 3
50 100 200 300  Dgy,um

Fig. 4 Effect of the particle diameter of the AP oxidizer Doy on the
agglomerate size for the experimental value of the meam-volume diam-
eter J,q (Ref. 3) (curves 1-3) and the calculated values of J,5 Eq. (39)
(curves 4 and 5). P, (MPa): 0.1 (curve 1), 2 (2), 4 (3), 2 (4), and 4 (5).

In studying CSPs with a polydisperse oxidizer, it was found*> that
the propellant has a cellular structure formed with participation of
AP particles comparable in size. We consider the size distribution
function of AP particles and approximate it by a stepwise function
with division into N fractions. Within each fraction, we introduce
the mean diameter D,y j, such that the following inequalities hold:
Dyy 1 > Doxp > -+ > Doy n. Each of N fractions of diameter D, ;
forms a pocketnumbered j on the surface, which containsall pock-
ets formed by smaller AP particles (Fig. 5). The CSP cell is assumed
to consistof a systemof nested pockets. To calculatethe area S; lim-
ited by AP particles of diameter D, ; protruding above the surface,
onehastoconsideratwo-phasesystem“ j-particle + pseudobinder,”
where the pseudobinder consists of binder and aluminum and all
smaller AP particles. The number of AP j particles per unit surface
is expressed through the volume content

_ 6ﬂ0x.j

ox,j — P
nDox.j

N,

C{ox.j

QA1Pox/ Pa1 T s Pox /Py + Zi: 1 ®ox.k

ﬂox.j =

where oy, ; is the mass fraction of AP j particles. If the number of
J particles is rather large and the number of elementary surface of
J particles and pseudobinder is roughly identical within a certain
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Fig. 5 Surface of the solid propellant containing three AP fractions in
the binder matrix with small aluminum particles.

sectoron the surface, thentherelationS; = Dgx.j (1= Box,j)/6Box.
is valid under the condition D, { > Dy, » > -+ > D, y. Part of
the area S; free from AP, from which the initial aluminum particles
are united, is

N
3ﬂoxk
0__ R
ses, 1 (1)
k=j+1

This allows us to extend Eqgs. (1-8) to the case of a polydisperse
oxidizer:

2N -1
d6aj 1 65 3ﬂoxk
—_— == 1 l—— 11
= Zﬂma)r( +6M) H( > (1)
1 5 a7, ; 1 52 T —T )d&a.j
- .C = - e —
6,0A1 a,jCAl dr 2,0A1 a.j €A1l s @) "4
dnm'
+5§.,~(611+Qa—dt’) (12)
A Nu(T,, — T, )
%ZJL_Tir__L+%%Uij_ﬁﬂ
d a,j Kﬁ Ea
L=—exp(— - ) (13)
dt r]a.j R Ta.j
The initial conditions for Eqs. (11-13) have the form
j=Na t=0: Ta.N =Txa Na,N = MNs» 6a.N =6x
(14)

Agglomeration of initial aluminum particles starts from pockets of
minimum size (j = N). If only one agglomerate of diameter 4, ;
comparable with the size of the j pocket remains on the surface S;,
the probability of its contact and merging with identical agglomer-
ates from the neighboring pockets increases. As a result, the transi-
tion to a larger j — 1 pocketoccurs, and the interpocketmechanism
of agglomeration works. Only paired interactions are considered,
where the number of particle agglomerates decreases by a factor of
two. On passing to a larger pocket, Eqs. (11-13) are solved again
with new initial conditions

1<j<N, t=+t."

v T =T,

Na,j—1 = Na,j> 3(1.]—1 = 3(1.] (14%*)
where 7; is the transition time. Upon ignition, where the confin-
ing relation with the surface is broken, the agglomerate is torn off
from the surface and entrained by the ambient gaseous products
of decomposition. Aluminum agglomerates can exist without igni-
tion for a long time,” which creates conditions for the appearance

of superlarge agglomerates. Investigation of ignition of aluminum
agglomerates requires a detailed study of the mechanism of for-
mation of local microflames.* In combustion of CSP compositions
with monodisperse AP, the surfaces of the stoichiometricratio of the
components always close down above AP particles*? In the case of
polydisperse AP, there is no unambiguous answer to this question.
To describe the structure of the combustion wave of a polydisperse
AP composite system, Kovalev? offered an approximate method
based on the idea of nesting of pockets of different size. Each AP
particle of radius a; = D,y ;/2 is surrounded by an interlayer of
the pseudobinder of radius b; > a; containing all AP particles of
smaller dimensions and aluminum particles. If we assume that the
presence of aluminum particles and their agglomerates on the sur-
face has no significant effecton the surface processes and formation
of microflames, then the combustion in the gas phase within each j
pocket is described by the system of equations of heat conduction
and diffusion of the components 3:

aTg.j 2
CpMr =7 — VT, ;= 0V, z; 20, 0=x;=b;
Zj
(15)
Y, ; )

mr Py — Pk VY ;= — ;0¥ (16)

Zj

Y, ;
my a~2] — ek Vs = — xan, W (17)

Zj

V1 13
v (HuP P\ o =L
S\ RT, R'T, ; R'T, ;

3Y,;, oY, 0T,

x; =0, x;=b;: = = L =0 (18)
J J J 3Xj an an
Zj=01 Tg.joj
MY, — Pk Yaoy; _ fmr.0, Xjp=a
rYa.0; — Peky 2z, mrYj . a; <x<b; (19)

Equations (15-19) are considered within each j pocketin the cylin-
drical coordinate system (x;, z;), where the axial coordinate z;
changes along the normal to the surface. As a result, the equa-
tions of the generalized model (11-19) are localized within the
J pocket so that all of the smaller pockets together with AP par-
ticles forming them are considered to be averaged over the surface
area of this j pocket. This approach allows one to determine the
pocket-localized distributions of temperature and concentration of
the components. Equations (15-17) yield a linear equation for the
function ﬂ} =Y, ;—vYs;, (= x1vi/x2v2), whose solution is ex-
pressed through the Bessel functions of the first kind Jy, J;:

Bi(xjz) =& + (1= e’[¥7, (1 +v) =]

+de; 1+ (1L-Y) Y el /b))

eI @o1+ 1+ Quen?]
VIt Qye)? — 1}

2yb;

X exp|:—zj (20)

Here ¢, are the roots of the equation J,(¢) =0, ¢;=a;/b;,
W = pgkcg/mrb;. It is known™ that the concentrations of the com-
ponents on the surface ﬂ} (xj,z;) =0 are in a stoichiometric rela-
tionship and are not necessarily equal to zero. They might turn to
zero at a certain distance from the surface determined by the kinet-
ics of chemical reactions and pressure. The criterion of vanishing of
concentrations and formation of a diffuse microflame is the condi-
tion of intersection of the stoichiometric surface g (x;, z;) =0 and
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the kinetic microflame.* It is obvious that the diffuse microflame is
not formed if there is no stoichiometric surface or the kinetic mi-
croflame is formed higher than the tip of the stoichiometric surface.
The distance at which the kinetic microflame is formed above each
individual pocket is determined by solving Egs. (15-19).

The combustion-wave structure of the AP-based CSP was exper-
imentally studied by methods of thermal analysis*® Two types of
the binder were used: polybutadiene (HTPB) and polyether with hy-
droxyl groups (HTPB). The propellant contained 16% of the binder
and 84% of bidisperse AP with coarse (200 «m) and fine (20 pm)
fractions. The solid lines in Fig. 6 show the typical oscillograms of
the temperature distribution in the combustion wave, which were
obtained in Refs. 36. Kubota et al.’® explain the presence of small
peaks by a certain number of elementary trickles generated by dif-
fuse microflames. The distance at which the temperature reaches
its maximum value is 150 um for HTPE and 400 um for HTPB.
The oscillograms of temperature distribution in the combustion
wave (solid curves) in Fig. 6 are readily approximated by one-
dimensional temperature profiles (dashed curves) obtained from
Eq. (9). Because heterogeneous combustion of CSPs has not been
adequately studied yet, the chemical reaction constants in the gas
phaseare practically absentin the literature. The following data were
used in test calculations’’: E, = 150kJ/mole, Q, =2.61 x 10J/kg,
and K, =6.3 x 10''m*/(mole - s), which were varied afterwards.
The agreement of numerical and experimental data in Fig. 6 is
reachedby varyingthekinetic constants.In particular,the presentre-
sults were obtained for K, =3.1 x 10" — 6.5 x 10" m*/(mole - s),
0,=1.0268 x 10"J/kg, and E, = 150 kJ/mole.

Figure 7 shows a comparison of theoretical calculations with the
experimental data of Ref. 4, where the effect of pressure and content

of fine and coarse AP fractions was studied. With decreasing pres-
sure the residence time of particles on the surface increases, which
favors the growth of the number of mergence acts, enlargement of
agglomerates, and operation of the interpocket mechanism of ag-
glomeration.For a CSP containinglarge and small AP particles, 8,
drasticallydecreasesat a certain threshold pressure. As the threshold
pressureis reached (approximately 0.8—1.0 MPa in Fig. 7), a diffuse
microflame is formed on the fine AP fraction located closer to the
solid surface of the propellant, which accelerates ignition and en-
trainment of smaller agglomerates. The mechanism of influence of
the content a, of the fine AP fraction on §,y is similar. The diffuse
microflame above the fine fraction is not formed until its content
becomes noticeable (this is o, = 0.1-0.2 in Fig. 7).

E. Discussion of Results of Agglomeration Modeling

The just-described physical model of aluminum agglomeration
is based on the governing role of aluminum ignition in residence,
enlargement, and separation of agglomerates from the burning sur-
face. This assumption is based on filming of burning specimens
of the solid propellant’~® where already melted agglomerates of
spherical shape leaving the surface at the moment of ignition were
usually observed. Based on the notion of a cellular (pocket) struc-
ture of the solid propellant, a mathematical model of aluminum
agglomeration on the burning surface is proposed. The model al-
lows one to calculate the characteristic diameter of agglomerates
with regard for pressure, burning rate, and composition of the solid
propellant.

An approximate method is developed for calculation of the
combustion-wave structure of the solid propellant with a polydis-
perse AP oxidizer. Using this method, it is possible to describe the
laws of formation of diffuse microflames and their effect on alu-
minum agglomeration. The granulometric composition of the oxi-
dizer affects the microflame temperature. The lower the microflame
temperature, the longer the aluminum agglomerates remain on the
surface and are enlarged. The granulometric composition of the AP
oxidizer and pressure can exert a significant effect on the agglomer-
ate sizes. The distribution function of AP particle being varied, the
stoichiometric surfaces are formed on large and medium-sized par-
ticles, when their contentbecomes greater than 30-35%. The size of
agglomerates leaving the surface depends not only on the geomet-
ric characteristics of the pocket but are also limited by the thermal
boundary-layerthickness, where the gas temperature changes from
the surface temperature to the flame temperature. The integral char-
acteristicsof the process and the degree of agglomerationare limited
by the thermal action of local gas-phase flames, which favor more
rapid heating and ignition of agglomerates. Such a mechanism of
agglomerationis typical of CSPs that have a “dry” burning surface,
that is, liquid-viscous"® or skeleton® layers are not formed on the
surface. A rather interesting feature of the influence of pressure is
observed, whose role is manifested in Eqgs. (5-7) through the ex-
pression for the chemical reaction rate [Eq. (8)] and the prescribed
dependence of the burning rate on pressure wz (P). An increase in
pressure leads, on the one hand, to a decrease in the boundary-layer
thickness and, on the other hand, to its displacement caused by the
increase in the burning rate and injection of decomposition prod-
ucts from the propellant surface. Therefore, the dependence of the
burning rate on pressure wr (P), which reflects the features of CSP
combustion,can be used to control the size of agglomeratesformed.

The agglomerationmechanisms observed (prepocket,pocket,and
interpocket® mechanisms) are theoretically justified, and the condi-
tions for their existence are determined.

Nevertheless,the proposedphysicalmodel of formation of diffuse
microflames and the method for calculationof the combustion-wave
structure are approximate, pocket-localized, and do not take into
account the effect of large pockets on small ones. The lower the
ambient pressure and the greater difference in AP fractions (The
condition Doy | > Doy 2 > - - > Dy y is satisfied.), the lower this
influence. In addition to refinement of the constants of kinetics of
chemical reactionsin the gas, it is necessary to take into account the
changesin the surface temperature 7, with increasing pressure. The
initial value of the oxide-film thickness n, with increasing pressure
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should be also refined, because the thickness of the oxide film on
initial aluminum particles depends on the velocity of the particles
passing through the heated thermal layer.

III. Prediction of Al,O; Particle Sizes in SRM Nozzle
Let us consider a two-phase flow with droplets of identical sizes,
in which the concentration of droplets is small, which allows one to
neglect their interaction at collisions with each other!:

dw, W,
=\ ——1 2
dx w,
d7, T, - T,
= (22)
dx w,
dw, + dea + dpP 0 23)
w,— w,W— 4+ — =
Pelle gy TP T Tk
w2 w2
e, T, + Tg + W(c,,Ta + 7) =E, (24)
pow = my @s)
R(J
P=p,—T, (26)
Xg

Here E, and m, are constants. The particle/gas fraction W for a
steady flow is assumed to be constant. The flow cross-sectionalarea
F is defined by the nozzle contour F = R*(x). The relaxation
times of the velocity and temperature lag of particles relative to the
gas ', ¢, have the form

_ 18u,
B 8o

_ 6Nuc,p,

@1 @2 27

o Prp,c,8?

To take into account the features of aerodynamic splitting of parti-
cles, we consider the Weber criterion in addition to Eqs. (21-27):

_ P (W — w,)
Op

We < We, (28)

As the Weber number We in a certain cross section of the nozzle
reaches the critical value We,, all particles are split simultaneously
to an identical number of fragments equal in mass in this cross
section. This rigorous restriction, at first sight, leaves us within the
framework of the flow model (21-27) and, as we will see later, does
not restrict the generality of the result.

A. Approximate Analytical Solution

If the lag of particles from the gas is small, Eqs. (21-27) can
be linearized in terms of a small parameter that characterizes the
degree of this lag. In particular, according to Kovalev and Fomin,?
we have
w, dw,

~

(29)

W, — W,
& [} dx

The parameters of the equilibrium flow in the nozzle are determined
by the formulas

. c,+c,W . G toaW
pe=04Wipe == A=
CF
==L, R=c—c (30)
ce
L
* 2 :
We =de¥e| 777 (31)

ko1 \F/keD

P = P;(l - kf — yf) (32)
k _1 1/(ke—1)

pe = p:‘(l - ke " 1;/3) (33)

1 2/(k, +1) D i
L T= 72k — D/t + 1) G4

Here af = \/(k, P}/ p}), P}, p} are the velocity of sound, pressure,
and density in the frozen equilibrium flow.
From Eq. (28), taking into account Egs. (27), (29), and (32), we

can easily evaluate the admissible particle size as a function of x:

F_
=

We,(1811,)%0, (1 + W) } )

20 { 27 e (w,dw, /dx)?
Each cross section of the nozzle will not allow droplets larger than
8(x) to pass without shattering. Assuming that dR/dx =&, in the
case of finite curvature of the contour, we can readily show that the
function é(y,) will reach a minimum at the throat F;. Obviously,
the derivative dw,/dx is undetermined for £ =0 and y, =1. We
representit in the form

% _ fl(yeax)

= 36
dx fz()/e,x) ( )

5 (ke —3)/2(ke — 1)
Ji(e, x) = ZHZR(X)%‘(X)(k T 1)

ke [/(ke — 1)
k-1
% ”3(1 Tkt 1”2)

fo(yesx) = R (y2 = 1)

We assume that the following expressions are valid in the nozzle
throat:

dw,
dx

=w,, w(X) —we =w,(x —x)  (37)

X =Xt

Here w,, is the equilibrium velocity in the throat. We expand the
functions f; and f, into the Taylor series for x =x,. We obtain
an algebraic equation for the derivative w,, , which follows from
Egs. (36) and (37) and depends on (with regard for the curvature
radius of the nozzle throat R )

dw, 23/2a* d’R
w V2a _&R (38)

. 1
de | _ e+DVRD,  Re dx?

where D, = 2R, is the nozzle-throatdiameter. The particle/gas frac-
tion W is easily calculated from the mass fraction as; of aluminum
in the propellant if the two-phase flow is assumed to be steady. The
flow rate of particles p,w, (where p, is the mean density of parti-
cles) and the flow rate of the gas p,w, per unit area depend on the
mean burning rate wr and propellantdensity pr and are constants:
PaWq =17 0T, PeW, = (1 — app) prwr. It follows from here that
W =p,w,/(pswg) =cta1/(1 — aar). This ratio is an approximate
estimation obtained from the following assumptions. Burning of
aluminum particles in products of solid propellantis a very compli-
cated process. Certainly at aluminum burning the properties of both
the own particle (turns into aluminum oxide) and gas containing the
vapors of aluminum and its compoundschange. So consumptionsof
gas and particles will not be constant. However, one can assume that
ata stationary flow a ratio of these consumptionsin one and the same
section of the nozzle is either constant or negligibly little change.
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Table2 Comparison of the particle size §, calculated by Eq. (39) and the Al, 03 particle size data summary, Ref. 27

1207

Item no. Motor Propellant % Al & Tc,°R  Pc,psia Dy, in.  Rc/R, 7, ms ngp, um DS, pm  §, um
1 156-5 LPC-580A 87% 18 0.32 6260 667 60.4 0.5 113 10.9 12.08 11.37
solids PBAN
2 156-6 LPC-580C 87% 18 0.32 6260 664 34.5 0.6 110 11.1 10.25 9.44
solids PBAN
3 156-7 TP-H8163 86% 16 0.26 6110 560 20.0 3.0/1.0 143 10.8 8.73 10.78
solids PBAN
4 156-9 TP-H111587% 18 0.32 6400 560 34.5 0.9/0.8 110 12.0 10.25 10.54
solids PBAN
5 TCC-120 TP-H1085 88.5% 20 0.34 6260 700 24.5 0.9/0.5 162 11.1 9.27 8.92
solids CTPB
6 TCC-120 TP-H1077 86% 16 0.26 6110 —_ 21.3 —_ —_ 8.6 —_ —_
solids PBAN
7 UA-1205 UTR-3001 84% 16 0.285 5960 550 37.7 0.4 175 12.0 10.52 9.36
solids PBAN
8 260-SL2 ANB-3105 85% 15 0.26 5990 489 71.0 1.0 202 12.9 12.66 14.74
solids PBAN
9 260-SL3 ANB-3254 85% 15 0.26 5990 559 89.1 0.7 143 13.3 13.54 14.64
solid PBAN
10 44SS4 ANB-3254 85% 15 0.26 5990 495 15.5 0.75/1.0 23 8.89 7.38 7.55
solids PBAN
11 Poseidon/FS TP-H1114 86% 16 0.26 6170 870 11.6 1 116 8.75/6.2 7.44 6.36
solids PBAN
12 MM/S ANP-2864 82% 17 0.293 6090 460 8.5 3 60.3 5.8 6.79 8.00
wing II solids PU
13 Super BATES UTP-18,803A90% 21 0.357 6670 1000 8.0 2 74 5.23 6.67 6.18
solids HTPB
14 MM/FS TP-H1011 86% 16 0.26 6120 650 7.5 1 91 8.98 6.55 5.67
65-in. solids PBAN
15 45 in. UTP-15,908 90% 18 0.305 6320 950 4.14 4 145 6.23 5.50 5.50
solids HTPB 25%
HMX
16 C4/TS ADP UTP-15,908 90% 18 0.305 6320 1000 4.04 4 90 6.17 5.46 5.37
solids HTPB 25%
HMX
17 MX/S ADP PEG/FEFO 84% 18 0.297 6770 1250 6.91 2/1 157 5.77 6.39 5.47
solids
19 Shuttle staging  UTP-19, 048 86% 2 0.036 5390 1700 3.2 1.5 6.5 1.14 141 3.77
motor solids HTPB
20 CSD-TM-3 UTP-15, 151 90% 18 0.310 6280 770 2.3 2 54 5.33 4.63 3.94
solids HTPB 25%
HMX
21 CSD-TM-3 UTP-15, 151 90% 18 0.305 6320 1093 204 2 69 4.38 4.47 3.50
solids HTPB 25%
HMX
22 CSD-TM-3 UTP-15,908 90% 18 0.305 6320 980 2.03 2 69 5.36 4.46 3.57
solids HTPB 25%
HMX
23 70-1b BATES RH-P-11245% 20 0.271 6140 1200 2.1 2 16 2.63 4.44 3.53
solids CMDB
24 70-1b BATES RH-P-11245% 20 0.271 5960 400 3.73 2 5.2 5.41 1.96 5.56
solids CMDB
25 70-1b BATES ANP-2969 75% 20 0.34 6440 1000 1.48 2 35 2.34 4.07 3.15
solids PU
26 70-1b BATES ANP-3066 88% 15 0.25 6290 1000 1.76 2 27 1.93 4.26 3.31
solids CTPB
27 70-1b BATES TP-H-1120 86% 16 0.26 6125 500 3.21 2 6.9 2.72 2.65 4.88
solids PBAN
28 70-1b BATES TP-H-8163 86% 16 0.26 6240 1000 2.00 2 18 2.11 4.35 3.50
solids PBAN
29 70-1b BATES TP-H-8163 86% 16 0.26 6110 550 246 2 12 2.00 3.56 4.31
solids PBAN
30 70-1b BATES LPC-580A 87% 18 0.32 6330 1000 252 2 13 2.66 4.60 3.87
solids PBAN
31 9C7.5-17.1 RH-P-178 56% 21 0.36 6670 1000 1.70 2 17 2.60 4.21 3.32
solids CMDB
32 9C7.5-17.1 RH-SE-108 63% 15 0.25 6380 1000 1.70 2 16 1.90 4.07 3.25
solids TVOPA
33 10KS-2500 82% solids 17 0.292 6010 1000 1.9 2 32 4.59 4.37 3.48
polyurethane
34 3KS-1000 82% solids 17 0.292 6010 1000 0.9 2 15 4.41 3.42 2.58
polyurethane
35 3KS-1000 82% solids 17 0.31 5580 200 1.6 2 5 1.2 0.93 4.55
polyurethane
36 3KS-1000 82% solids 15 0.258 5900 1000 0.9 2 15 4.35 3.37 2.56
polyurethane

(Continued)
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Table2 Comparison of the particle size J; calculated by Eq. (39) and the Al, O3 particle size data summary, Ref. 27(continued)

Item no. Motor Propellant % Al & Tc,°R  Pe,psia  D;,in. Rc/R, T,ms ngp, um D um  §, um
37 3KS-1000 82% solids 19 0.326 6140 1000 0.9 2 15 4.48 3.45 2.59
polyurethane
38 3KS-1000 82% solids 3 0.052 5220 1000 0.9 2 12 3.11 1.40 2.48
polyurethane
39 1KS-250 82% solids 17 0.292 6010 1000 0.3 2 6 0.75 1.94 1.66
polyurethane
40 1KS-250 82% solids 3 0.052 5220 1000 0.3 2 5 0.25 0.48 1.83
polyurethane
41 HI-5PC DDP-08 41% 20.9 0.368 7020 1000 0.8 2 6.5 3.12 291 2.43
solids CMDB
42 HI-5PC DDP-08 41% 20.9 0.368 6980 800 0.95 2 4.6 3.23 2.39 2.73
solids CMDB
43 HI-5PC DDP-08 41% 20.9 0.368 6920 600 1.1 2 34 3.21 1.71 3.07
solids CMDB
44 3KS-500 ANB-3254 85% 15 0.26 6060 1000 1.0 0.5 3.9 2.15 2.04 2.01
solids PBAN
45 15-1b BATES RH-P-11245% 20 0.271 6100 1000 1.28 2 8.3 2.19 3.00 3.00
solids CMDB
46 CSD-TM-1 UTP-15,908 90% 18 0.305 6340 1116 0.70 2 25 4.99 3.26 2.27
solids HTPB 25%
HMX
47 CSD-TM-1 UTP-15,908 90% 18 0.305 6350 1368 0.65 2 29 4.76 3.19 2.11
solids HTPB 25%
HMX
48 CSD-TM-1 UTP-15,945 88% 18 0.315 6320 885 1.31 2 7.1 2.61 3.14 3.05
solids HTPB
49 CDS-4 1b UTP-11,47588% 18 0.299 6470 1000 0.625 2 11.7 3.00 2.98 2.21
solids CTPB
50 CSD-4 1b UTP-13,945 88% 18 0.315 6340 997 0.835 2 6.8 3.56 2.84 2.49
solids HTPB
51 CSD-4 1b UTP-15,15890% 16.5 0.28 6130 1000 0.578 2 13.7 2.46 2.95 2.14
solids CTPB 34%
HMX
52 CSD-4 1b UTP-15,908 88% 18 0.305 6320 1030 0.544 2 15.8 3.06 2.98 2.08
solids HTPB 25%
HMX
53 CSD-3C2-X UTP-3096 84% 16 0.277 6030 1100 0.25 2 67 4.09 2.41 1.51
solids PBAN
54 CSD-3C2-X UTP-3096 84% 16 0.277 6060 1000 0.50 2 67 4.08 2.96 2.03
solids PBAN
55 CSD-3C2-X UTP-3096 84% 16 0.277 5960 630 0.50 2 68 3.64 2.96 2.23
solids PBAN
56 CSD-3C2-X UTP-3096 84% 16 0.270 5640 115 0.50 2 71 0.52 2.47 3.17
solids PBAN
57 CSD-3C2-X UTP-3096 84% 16 0.277 6030 970 0.50 2 33 3.23 2.94 2.04
solids PBAN
58 CSD-3C2-X UTP-3096 84% 16 0.277 5980 730 0.50 2 33 2.54 2.94 2.16
solids PBAN
59 CSD-3C2-X UTP-3096 84% 16 0.273 5680 140 0.50 2 35 1.04 1.96 3.04
solids PBAN
60 CSD-3C2-X UTP-3096 84% 16 0.277 6030 980 0.50 2 14 2.99 2.82 2.03
solids PBAN
61 CSD-3C2-X UTP-3096 84% 16 0.277 5970 650 0.50 2 15 2.69 2.63 2.21
solids PBAN
62 CSD-3C2-X UTP-3096 84% 16 0.276 5930 470 0.50 2 15 2.20 2.35 2.36
solids PBAN
63 CSD-3C2-X UTP-3096 84% 16 0.27 5640 110 0.50 2 17 0.93 1.00 3.19
solids PBAN
64 CSD-3C2-X UTP-3096 84% 16 0.274 5760 190 1.00 2 8 1.05 1.04 3.76
solids PBAN
65 CSD-3C2-X UTP-4574 82% 5 0.091 5260 600 0.50 2 15 1.05 1.44 2.19
solids PBAN
66 2C1.5-4 UTP-13,945 88% 18 0.315 6340 997 0335 2 4.1 246 1.71 1.73
solids HTPB
Then an approximate value W =4,/ (1 — aay) is true. Substituting Because the stagnation parameters of the equilibrium flow are ap-
Eq. (38) into Eq. (35), we obtain proximatelyequalto the correspondingparametersin the combustor
W P>~ P, T ~ T, and using Eq. (30) to determine k., formula (39)
8, = | 162R-D, (1 + i) Ub_ze’ allows one to calculate the limiting particle size §, at the throat for
— Al Py a given nozzle geometry, pressure, and temperature in the combus-
. tor. This size is the lower limit for large particles (Their diameters
u? k +1 Gke =2)/tke =1) |5 should tend to this limit as a result of aerodynamic fragmentation.)
X —t— [ —— 39) and the upper limit for small particles. (Their diameters should tend
k2ROT > Py 2

to this limit as a result of coagulation during collisions.)
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Kovalevand Fomin’s calculations®® of one-dimensionalequations
of a polydispersetwo-phase flow in the Laval nozzle (with coagula-
tion and the Lagrange and Weber breakup) show that the mean-mass
diameter of droplets in the throat and at the nozzle exit coincides
rather accurately with §, predicted by Eq. (39). Results of mul-
tidimensional numerical studies of two-phase polydisperse nozzle
flows areknown, which were performedata high level of mathemat-
ical and numerical simulation including coagulationand breakup of
droplets>>~2* The mean-mass diameter of particles changes most
significantly in the subsonic part of the nozzle. For a moderate vol-
ume concentration of particles (~1073 — 10~#), which is typical of
propellants with a moderate content of aluminum, the mean-mass
diameter in the supersonic part of the flow changes weakly along
the nozzle, and the difference between its values at the nozzle exit
and in the throat is small. This agrees, partly, with Salita’s results.*®

The analysis of calculations’?=2*2° allows us to speak about the
possibility of using formula (39) for estimation of the droplet size
not only in the throat but also at the nozzle exit.

B. Analysis of Results and Comparison with Experimental Data

The measured values of mean-mass diameter D,; in exhaust
plumes of a large number of small and medium-sized rocket en-
gines were listed by Hermsen?” (and are repeated here as Table 2).
This table contains the geometric characteristicsof the nozzle, com-
positions of solid propellants, and parameters of its burning in the
combustion chamber at which D43 was measured. The notation of
parameters in Tables 2 and their dimensions correspond to those
accepted in Ref. 27: &¢ is the aluminum-oxide concentrationunder
combustor conditions, g - mole/100 g; T¢ is the Rankine tempera-
ture in the combustor, °R; Pc is the pressurein the combustor, psia;
R, or D, is the radius or diameter of the nozzle throat, in.; R is
the curvatureradius of the nozzle throat, in.; T is the residence time
in the combustor, ms; Re, is the Reynolds number in the nozzle
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Fig. 8 Comparison of the particle size J; (O) calculated by Eq. (39)
and the mean-mass diameter DZ’;" (Ref. 27) (L).
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Fig. 9 Comparisonof the particle size D5 (O) calculated by the corre-
lation dependence [Eq. (40)] and the mean-mass diameterD:’;p (Ref. 27)
).

throat. According to Hermsen, the mean-mass diameter D,; of the
Al O3 particles in exhaust plumes (data of Table 2) is adequately
approximated by the empirical correlation

D = 3.6304D02°[1 — exp(—0.0008163 Pc7)]  (40)

Formula (40) is recommended in Ref. 27 as the best one and, in
Ref. 40 yields good agreement with result of particle-size measure-
ments in the plume of a large-scale engine of the Shuttle class.
Figure 8 shows a comparison of the values of §, calculated theo-
retically by formula (39) to the measured data used by Hermsen.
Agreementis comparableto that demonstratedby Hermsen'’s corre-
lation (40) of the data (Fig. 9). In evaluating Eq. (39), the following
parameters were specified for liquid drops of Al,O; (according to
Ref. 39, p. 246, at the melting point 7,, = 2303 K): p, = 3060kg/m’>,
0, =0.7 N/m, and ¢, = 1400 J/(kg K). The values of gas-dynamic
parameters were chosen in the form p,=6.55x107°N-s/m?,
c,=1922  Jikg K, R,=R°/x,=397 Jikg K),
and We, =22.

IV. Conclusions

The discrepancies observed in Figs. 8 and 9 are a little different,
which allows us to argue that formula (39) can be used to evaluate
the mean particles diameter at the nozzle exit. This is also evidenced
by the fact that the results of numerical simulation of polydisperse
two-phase flows yield a mean-mass particle diameter D,;(x) in
the nozzle throat, which is barely different from the limiting di-
ameter §, and remains almost unchanged until the nozzle exit.??~2*
The disagreementwith experimental results can be attributed to the
following reasons:

1) Table 2 (Ref. 27) contains no gas parameters (dynamic vis-
cosity j,, gas constant R,, and specific heat capacity at constant
pressure ¢,) necessary for formula (39); therefore, they were esti-
mated approximately and then remained constantin all calculations.

2) The particle-material properties pp, ¢y, 0, depend on
temperature.

3) If the particle concentration in the flow is small (as was the
case in experiment Nos. 19, 38, 40, and 65 with aluminum content
in the propellantequal to 2, 3, and 5%, respectively, Table 2), then
the mean-mass particle diameter has not enough time to reach the
limiting value §,. Therefore, the difference with these experiment
was more than 100%.

4) 1t is difficult to explain why such low values of D}’ are ob-
tainedat low pressures(experimentNos. 35,56,59,and 63, Table 2).
On the one hand, the low pressurein the combustor favorsthe growth
of agglomerates of aluminum particles on the burning surface!~7;
on the other hand, the force action of the gas on the particles at low
pressure is rather small, and the degree of particle breakup cannot
be that high.

The limits of applicability of formula (39) are directly related to
the content of aluminum in the propellant. Obviously, if the concen-
tration of aluminum is low (less than 5—-10%), then the mean-mass
particle diameter can fail to reach the limiting size, and the error is
large. For high contents of aluminum (more than 25%), the particle
concentrationcan be so high that it will exert a choking effectin the
two-phase flow?® with strong competition of the processes of aero-
dynamic fragmentation and coagulation of particles. As a result,
the mean-mass particle diameter will be greater than the admissible
limiting value.

Nevertheless, in all other cases, where the content of aluminum
is neither very high nor very low, which is a typical situation
for advanced solid rocket motors, formula (39) is not worse than
Hermsen’s correlation (40). In contrast to (40), formula (39) is a
physically well-grounded, multiparametric dependence and con-
tains 11 independent physical parameters, which can be readily
calculated and prescribed. A comparison of theoretical calculations
with the Hermsen’s empirical correlation and experimental data of
Refs. 27, 28, and 40 allows us to recommend this formula for pre-
dicting the size of Al,Oj; particles in exhaustplumes of a wide class
of solid rocket motors.
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