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A detailed theoretical/numerical framework is established to study the mechanical erosion of graphite-nozzle

materials in solid rocket motors with aluminized ammonium perchlorate/hydroxyl-terminated polybutadiene

composite propellants. The analysis is based on a combined Eulerian–Lagrangian approach for treating multiphase

motor flowfields. Themulticomponent reacting gas-phasedynamics is formulatedusing the conservation equations of

mass,momentum, and energy in the Eulerian framework. Turbulence closure is achieved using the standard k-ε two-
equation model. The dispersed phase, consisting of aluminum and alumina droplets, is treated in the Lagrangian

framework. Combustion of aluminum droplets to aluminum-oxide smoke is considered. Two empirical correlations

are first calibrated and then employed to predict the mechanical-erosion rate of the nozzle surface. The estimated

erosion rates fall within the range of the available experimental data. Mechanical erosion is prevalent in the

convergent section of the rocket nozzle due to the particle impingement on the nozzle surface. No such erosion,

however, is observed at the nozzle throat or downstream because the droplet trajectories move away from the nozzle

surface in those regions.

Nomenclature

cp = specific heat
D = droplet diameter
E = specific total energy
Ef = mechanical-erosion rate, kg∕m2∕s
er = erosion ratio
h = enthalpy
p = pressure
po = chamber pressure
T = temperature
To = chamber temperature
U = velocity
V = volume
v = velocity vector
Xi = mole fraction of species i
α = particle incidence angle
ρ = density

Subscript

p = particle phase

I. Introduction

G RAPHITE and carbon–carbon composites, which are widely
used as rocket-nozzle materials, undergo significant erosion at

high chamber pressures and temperatures [1,2]. The increase in the
nozzle area from such erosion can reduce the motor performance
significantly. The nozzle-surface recession rate should thus be taken
into account to accurately predict the performance of a motor. It is
important to characterize and minimize nozzle erosion to withstand
severe operating conditions. In the case of nonmetalized solid
propellants [e.g., ammonium perchlorate (AP)/hydroxyl-terminated
polybutadiene (HTPB)], the surface recession is attributed to the
chemical erosion caused by heterogeneous reactions between the
nozzle material and oxygen-containing combustion products [e.g.,
water (H2O), hydroxyl group, and carbon dioxide (CO2)]. In the case
of metalized solid propellants [e.g., AP/aluminum (Al)/HTPB],
however, there could bemechanical erosion at certain nozzle sections
in addition to chemical erosion.
Themechanical erosion of a solid rocket-motor nozzle results from

the impingement of condensed-phase aluminum-oxide (Al2O3)
(alumina) particles on the nozzle surface. Such erosion has been
found to be prevalent in the convergent section of the nozzle,
especially for submerged nozzles [3,4]. Comprehensive theoretical/
numerical models have been developed previously by the authors to
predict [5–7] and mitigate [8] the chemical erosion of a nozzle
surface. Several numerical studies [9–12] were carried out using an
Eulerian–Lagrangian approach to account for the effect of alumina
particles on the motor flow dynamics. There was, however, either no
treatment [9,10] or limited qualitative treatment [11,12] of the
mechanical erosion of a rocket nozzle. A detailed analysis is yet to be
developed to quantify such a phenomenon. A step in this direction
will be extremely valuable in achieving an improved understanding
of the behavior of nozzle erosion in its entirety.
During the combustion of aluminized composite propellants such

as AP/Al/HTPB, a significant fraction of the Al may remain
unreacted at the propellant surface. Those unreacted Al particulates,
in their liquid form, coalesce to form agglomerates in the order of
100 μm. Owing to the lowvolatility, they do not burn instantaneously
at the surface, but continue to vaporize and burn slowly when
traversing the motor [9]. The vaporized Al reacts with the oxidizing
species in the gas phase, forming Al2O3 smoke. While some part of
the Al2O3 smoke diffuses away from the burning surface, some of it
condenses onto the Al droplets to form an oxide-shell cap.
Consequently, there exist typically two different types of droplets in
the motor: single-component Al and multicomponent Al∕Al2O3
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droplets. The presence of the Al2O3 oxide-shell cap slows and
prevents the further oxidation of the Al. In comparison, the reaction
rate of pure Al droplets is much more rapid and is considered to be
diffusion controlled. The combustion of Al droplets thus results in a
bimodal size distribution of Al2O3 particles in the chamber. The
droplets consist mainly of submicron Al2O3 mist (80–90% of mass)
that can be modeled as part of the continuous phase. The remaining
Al2O3 droplets range from 20 to 200 μm, depending on the original
Al particle size and the degree of agglomeration [9,10]. The presence
of Al∕Al2O3 droplets may lead to a loss of motor performance by
causing the mechanical erosion of the nozzle or by increasing the
two-phase flow loss in the motor. Their presence, on the other hand,
may reduce combustion instability in the motor by offsetting the
drivingmechanisms that lead to flow oscillations [13,14]. The effects
of the dispersed phase on motor performance with respect to
combustion instabilities and slag accumulation are addressed in [15].
On the course of their trajectories, the Al∕Al2O3 particles impact

the nozzle surface and gradually remove some nozzle materials
through repeated deformations and cutting actions. Mechanical
erosion due to particle impact is often encountered in a number of
mechanical devices. A common example is the erosive wear
associated with the movement of slurries through piping and
pumping equipment. Mechanical erosion is also observed in gas-
turbine blades. The rate of erosive wear is dependent upon several
factors. In addition to the properties of the surface being eroded, the
material characteristics of particles, such as their shape and hardness,
along with the impact velocity and impingement angle, play
dominant roles. The impingement angle is widely recognized as one
of the most important factors. For ductile materials, the maximum
wear rate occurs when the impingement angle is approximately
30 deg. For nonductile materials, however, the wear becomes most
severe when the impingement angle is normal to the surface.
The purpose of the current work was to conduct a comprehensive

numerical study of mechanical erosion of graphite-nozzle materials.
First, a thorough analysis is carried out to obtain the distributions
of multiphase flow properties in a practical solid rocket motor.
Detailed information is obtained about the near-surface thermo-fluid
dynamics and particle trajectories to allow for a high-fidelity
investigation into the nozzle-material erosion. The second step
involves the modeling of the mechanical erosion due to the
impingement of Al∕Al2O3 droplets. The mechanical erosion of the
nozzle is then characterized and quantified by using calibrated
correlations available in the literature.

II. Theoretical Formulation

For the aluminized AP/HTPB propellant, the multicomponent gas
flow inside the motor is composed mainly of H2O, Al2O3, Al, CO2,
hydrogen chloride (HCl), carbon monoxide (CO), nitrogen (N2), and
hydrogen (H2) [16,17]. Condensed-phase particles [Al∕Al2O3�l� and
Al�l�] are also present. A multiphase treatment of the motor internal
flow is thus necessary. For systems that consist mainly of a single
continuous phase carrying a relatively small volume of discrete
particles, the Eulerian–Lagrangian multiphase model can be used to
calculate the trajectories of representative parcels of the discrete
phase [9–12,14]. Such an analysis treats the particle size and
composition as some of the attributes assigned to the computational
particles. It is easier and more economical than with an Eulerian–
Eulerian analysis to account for changes in the particle size and
composition due to particle combustion. The Eulerian–Lagrangian
approach is particularly suited where the interaction of the discrete
phase with physical boundaries is important, such as in the current
case.
In the Lagrangian/Eulerian framework formultiphase simulations,

governing equations for the continuous phase are expressed in the
Eulerian form. The model incorporates an arbitrary number of
dispersed phases, each modeled in a Lagrangian framework. The
state of each particle is updated according to the imposed physical
conditions. The Lagrangian phase is influenced by that of the
continuous phase and vice versa, through interphase mass,
momentum, and energy-transfer effects. The theoretical formulation

involves the general conservation laws for both the continuous (gas)
and discrete (particle) phases.

A. Continuous Phase

The gas-phase dynamics is modeled using the conservation
equations of mass, momentum, energy, and species concentration.
The coupled flow model available in the commercially available
computational fluid dynamics (CFD) code STAR-CCM+ [18]
is used. The model treats the conservation equations for a
multicomponent fluidmixture simultaneously using a time-marching
approach. Inter-equation coupling is fully maintained between all
equations in the system, including species transport with respect to
the momentum and energy conservation, and vice versa. The
governing equations in the Cartesian integral form, for an arbitrary
control volume V with a differential surface area da, are given by

d

dt

Z
V
W dV �

I
�F − G� · da �

Z
V
H dV (1)

in which

W �

2
64

ρ

ρv

ρE

3
75 F �

2
64

ρv

ρv ⊗ v� pI
ρvH

3
75

G �

2
64

0

T

T · v� _q 0 0

3
75 H �

2
64
0

f

0

3
75 (2)

and ρ, v, and p are the density, velocity, specific total energy, and
pressure of the fluid, respectively.T is the viscous stress tensor, _q 0 0 is
the heat-flux vector, andH is the vector of body forces. The specific
total energy E is obtained as

E � h� jvj
2

2
−
p

ρ
(3)

Thermodynamic polynomials are used for calculating the specific
heats of individual gas components [19]. The mixture specific heat is
obtained by mass-fraction weighting of each species. The ideal-gas
equation of state is employed for closing the preceding formulation.
Radiation heat transfer is considered for both phases. For the
continuous phase, to account for the radiation due to the participating
media, the discrete ordinates method is employed. The radiation
spectrum used is the gray thermal radiation for modeling diffuse,
wavelength-independent radiation [7].

B. Dispersed Phase

In the current Lagrangian multiphase model, particlelike elements
known as parcels are followed through the continuum. The state of
each parcel is updated according to a selected set of models [18]. The
material particles are represented as either single-component (Al) or
multicomponent (Al∕Al2O3) particles with constant density. The
particle motion is governed by the momentum and energy-
conservation equations, which include drag and convective heat
transfer, respectively. A mass-conservation equation is solved to
account for the change of the Al droplet mass due to evaporation/
combustion:

dmp
dt
� _mp (4)

where mp is the droplet mass. The rate of mass transfer _mp is
accumulated over all the parcels, and applied in the continuous-phase
continuity equation.
The equation of conservation of momentum for a material

particle is
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mp
dvp
dt
� Fs � Fb (5)

Here, Fs represents the forces acting on the droplet surface, and Fb
represents the body forces. The former includes the effect of drag and
pressure force, whereas the latter contains the effect of gravity. The
momentum transfer to the particle from the continuous phase is
simplyFs. This is accumulated over all the parcels, and applied in the
continuous-phase momentum equation. The drag force is given by

Fd �
1

2
CdρApjvsjvs (6)

where Cd is the drag coefficient of the particle, vs is the particle slip
velocity, and Ap is the projected area of the particle. The pressure
force is given by

Fp � −Vp∇pstatic (7)

where Vp is the volume of the particle, and ∇pstatic is the gradient of
the static pressure in the continuous phase.
The particles are assumed to be internally homogeneous, that is,

the Biot number is less than∼0.1. The energy-conservation equation
consistent with this assumption takes the following form:

mpcp
dTp
dt
� Qt �Qrad (8)

Here,Qt represents the rate of convective heat transfer to the particle
from the continuous phase, and Qrad is the rate of radiative heat
transfer. The Ranz–Marshall correlation [20] is used to determine the
heat-transfer coefficient. Particle radiation and turbulent dispersion
are considered for the dispersed-phase droplets. The average
absorption and scattering efficiency for the droplets was assumed to
be 0.7 and 0.1, respectively.

C. Al Droplet Combustion and Gas-Phase Reactions

To simulate the oxidation ofAl�l� to Al2O3�g�, it was assumed that
Al�l� first evaporates and then oxidizes toAl2O3�g�. The unburntAl�l�
particles evaporate [Al�l� → Al�g�] at a rate based on the Hermsen
correlation mentioned by Sabnis [9], followed by the rapid gas-phase
oxidation to form Al2O3�g�. The correlation is given by

d� _mAl�
dt

� −
π

2
ρAl

k

n
D3−n
p (9)

where the exponent n is 1.8, and the burning-rate constant k is
given by

k � 8.3314 × 10−5A0.9
k p

0.27
c

Sh

2
(10)

In the aforementioned expression, pc is the absolute chamber
pressure (psi), Sh is the Sherwood number, andAk is a measure of the
availability of oxidizing species. Ak is computed using

Ak � 100
X
i

Xi (11)

where the subscript i represents the ith oxidizing species. In the gas
phase, the following two reactions are used:

2Al�g� � 3H2O → Al2O3�g� � 3H2 �R1�

2Al�g� � 3CO2 → Al2O3�g� � 3CO �R2�

A standard eddy breakup (EBU) [18] model is used for the preceding
reactionswithEBUconstantAmix � 100, so that the overall rate ofAl
consumption is dictated by the evaporation of Al�l� to Al�g�.

D. Mechanical-Erosion Rate

Based on the flow distribution obtained from the Eulerian–
Lagrangian analysis, the next step is to predict and quantify the level
of mechanical erosion. The erosion rate is defined as the mass of wall
material eroded per unit area per unit time (kg∕m2∕s). It is calculated
for the nozzlewall by accumulating the damage caused by the impact
of each Al∕Al2O3 particulate on the nozzle surface, and is given by

Ef �
1

Af

X
π�f�

_mπer (12)

in which Af is the nozzle-surface area, _mπ is the mass flow rate of
particles in parcel π impinging on the face, and er is the erosion ratio.
The summation is made over all parcels, which impact the face at a
given time step. The mechanical-erosion rate is thus determined by
the particle impact on the wall and the erosion ratio. Among the
various correlations available for the mechanical-erosion ratio er,
those established by Neilson and Gilchrist [21,22] and Oka et al. [23]
were found most suitable for the present study.
Neilson and Gilchrist [22] conducted experiments on a test rig

developed to produce an erosion damage similar to that found in a
rocket nozzle. The degree and pattern of the damage for a given
nozzle material were found to depend on particle velocity, flow
structure, and size and type of particles. The angle of attack of the
particle stream on the wall played an important role in determining
mechanical erosion. For hard, brittle substances, severe damages
occur with normal impact, whereas for ductile materials, the
maximum erosion took place when the angle of attack is small.
Neilson andGilchrist [21] performed further studies inwhich streams
of particles of various materials were used to erode different material
specimens. Measurements of wear were made to quantify the
unknown coefficients ϕ, ε,K, and α0 in the following correlation for
the erosion ratio:

er �
U2 cos2 α sin nα

2ϕ
� �U sin α − K�2

2ε
α < α0

er �
U2 cos2 α

2ϕ
� �U sin α − K�2

2ε
α ≥ α0 (13)

where α is the particle incidence angle at the impact, and 2nα0 � π.
In the preceding correlations, the first and second terms on the right-
hand side represent the cutting and deformation wear, respectively.
Thus, ϕ is the cutting-wear coefficient and ε is the deformation-wear
coefficient. Neilson andGilchrist [21] outlined a procedure for fitting
this correlation to their experimental data. From the different
combinations of the particle and targetmaterials studied, of particular
interest here are their data for graphite plates eroded by solid 297 μm
alumina particles at Up � 110.6 m∕s. The empirical coefficients in
Eq. (13), providedbyNeilson andGilchrist [21], have been calibrated
and are summarized in Table 1. One limitation of the Neilson and
Gilchrist correlation is that the set of coefficients is valid only for the
range of the operating conditions considered in the measurements.
No sufficient data were provided to indicate the sensitivity of these
coefficients to particle velocity or size for Al2O3 on the graphite
samples.
The erosion correlation ofOka et al. [23] andOka andYoshida [24]

incorporates particle size and velocity variationsmore systematically,
and is given by

Table 1 Calibrated parameters for the
Neilson and Gilchrist correlation [21]

Parameter Value

ϕ 215.7 kJ∕kg
ε 95 kJ∕kg
K 0 m∕s
n 4.3
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er � g�α�eref
�
U

Uref

�
k2
�
D

Dref

�
k3

(14)

in which Uref and Dref are the particle velocity and diameter at
reference conditions, respectively, and eref is the erosion ratio at
normal incidence at reference conditions. The function g�α�
describes the variation of erosion with the impact angle as

g�α� � �sin α�n1 �1�Hv�1 − sin α��n2 (15)

in which Hv is the Vickers hardness in GPa. The unknowns in the
preceding equations are the four coefficients k2, k3, n1, and n2. The
purported advantage of the Oka correlation lies in the fact that neither
n1 nor n2 is a function of particle velocity or size. Instead, they
dependonmaterial properties and particle shape. TheOka correlation
can thus be used with more confidence at conditions other than the
reference conditions. The challenge with the Oka correlation,
however, is the acquisition of enough data to determine the four
coefficients. From the Neilson and Gilchrist data [21], we choose
Uref � 110.6 m∕s, Dref � 297 μm, and eref � 0.065. The angle
function g�α� is fitted to the Neilson and Gilchrist data with an
assumed hardness for graphite as Hv � 0.228 GPa, yielding the
parameters summarized in Table 2. This appears to be as much as can
be extracted from the available data, and the values of k2 and k3
cannot be determined. Ideally, measurements of the normal erosion
ratio should be made for an extensive range of particle sizes and
velocities. In the absence of such data, k2 and k3 are assumed to take
their theoretical values [23], namely, 2.0 and 0.0, respectively.
Because this removes the particle-size effect, the resulting correlation
involves uncertainties in this regard. Figure 1 shows a comparison
of the correlationswith the reference experimental data used to obtain
them.
Aswith any empirical correlation, cautionmust be exercised when

employing Eqs. (13) and (14) beyond their range of validity. In the
presentwork, such a range is limited to conditions close to the particle
sizes (50–300 μm) and impact velocities on the nozzle surface (in the
order of∼100 m∕s) for which the coefficients are obtained. Oka et al.
[23] andOka andYoshida [24] studied the impact of solid particles as
well as liquid droplets [25]. Avelocity exponent of 2.0 was obtained

for droplet velocities of more than 100 m∕s, which supports the use
of k2 � 2.0 in the present analysis. They further indicated that,
similar to the situation with solid particles, the erosion damage by
liquid droplets is related to the energy of impinging droplets in the
high-velocity region. It should be noted that, in the case of solid
rocket motors, the Al2O3 particles are mostly present in the liquid
phase with an oxide shell. The use of solid Al2O3 data for liquid
particulates is one of the restrictive assumptions of the current study.
The predictions so obtained will represent an upper limit, or the
worst-case scenario, for mechanical-erosion rates.

III. Numerical Methods

The continuous-phase conservation equations are solved using the
coupled solver [18]. The algorithm yields robust and accurate
solutions for compressible flows. The flowfield inside a rocket motor
spans a broad range of Mach numbers (0.0–3.0). To deal with such a
flow, a preconditioning scheme is necessary for maintaining
numerical accuracy and efficiency. To provide an efficient solution of
the flowfield at all speeds, a preconditioning matrix is incorporated
into Eq. (1) as follows [26,27]:

Γ
∂
∂t

�Z
V
Q dV �

I
�F −G� · da

�
�
Z
V
H dV (16)

where Γ is the appropriate preconditioning matrix, and Q is the
dependent vector of primary variables represented by

Q � �p v T �T (17)

The convective fluxes in Eq. (16) are evaluated by a second-order
upwind, flux-difference splitting scheme [26,28]. With a matrix
dissipation term added to the fluxes, the numerical scheme not only
performs well at higher speeds, but also provides the pressure–
velocity coupling required for numerical stability and efficient
convergence at low speeds. Time integration is performed using
implicit discretization of the governing equations, combined with a
Newton-type linearization of all fluxes. Turbulence closure is
achieved using the standard k-ε two-equation model that involves
transport equations for the turbulent kinetic energy and its dissipation
rate. The transport equations are of the form suggested by Jones and
Lander [29]. For boundary-layer flows with surface transpiration, as
encountered in the present study, the two-equation model leads
to solutions that show reasonable agreement with those obtained
from more comprehensive models, such as large-eddy simulations
[30–34].

IV. Model Assumptions and Input Conditions

For the aluminizedAP/HTPBpropellant, themulticomponent gas-
phase flow inside the motor is composed mainly of H2O, Al2O3, Al,
CO2, HCL, CO, N2, and H2 [17]. Only a sector of the motor in the
azimuthal direction is simulated using periodic boundary conditions,
due to the rotational symmetry. The combustion-chamber pressure
and temperature are used as the inlet stagnation conditions for the
nozzle flow. In the current study, the geometry employed is similar to
the ballistic test and evaluation system (BATES) motor at the initial
grain configuration, adopted from Sabnis [9]. The overall length of
themotor is about 2 m, with the nozzle section starting at 1.52m. The
axisymmetric computational grid is composed of 140 × 60 cells in
the axial and radial directions, respectively. The grid points were
clustered appropriately at thewall and in the nozzle section. The final
mesh, which is similar to the one employed by Sabnis [9], was
reached after conducting grid-independence studies. The propellant
is composed of AP/HTPB/Al with a mass ratio of 71∕14∕15.
Considering the propellant burning rate of 9.0678 mm∕s and
propellant density of 1.794 g∕cm3 [9], the total burning mass flux is
16.273 kg∕m2∕s. The chamber pressure is 6.8MPa and the chamber
temperature is 3327 K. The motor head end is treated as adiabatic
while the nozzle-surface temperature is fixed at 2500 K. In reality,
the nozzle inner-surface temperature may vary axially in the

Table 2 Calibrated parameters for the
Oka correlation [23,24]

Parameter Value

Uref 110.6 m∕s
Dref 297 μm
eref 0.065
Hv 0.228 GPa
n1 0.793
n2 0.762
k2 2.0
k3 0.0

0 20 40 60 80
0.00

0.01

0.02

0.03
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0.05

0.06

0.07

 Oka

 Exp.
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, g
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Incidence Angle, degrees

Neilson and Gilchrist [21]

Fig. 1 Comparison of derived correlations and experimental data
(297 μm solid Al2O3 particles on graphite plate); Exp. denotes
experiment.
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range of ∼2200–2800 K, depending on the propellant and nozzle
configuration employed [5]. An average value of 2500 K is a
reasonable approximation for the current scenario.
It is assumed that 10% (0.244 kg∕m2∕s) of Al remains unburnt at

the propellant surface. The remaining Al burns completely to form
Al2O3. To get the initial mass fractions of species at the burning
surface, an equilibrium concentration was determined for the AP/
HTPB/Al (71/14/13.5 by mass) propellant composition (assuming
10% Al remains unburnt) from the chemical-equilibrium analysis
[35]. The Al2O3 particles consist of approximately 80% by mass of
submicron Al2O3 mist, which is modeled as part of the continuous
phase. The remaining 20% Al2O3 particles are present as an oxide

cap on Al droplets (i.e., as multicomponentAl∕Al2O3 droplets), and
are treated using the Lagrangian formulation [9,10]. The size
distribution of Al∕Al2O3 droplets was taken as log normal, with a
mean of 100 μm and a log10 standard deviation of 0.2 [9]. Out of the
10% unburnt Al, it is assumed that 50% (0.122 kg∕m2∕s) is present
as pure Al droplets, which burn to form an aluminamist as they travel
through the chamber, whereas the remaining 50% has an oxide-shell
cap of Al2O3. Based on the assumptions, the multicomponent
Al∕Al2O3 droplet is composed of 13% Al and 87% Al2O3 by mass.
The presence of Al2O3 oxide-shell cap hinders the further oxidation
of Al, resulting in a very low or negligible oxidation rate of the Al
core. Based on the preceding calculations, Tables 3 and 4 summarize
the input conditions for the Eulerian and Lagrangian phases.
The gas-phase combusting species (Table 3), and the dispersed-

phase Al�l�∕Al2O3�l� and Al�l� droplets (Table 4) are injected along
the side wall of the rocket-motor chamber to simulate the propellant
burning behavior. The inward injection velocity of the droplets is
0.1 m∕s, which is about 3% of the gas velocity at the propellant
surface. Madabhushi et al. [36] indicated that the particle dynamics
are insensitive to the droplet injection velocity in the range of 1–25%
of the gas velocity. In the present work, particles are assumed to
collide with the nozzle surface, and bounce off with normal and
tangential restitution coefficients of unity.

V. Results and Discussion

The combined Eulerian–Lagrangian approach outlined in the
previous sections was applied to simulate the steady-state two-phase
flowfield inside the BATES rocket motor. The governing equations
were solved by employing the commercially available CFD code
STAR-CCM+ [18]. The Lagrangian treatment includes turbulent
dispersion, droplet evaporation, drag forces, and two-way coupling
of mass and energy transfer between droplets and the continuous
phase. The calculations were initiated by specifying the mass flux at
the propellant surface. Figure 2 shows the distributions of Mach
number, temperature, pressure, and velocity magnitude within the
rocket motor. The flow is supersonic at the nozzle exit, with a Mach
number reaching 2.65. The area-averaged temperature and pressure
on the transverse plane at the nozzle exit are 1833 K and 1.89 bar,
respectively.
Figure 3 shows the single-component Al�l� droplet trajectories

displaying the particle mass and temperature. A total of 700 Al�l�
parcels were injected along the propellant surface. TheAl�l� droplets
burn at a rate given by Eq. (9) as they traverse the chamber. The
temperature of Al�l� droplets continues to rise above their injection

Table 3 Gas-phasea (Eulerian) inlet conditions

Species Mass fraction

H2O�g� 0.114
CO�g� 0.281
CO2�g� 0.032
H2�g� 0.022
Al�g� 0.000
Al2O3�g� 0.219
HCl�g� 0.232
N2�g� 0.100
Inlet flow conditions
p0 68 MPa
T0 3327 K

aGas-phase inlet mass flux is 15.199 kg∕m2∕s, which
excludes 10% (0.244 kg∕m2∕s) unburnt Al and 20%
(0.830 kg∕m2∕s) Al2O3 droplets.

Table 4 Dispersed-phase (Lagrangian) inlet conditions

Species Mass
flux,

kg∕m2∕s

Injection
temperature,

K

Droplet
diameter, μm

Injection
velocity,
m∕s

Single-
component Al�l�

0.122 950 50 0.1
(Vertically
downward)

Multicomponent
Al�l�∕Al2O3�l�

0.122∕
0.830

2350 Log-normal
distribution
mean: 100;

log10 standard
deviation: 0.2

0.1
(Vertically
downward)

Fig. 2 Distributions of a) Mach number, b) temperature, c) pressure, and d) velocity magnitude in a rocket motor.
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temperature of 950 K, and they are consumed within a short distance
from the propellant surface. None of them lasts enough to impinge on
the nozzle surface. Thus, no mechanical erosion is caused by the
single-component Al�l� droplets. The evaporated Al reacts with the
H2O and CO2 species to form the gaseous Al2O3 mist and other
products according to reactions (R1) and (R2). Figure 4 shows the
distributions of the mass fractions of Al�g� and Al2O3�g�. The
presence ofAl�g� in the gas phase results from the evaporation close to
the propellant surface. Themass fraction ofAl2O3�g� increases due to
its formation through reactions (R1) and (R2). Because theAl droplet
consumption occurs closer to the propellant surface, the mass
fractions of combustion species in the core region remain relatively
unaffected.
Figure 5 shows the multicomponent Al�l�∕Al2O3�l� droplet

trajectories, displaying the particle diameter and velocity magnitude.
A sufficiently large number of Al∕Al2O3 Lagrangian parcels
were chosen to ensure that erosion results were independent of the
number of parcels injected. In conducting the analyses, the number
of parcels was progressively increased to 3500. Above 3500 parcels,
the difference in the computed mechanical-erosion rates was
insignificant. The injected particle-diameter distribution is log
normal, as summarized in Table 4. Figure 5a indicates the droplet
diameters in the range of 50–180 μm. Because the Al in the
multicomponent droplets is assumed to be covered by an Al2O3

oxide-shell cap, the droplets do not burn and their mass remains
constant. Figure 5b shows that the particle velocities increase rapidly
as they progress through the rocket nozzle. The droplets rebounding
from the axis of symmetry of the motor are effectively in perfect
collision with identical droplets originating from the opposite side of
the rocket motor.
Figure 6 shows the dispersed-phase Al�l�∕Al2O3�l� droplets

displaying particle temperatures and residence times. The droplet
temperature increases from the injection temperature of 2350 K to
about 3277 K in the chamber. Individual particles heat up to different
temperatures, depending on the trajectories they follow and the
corresponding residence times inside the motor. Particles with longer
residence times achieve relatively higher temperatures. Figure 7
shows a close-up view of the Al�l�∕Al2O3�l� particle trajectories and
their velocity magnitudes. The particles appear to impinge only on
the convergent section of the nozzle surface. No mechanical erosion
is thus anticipated at the nozzle throat and its downstream region. The
impinging velocity is about ∼100 m∕s, close to the value used by
Neilson andGilchrist in their experiments [21,22]. These trajectories,
however, depend on the particle mass. Lighter particles follow the
gas-phase flow more closely than the heavier ones, as evident in
Fig. 5a.
Figure 8 shows the incident mass flux of Al�l�∕Al2O3�l� particles

on the nozzle surface, represented by the term _mπ in Eq. (12). The net

Fig. 3 Trajectories of burning Al�l� droplets showing a) particle mass and b) particle temperature.

Fig. 4 Distributions of mass fractions of a) Al�g� and b) Al2O3�g� in the gas phase.
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mechanical-erosion rate, however, is determined by not only the
incidentmass flux of particles, but also their size, velocity, and impact
angle. Figure 9 shows the distribution of the mechanical-erosion rate
of the nozzle surface due to particle impingement, based on the
Neilson and Gilchrist correlation [21]. Figure 10 shows the predicted
mechanical-erosion rate in accordance with the Oka correlation
[23,24]. The erosion reaches its maximum in the convergent section
of the nozzle in both cases. Figure 11 shows the corresponding

variations of the erosion rate along the nozzle surface for the two
correlations. For the Neilson and Gilchrist correlation, a peak
erosion-rate value of 0.0586 kg∕m2∕s occurs around 1.736 m along
the motor axis from the head end. Assuming a graphite-nozzle-
material density of 1.8 g∕cm3, the erosion rate is around
1.281 mil∕s. For the Oka correlations, a peak value of 0.0619 kg∕
m2∕s (1.354 mil∕s) is also observed around 1.736m along themotor
axis. No mechanical erosion is observed at the nozzle throat

Fig. 5 Multicomponent Al�l�∕Al2O3�l� droplet trajectories showing a) particle diameter and b) particle velocity magnitude.

Fig. 6 Dispersed multicomponent Al�l�∕Al2O3�l� droplets showing a) particle temperature and b) particle residence time.

Fig. 7 Multicomponent Al�l�∕Al2O3�l� trajectories in a rocket nozzle.
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Fig. 8 Incidentmass flux due toAl�l�∕Al2O3�l� particle impingement on
the nozzle surface.
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(∼1.77 m) or downstream, because the particle trajectories move
away from the surface in those regions. Thus, any erosion occurring
at the nozzle throat and its downstream region is practically caused by
chemical means.

Both the Neilson and Gilchrist [21] and Oka correlations [23,24]
lead to similar distributions of the mechanical-erosion rate, and their
maximum values are close to each other. Such results are expected,
given that both correlations were calibrated using the same
experimental data. Table 5 summarizes the overall results.
Experimental data onmechanical-erosion rates obtained for different
rocket motors with carbon-based nozzles vary from 0.0 to 3.5 mil∕s
[37]. The calculatedmechanical-erosion rates in the present study fall
within this range. It is worth noting that the predicted erosion rates are
valid only for the flow conditions for which the employed
correlations are established. With suitable and reliable data and
correlations, the current framework and methodology can be applied
to accurately predict the mechanical-erosion rate for any rocket-
motor configuration.

VI. Conclusions

A theoretical/numerical analysis has been established to predict
the mechanical erosion of graphite-nozzle materials in solid rocket
motors. The propellant considered is ammonium perchlorate/
aluminum (Al)/hydroxyl-terminated polybutadiene (71∕15∕14 by
mass) composite propellant. The multicomponent gas-phase
dynamics is modeled using the Eulerian conservation equations of
mass, momentum, and energy. The dispersed phase, consisting of
single-component Al and multicomponent Al/aluminum oxide
(Al2O3) droplets, is treated using the Lagrangian framework. An
aluminum-droplet combustion is considered, with Al�l� oxidizing to
Al2O3�g�. The interactions between the gas and particle phases are
modeled by considering the effects of interphase mass, momentum,
and energy transfer. In addition, particle radiation and turbulent
dispersion are taken into account for the multicomponent Al∕Al2O3

droplets.
Based on the experimental data of the Al2O3 particle impact on

graphite plates, a methodology was developed to quantitatively
predict the mechanical-erosion rate. Two different correlations were
calibrated and employed to determine themechanical-erosion rate for
a rocket nozzle. Results fall in the range of available experimental
data. Mechanical erosion is prevalent only in the convergent section
of the rocket nozzle because the particle trajectories move away
from the surface at the nozzle throat and its downstream region.
Although the flowfield inside the rocket motor is treated in a
comprehensivemanner, the calculated erosion rates are valid only for
the flow conditions for which the material-erosion correlations are
established.
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