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A computational framework is developed to investigate nozzle erosion in solid-propellant rocket motors. The

calculations have several novel features. Among these is an accounting of three-dimensional effects, most strikingly

for a vectorednozzle but also in thedescription of the turbulentflow.Also, instead of the hitherto universal strategy of

merely solving the nozzle flow with uniform inlet conditions, strategies by which the chamber flow with its

nonuniform efflux can be coupled to the nozzle flowwhile still resolving the nozzle boundary layer are discussed. The

chamber flow is approximated by either full motor simulations, which do not resolve the boundary layer, or by an

asymptotic strategy valid for slender chambers: one first used in turbulent boundary-layer studies. The manner in

which the chamber efflux conditions are used as nozzle inlet conditions is part of the discussion. The results suggest

that specifying turbulent rather than uniform inlet conditions can have a significant effect on nozzle erosion.

I. Introduction

C ARBON–CARBON/GRAPHITE nozzles are often used in
solid rocket motors (SRMs), because of their ability to retain

their structural integrity under extreme thermal environments and the
easewith which they can bemachined to achieve a desired geometry.
However, when exposed to hot oxidizing chemical species such as
H2O, OH, CO2, O, andO2, surface erosion can occur. During a long
burn, this can be sufficient to alter the geometry (including the throat
area) to an extent sufficient to alter the rocket performance. For this
reason, there is a need for theoretical and numerical studies that can
lead to an understanding of the major factors that dictate the erosion
rate and can lead to design improvements. Such studies present
serious challenges, for not only must the chamber flow be well
described to determine the nozzle inlet conditions (itself a chal-
lenging problem), but the nozzle flow must be well described, with
full resolution of the boundary layers. Limitations to model com-
plexity imposed by limited computer resources are an unavoidable
constraint on any study.

Early work goes back to the 1960s [1,2]. Later, more com-
prehensive studies include work by Kuo and Keswani [3], further
developed some 20 years later by Acharya and Kuo [4], and recent
work by Thakre and Yang [5]. The last two publications provide the
most significant discussions of the problem. They focus on erosion at
the throat, where the consequences aremost important because of the
attendant throat area change. They argue that mechanical erosion for

metalized propellants is unimportant, and the fundamental erosive
mechanism is chemical reaction between the solid carbon surface
and gaseousH2O, OH, and CO. Both adopt the same global reaction
mechanisms and parameters, but Acharya and Kuo [4] also examine
a significant modification of the OH reaction. Thus, the only role that
aluminum plays is its impact on the equilibrium chemical com-
position of the gases entering the nozzle. Acharya and Kuo [4]
neglect gas-phase reactions; Thakre and Yang [5] include the water-
shift reaction but conclude that it is unimportant, having no
significant effect on either the concentrations of the oxidizing species
or on the temperature.

Two interesting limits can be discussed, controlled by the surface
temperature.When the latter is high, the heterogeneous reaction rates
are fast, and the reaction is diffusion controlled. When it is low, so
that the rates are slow, the reaction is rate controlled. Both limits can
bewell approximated, depending on the nature of the propellant. The
diffusion limit is of particular interest insofar as validation is
concerned, because with the uncertainties of mechanical erosion and
reaction rates eliminated, the problem is merely one of mechanics
and, with a suitable turbulence model, accurate predictions might be
hoped for. Indeed, Thakre and Yang [5] are able to make very
favorable comparisons with measurements of a ballistic test and
evaluation system (BATES) motor for aluminized propellants at
different metal loadings at a pressure of 6.9 MPa. Comparisons are
also made with two other sets of rocket data, with good agreement
even when the kinetics play an important role. It is noted that for
pressures above 10MPa, the OH concentrations are so small that the
OH reaction can be neglected.

Acharya and Kuo [4] identify a much more important role for OH,
even though the equilibrium values at lowpressures (0.008 and 0.006
for their two propellants) are comparable to the value 0.01 identified
by Thakre and Yang [5]. Significant OH effects are identified for
pressures up to 55 MPa by comparison of erosion rates calculated
using the modified or unmodified kinetics. Indeed, it is presumably
these differences that were the motivation for the modification. Only
one validation test is presented (modified kinetics). It is hard to
evaluate the agreement for the nonaluminized propellant, because of
the way the results are presented and because of what appears to be a
significant error band for the experimental data. For the aluminized
propellant, agreement is poor: the calculated rate being 50% larger
than the experimental rate.
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Returning to Thakre and Yang [5], there are three assumptions
worthy of discussion: the inlet flow to the nozzle is assumed to be
uniform so that turbulent fluctuations and fluctuations arising from
combustion of the heterogeneous propellant are neglected, the
heterogeneous reaction rates usedwere validated for subatmospheric
pressures [6] and yet are assumed valid for the high pressures (4MPa
or higher) that prevail at the nozzle throat, and the wall thermal layer
is assumed to be one-dimensional (and the wall normal is approx-
imated by the nozzle radius vector). The latter is a poor approx-
imation for the convergent section of the BATES nozzle, where
the wall angle is approximately 45 deg. Thus, the success of the
validation is unexpected, although it is possible that the poor
modeling of the BATES nozzle is unimportant in the diffusion
limit.

The assumption of uniform inlet flow is current industry practice,
evenwhen the flow of aluminum oxide particles is accounted for. Not
only is the distribution of these across the inlet not uniform, but they
also have a size distribution. Calculations that reveal these dis-
tributions are reported in [7,8] and the tools used in these calculations
are available to us, but the computational costs force us to omit them.
However, we do examine the effects of nonuniform flows, the
essential focus of our study. Note that it has often been argued that
mechanical erosion because of particle impact is negligible at the
throat, because impact is negligible there, and the latter claim is
supported by the calculations of [7]. It is a different matter if one is
interested in erosion in the converging section of the nozzle or throat
erosion in a vectored nozzle.

Another omission in [4,5] is an accounting of three-dimensional
effects, whether in turbulence or geometry; axisymmetric flow is
assumed. We abandon that restriction and examine both three-
dimensional turbulence and vectored (nonaxisymmetric) nozzles.

Ideally, our simulations would include full motor (chamber plus
nozzle) simulations, but this we cannot do while, at the same time,
resolving the nozzle boundary layer. And so, we split the problem,
solving the chamber flow and then using the efflux conditions from
the chamber as inlet conditions for a fully resolved nozzle cal-
culation. The patching between the two flows is an essential
ingredient, one previously discussed for a jet flow [9]. At our call are
two strategies for calculating the chamber flow: a full motor
simulation sans resolution of the nozzle boundary layer and an
asymptotic description (albeit numerical) valid for high-aspect-ratio
chambers.

The fundamental numerical tool that we have at our disposal,
always used when the asymptotic strategy is not being used (and
therefore always used in the nozzle), is Rocstar, an inhouse code [10–
13]. It is fully three-dimensional and is a tightly coupled fluid-
structure-thermal multiphysics solver.

Movement of the nozzle surface, unsteady gas/solid coupling, and
unsteadiness in the thermal field of the solid are all, quite reasonably,
neglected. Also, we neglect gas-phase chemical reactions, noting
that only insignificant effects are reported in [5]. The effects of
oxidizers in the gas that play an important role in the erosion (recall
the opening remarks in Sec. I) aremodeled using a standard pyrolysis
law dependent on the surface temperature and pressure, thus
bypassing uncertainties in the surface reaction rates. Also, as noted
earlier, aluminum particles are not included. By no means do we
carry out a definitive study but focus rather on the difference
between results for uniform nozzle inflow and results for nonuniform
inflow.

The structure of the paper is as follows. Section II gives the
mathematical formulation. In particular, the governing equations for
the gas flow in the nozzle and for heat conduction in the nozzle walls
are given, along with a methodology for gas–solid phase coupling.
The asymptotic formulation for the chamber flow is also described.
Section III discusses the numerical strategies for solving the
equations of Sec. II, together with a description of the patching
between the chamber flow and the nozzle flow. Section IV presents
several verification tests. Section V presents results for the BATES
motor, and erosion rates are calculated for both a straight nozzle
and a rotated (gimbaled) nozzle. Concluding remarks appear in
Sec. VI.

II. Mathematical Formulation

A. Gas Phase

The three-dimensional equations in the gas phase consist of Favre-
averaged mass, momentum, and energy conservation for a viscous,
compressible, ideal gas and are written as

@t ��� @j� �� ~uj� � 0 (1)

@t� �� ~ui� � @j� �� ~ui ~uj� � @i �p � @j ~�ij ��@j� ���ij� (2)

@t� �� ~E� � @j�� �� ~E� �p� ~uj� � @j� ~�ij ~ui � ~qj� � ��1 � �2 � �3 � �4
(3)

where Reynolds averaging is denoted by an overbar and Favre
averaging is denoted by a tilde. The viscous stress terms and heat flux

terms are ~�ij and ~qj, expressed in terms of averaged variables, ~E is the
specific total energy,

~E� ~h � �p

��
�

~uj ~uj
2

(4)

and ���ij is the Reynolds stress,

���ij � �u00i u00j (5)

where ���00 terms are perturbations from the Favre mean. The
turbulence terms in Eq. (3) are given by

�1 � ~ui@j� ���ij� (6)

�2 � @j�p0u00j �=�� � 1� (7)

�3 � p0@ju00j (8)

�4 � �ij@ju00i (9)

where ���0 terms are perturbations from the Reynolds mean.
A variety of turbulence models, including Reynolds-averaged

Navier–Stokes (RANS), large-eddy simulation (LES), and detached-
eddy simulation (DES) are available in the computational framework
and provide a closure model for the Reynolds stresses as well as the
f�ig [14,15]. LES, however, is computationally expensive for high-
Reynolds-number flows due to the extremely fine mesh requirement
near wall regions. Thus, in the results shown in this paper, the DES
model is used [14]. DES is a simple modification of the Spalart–
Allmaras (SA) turbulent model and switches from RANS(SA) to
LES-like away from solid surfaces. This saves computational cost by
increasing the resolution in the wall-normal direction while keeping
the resolution in other directions relatively coarse. It is especially
suitable for resolving the nozzle boundary layer.

B. Multiscale (Asymptotic) Formulation

Rocflo (Sec. III.A) is necessarily used in computing the nozzle
flow, but its use for the chamber in the two-step strategy is expensive,
and so, for exploratory work, we use a simpler strategy. This is rooted
in an asymptotic analysis for which direct numerical simulations
(DNSs) can be performed for the turbulent chamber flow. It was first
devised and used by Spalart for turbulent boundary layers [16], by
Venugopal et al. [17] for planar SRMs, and by Isfahani et al. [18] to
examine the effect of turbulence on propellant flames.

Within the SRM context, it determines the flow dynamics at any
plane with streamwise location x=h� 1=�, where � is a small
parameter, x is the distance from the head end, and h is the half-width
(radius) of the chamber for a planar (cylindrical) geometry. Asymp-
totic analysis valid in the limit of vanishing � (which, as in all
asymptotic analyses, we hope is accurate for small butfinite values of
physical interest) removes the overall axial gradients and generates a
problem with periodic boundary conditions at the upstream and
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downstream ends inwhich the gradient effects appear as source terms
in the evolution equations [17]. The geometric parameter is �, but it is
also the ratio of the mass injection rate to the mean flow rate [17] at
location x=h.

Our formulation here is restricted to incompressible flow, valid
only for rocket chambers of modest size. The chambers are either
planar or cylindrical, but the turbulent field for the cylindrical
geometry can be three-dimensional. Although temperature fluc-
tuations could be generated at the propellant surface, we do not
account for them. Then, the governing equations are

r � V � S� (10)

DV

Dt
�rp � 1

Re
r � �ij � Sv (11)

Here, Re� Vinjh=� is the Reynolds number based on the injection
velocity Vinj and the chamber half-width (radius) h for a planar
(cylindrical) geometry. The source terms S� andSv arise as part of the
multiscale analysis [17] and are given by

S� ���ux (12)

Sux ���u2x � �2=� (13)

Sur ���uxu0r (14)

Su	 ���uxu0	 (15)

for cylindrical geometry [19].

C. Solid Phase

The solid phase is usually modeled as a homogeneous material.
Then, a one-dimensional heat equation is solved in the direction
normal to the nozzle surface, a strategy justified when the thermal-
layer thickness is small compared with the nozzle radius; typical
values for operational rockets are 1 cm and 1 m, respectively.

In a frame attached to the nozzle surface, we have

cc

�
�c
@Tc
@t
�M@Tc

@n

�
� @

@n

�

c
@Tc
@n

�
(16)

subject to the boundary conditions

@Tc
@n

����
surface

�g (17)

@Tc
@n

����
�n!�1�

�0 (18)

Here, Tc is the temperature, 
c is the thermal conductivity, �c is the
density, cc is the specific heat,M� �c _rc is the mass flux with _rc the
erosion rate, andn is the distance along thewall normal. The term g is
related to conditions in the gas phase, discussed in the next
subsection. Avariation on this formulation, one used byAcharya and
Kuo [4] and Thakre and Yang [5], assumes that the normal distance
can be well approximated by the radial distance. This is clearly
reasonable where the slope of the nozzle wall is small (close to the
throat) and in the divergent section. But in the BATES nozzle, a
commonly used testbed that we discuss later, the slope of the
convergent section can be as large as 45 deg.

D. Gas–Solid Phase Coupling

The nozzle surface is an interface between the condensed phase
and the gas phase, and certain connection conditions are imposed
there, in addition to a formulation for the erosion rate. Thus, the
tangential velocities are equal, as are the normal mass fluxes in a
surface-fixed frame:

~u t � 0 (19)

�� g� ~un � _rc� � �c _rc (20)

Energy conservation has the form

�c�M ~Ts � 
gn � r ~Tg � 
cn � rTc �MQs (21)

where ��� 	 ���g � ���c, and Qs is the surface heat release, with a
characteristic value of 125 kJ=mol (or 10:4 kJ=g for carbon) defined
by thermodynamics [3] by the reaction

C �s� � H2O! CO� H2 (22)

The convention here is that Qs is positive when the reaction is
endothermic and negative when exothermic. The temperature is
continuous, �T� � 0.

The connection conditions are essentially those of [5]. Even so, we
knowingly neglect terms related to turbulent fluctuations. For
example, Eq. (20) would assume the following form:

�� g� ~un � _rc� � �0gu00n � �c _rc (23)

if terms related to turbulent fluctuations were accounted for.
However, to keep such termswould require closuremodeling, butwe
neither know how tomodel them, nor dowe have the tools to perform
a DNS to develop appropriate subgrid models.

The erosion rate is determined from a pyrolysis law,

_r c � Ac �p� exp
�
�Ec
Ru ~Ts

�
(24)

where Ec is the activation energy, Ru is the universal gas constant,
and ~Ts is the surface temperature. Representative values are �� 0:5
and Ec=Ru � 34; 625 K for the reaction shown in Eq. (22) [6]. The
empirical parameter Ac is chosen such that a desired erosion rate is
reached under certain operating conditions, determined from exper-
iments ormore detailed numerical simulations. Thus, our predictions
are comparative only and not absolute. We comment here that the
particular form of the pyrolysis law [Eq. (24)] neglects temperature
fluctuations in the Arrhenius term.

At steady state, Eq. (16) can be integrated, and the solution is
substituted into Eq. (17) to give

@Tc
@n

����
surface

�go � � _rc=�c�� ~Ts � T�1� (25)

where go is the steady-state value of g, _rc is given by Eq. (24), and �c
is the thermal diffusivity in the solid phase. Substituting this equation
into the energy balance equation (21), we obtain


g
@ ~T

@n

����
g

�
cgo �MQs � �c�M ~Ts

� 
c� _rc=�c�� ~Ts � T�1� �MQs � �c�M ~Ts (26)

This equation relates the surface temperature to the gas-phase
surface heat flux at steady state. The equations in the gas phase are
now closed with the boundary conditions defined by Eqs. (19), (20),
and (26).

We use the steady-state description in our calculations and neglect
geometry changes due to surface regression. Rocflo can accom-
modate both effects, if necessary, but implementation would be
expensive.

III. Numerical Strategies

A. Rocflo

The gas-phase Eqs. (1–3), subject to the boundary conditions in
Eqs. (19), (20), and (26), are solved using Rocflo [13], with DES for
the turbulence model [14]. The equations are discretized in time
using an explicit four-step Runge–Kutta method. A second-order
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finite volume central scheme is used for spatial discretization.
Specifically, the scheme is based on cell-centered control volumes
for the convective terms. The code includes provision for artificial
dissipation, but this is not used in the present simulations. Convective
fluxes through the control volume faces are approximated using
averaged variables.

The viscous terms are discretized in a similar fashion, making use
of an auxiliary control volume shifted by a half grid cell in each
computational direction. The auxiliary control volumes are used for
the first derivatives, and the primary ones (grid cells) are used for the
second derivatives.

We use Rocflo for all of the nozzle calculations and for some full-
rocket simulations.

B. Asymptotic Strategy

Equations (10) and (11) are not turbulence equations in the usual
sense of that rubric, and so which numerical strategies might work
well or not for turbulence equations is not a relevant matter. In fact, a
suitable tool is the high-order incompressible scheme described in
[20]. Thus, the convective terms are discretized using the fifth-order
weighted essentially nonoscillatory (WENO) scheme of [21],
making it possible to resolve difficult applications with strong shear
or turbulence. Also, the fractional-step scheme of [22] together with
the optimized two-step alternating 4–6 low-dissipation and low-
dispersion Runge–Kutta scheme of [23] is used to improve temporal
accuracy.

C. Patching the Chamber and Nozzle Solutions

Our two-step strategy first requires the calculation of the chamber
flow, using either the asymptotic strategy or a coarse-mesh full motor
simulation. Once initial transients have disappeared, flow data are
extracted at a plane upstream of or at the nozzle inlet for a suitable
time interval. An upstream choice is necessary when using the
asymptotic strategy, as it is inaccurate at points within a chamber
diameter or so of the nozzle; the time intervalmust be long enough for
the subsequent calculation of the nozzle flow.

The extraction is done uniformly in time, and the data are linearly
interpolated for the fine-mesh nozzle simulations in both time and
space. Rocflo uses the stagnation pressure, stagnation temperature,
and the direction of the velocity vector at the upstream boundary.
Overall, a database is created of inlet conditions at discrete times and
places for a time period equal to the total time for which the nozzle
integration is carried out.

IV. Preliminary Calculations and Verification

A. Solution of Asymptotic Equations

We refer to [19] for detailed discussion and more results on the
solution of the asymptotic equations. Here, the results of a test calcu-
lation are shown for a cylindrical chamber and three-dimensional
turbulence. The injection velocity is one, Re� 1000, and �� 0:04
(i.e., x=R� 25).

The circumferential vorticity is shown in Fig. 1. The small-scale
structures that we expect to find in a turbulent flow are apparent,
and we note that evidence that the asymptotic strategy generates
authentic turbulent flows is presented in [17,19].

Some general remarks can be made about the nature of the
turbulence. Velocities are nondimensionalized using the injection
speed (typically 2:5–3:2 m=s) for a wide range of rocket sizes. Also,

the maximum nondimensional rms of ux for �� 0:04 and Re

1000–5000 is
10 at r 
 0:98; for a longer chamber with �� 0:025;
this maximum increases to 
15, again with little variation with Re.
Thus, the magnitude of the dimensional velocity fluctuations for our
simulation is characteristic of a wide range of rocket sizes. However,
the reference frequency is Vinj=h, so that the dimensional frequency
changes significantly with rocket size.

B. Compressible Laminar Boundary Layer

Hitherto, Rocflo has not been used for simulations in which a heat
flux boundary condition is used, and so we verify that ingredient by
examining a boundary-layer configuration for which there are well-
known theoretical results (a similarity solution) rooted in the
Illingworth transformation [24]. This boundary layer sits on a flat
plate (no slip and no injection) with a surface temperature gradient

@T

@y
� Te

����������
Ue
2�ex

s
g0

where Te � 288 K, Ue � 170 m=s, �e � 0:034 m=s2, and g0�
0:01. The freestream Mach number is 0.5, the Prandtl number is
equal to one, and the viscosity is proportional toT. The distance from
the leading edge x is equal to 0.5mwhenRe� 2500. Figure 2 shows
the temperature profiles calculated using Rocflo and calcu-
lated via the similarity solution.

C. Solution Patching

We examine the 70 lb BATES motor (also known as BATES70)
described by Geisler et al. [25]. A schematic is shown in Fig. 3;
details of the geometry and other relevant parameters can be found in
[7]. It should be noted that the propellant charge is exposed at the
nozzle end so that there is no reason to expect a toroidal eddy in the
acute angle between the propellant and the nozzle.

In the absence of imposed perturbations of significant amplitude,
the flow is laminar [7] in both planar and axisymmetric geometries.
We consider the planar one and impose a periodic injection (burning)
rate in order to test our strategy within an unsteady context. Thus,

Fig. 1 Circumferential vorticity !� field in a three-dimensional
cylindricalmultiscale simulationwith anRe of 1000 and � of 0.04. The top
wall at r� 1 is the injecting boundary. The mesh is 1283.

η

T
/T

e

0 1 2 3 4 5 6

1

1.02

1.04

1.06

1.08

theory
numerical

Fig. 2 Profiles of temperature (normalized by the freestream

temperature) at x� 0:5 m for a laminar boundary layer over a flat

plate, with heat transfer at a Mach number of 0.5; ��
�����������

Ue

2�e�ex

q R
y

0 �dy.

Fig. 3 Schematic of BATES configuration.
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_m� _mo�1� 0:1 sin�!t�� (27)

where _mo � 25:7 kg=m2-s and !� 2000 Hz. The nozzle wall is
treated as a no-slip adiabatic surface.

The full motor configuration includes a chamber of length 0.51 m
and a height of 0.1 m. Within this chamber, a uniform 40 � 35mesh
is used. The coarse mesh in the nozzle is 105 � 49; see Fig. 4.

For the nozzle-only calculation, an additional 36 mesh points are
added in y within a layer of thickness 0.85 mm, which contains the
boundary layer. Although 105 mesh points are still used in x, some
stretching is appliedwith a spacing of approximately 0.5mmnear the
inlet, and a spacing of approximately 2 mm is applied well down-
stream.

Comparisons between the densities at two different stations
calculated in the two different ways are shown in Fig. 5. Note that the
nozzle boundary layer in the full-configuration simulation is
unresolved, whereas it is resolved in the nozzle-only simulations.
Both simulations are viscous.

V. Erosion in Ballistic Test and Evaluation
System Nozzles

In this section, we describe a number of flow simulations using the
BATES nozzle, for different inlet conditions, and with a focus on
nozzle erosion. In one simulation, we generate three-dimensional
effects by tilting the nozzle. We noted earlier that, for operational
rockets, the thermal layer in the solid is thin comparedwith the nozzle
radius, and so it is essentially planar. This is only a rough approx-
imation for laboratory rockets, such as the BATES, but it is
acceptable since our results have only a comparative value.

A. Grid Issues

We start with a brief examination of errors that can arise from grid
choices: specifically, the grid size and the cell aspect ratio. The tests
are for the planar nozzle only, with uniform inlet conditions.

Consider Fig. 6. This shows an example of the evolution of the
mesh in the normal direction in the vicinity of a small surface patch,
with 36 points along the normal within 0.85 mm of the surface.
Figure 7 shows the temperature profile and the heat flux profile along
the normal at x� 0:692 m for four meshes characterized by 24, 48,
96, and 192 points within the 0.85 mm layer. Note that, for this
particular x location, there are
0:5n grid points inside the boundary
layer, where n (identified in the figures) is the number of grid points
in the wall-normal direction inside a 0.85 mm layer at the nozzle
surface. Also, in Fig. 8, the erosion rates along the surface are shown
for these resolutions. (The kink at x� 0:69 m occurs at the transition
between the conical inlet and the curvilinear throat section.)
Convergence is first order near the surface, and it is second order as
the interior is approached. Note that the erosion rates are un-
physically small for these planar simulations, as the parameters used
are relevant to the three-dimensional simulations that we describe in
the next section.

The aspect ratio of the mesh cells can be varied by varying the grid
spacing in the x direction. When varied in this way for the smallest
cells, no significant solution effects are found.

x, m

y,
 m

0.6 0.7 0.8 0.9
0

0.05

0.1

0.15

P2

P1

Fig. 4 Positions of the stations for the histories shown in the verification

study. P1 and P2 are (0.65,0.068) and (0.65,0) m. Mesh for simulations

where the boundary layer is unresolved is also shown.

t, s
0 0.002 0.004 0.006

0.725

0.73

0.735

0.74

t, s

ρ,
kg

/m
3

ρ,
kg

/m
3

0 0.002 0.004 0.006

0.725

0.73

0.735

0.74

Fig. 5 Comparison of density evolution of full-configuration (solid) and

nozzle-only (symbols) planar BATES70 simulations at quasi steady
states for P1 (top) andP2 (bottom), shown in Fig. 4. The differences are of

order 0.1–0.2%. Similar agreements are observed for other stations

examined, not shown here.

Fig. 6 Temperature field of a planar BATES70 nozzle with uniform
inlet condition (Po � 2 MPa,To � 3650 K) and 36 grid points in thewall

layer of 0.85 mm thick along the surface. The bottom graph shows the

close-up view in the boundary layer. The mesh used is also plotted.
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B. Three-Dimensional (Nonaxisymmetric) Effects

Three-dimensional effects arise in the nozzle as the result of the
nature of the turbulent flow, nonuniform inlet conditions, or a non-
trivial geometry that leads to three-dimensional flows even when the
nozzle geometry itself is axisymmetric. For example, for the
ONERA-86 rocket [14], the flow at the nozzle inlet is turbulent. It is
worth noting that significant three-dimensional temperature fluc-
tuations downstream can also arise merely because a hetero-
geneous propellant is used [26]. Thus, Fig. 9 shows the temperature

field at the nozzle inlet generated by a full-configuration (chamber
and nozzle) BATES15 simulation; the flow is assumed to be laminar.
Also, the multiscale rocket simulation results shown in Fig. 1 reveal
turbulence sufficiently far downstream.

Our purpose is to see if fluctuations in the chamber can have an
effect on nozzle erosion and so should be accounted for. One way to
do this is to extract the flowfield at the inlet plane in a full-
configuration three-dimensional turbulent simulation, and then use
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Fig. 9 Temperature field at the nozzle inlet extracted from a full-
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x, m

er
o

si
o

n
 r

at
e,

 m
m

/s

0 0.1 0.2 0.3
0

0.1

0.2

0.3

uniform
turbulent

t, ms

er
o

si
o

n
 r

at
e,

 m
m

/s

0 0.05 0.1 0.15

0.2

0.22

0.24

uniform
turbulent

Fig. 10 Erosion rates along the nozzle surface for simulations of a

straight BATESnozzle using either turbulent or uniform inlet conditions

(top). The difference near the throat can be as large as 20%. The x axis is
the distance from the nozzle inlet plane. Time history of the erosion rate

near the throat at x� 0:1 m, markedby the dashed–dotted line in the top

graph (bottom). DES is used for both simulations with CDES � 0:65.

ZHANG ETAL. 647



those data in afine-resolution nozzle-only simulation, as discussed in
Sec. I. An alternative approach, as we have already noted, is to
calculate the inlet conditions using the multiscale strategy. For
example, the data obtained in the multiscale rocket simulation
discussed in Sec. III.B can be used as the turbulent inlet condition for
a three-dimensional BATES70 nozzle simulation. This we do, and
proper reference scales based on the physical parameters of the
BATES motor are used to obtain dimensional values. In particular,
the time histories of the velocity components are collected at the inlet
plane at uniform time intervals. The patching method discussed in
Sec. III.C and verified in Sec. IV is then used for velocities at the inlet
plane in the subsequent Rocflo nozzle-only simulation. The
temperature is simply perturbed and periodic in time:

T � To�1� 0:1 sin�2�ft�� (28)

where To � 3650 K and f� 2000 Hz. We specify the temperature
independently of the velocity because we are solving the incom-
pressible multiscale equations in the chamber. In the future, we hope
to develop a high-order code to solve the compressible multiscale
equations. In addition to imposing unsteady inlet conditions, we also
examine three-dimensional effects induced by a nontrivial geometry
by considering a gimbaled or thrust vector control nozzle. The
configuration is generated by rotating the axisymmetric BATES
nozzle 25 deg about the z axis while retaining a small portion of the
unrotated chamber.

1. Straight Nozzle

Wefirst examine a straight (axisymmetric) nozzle and compare the
axial distribution of the erosion rate for uniform and nonuniform inlet
conditions. Results are shown in Fig. 10, with the most significant

difference occurring near the throat. Note that the overall magnitude
of these rates is consistent with empirical data [25], but only because
Ac in the pyrolysis law equation (24) was judiciously chosen.We are
a long way from first-principle absolute predictions. Note that the
relatively high erosion rate at x� 0 is an artifice of the BATES
configuration where the propellant charge is exposed at the nozzle
end (see the discussion of Fig. 3 in Sec. IV.C). Even though high
erosion is generally not desired anywhere, rocket performance will
be most affected by throat erosion. Temporal variations near the
throat are shown in the bottom graph of Fig. 10 and reveal a roughly
20% increase because of nonuniform inflow. For a 100 s burn, this
corresponds to nearly 5 mm more erosion.

2. Gimbaled Nozzle

Our three-dimensional code enables us to examine gimbaled
nozzles, a problem that we do not believe has been previously
addressed. The vorticity fields at some arbitrarily chosen time are
shown in Fig. 11. Not surprisingly, the erosion rate at the bottom is
greater than at the top, by significant amounts (Fig. 12).Note also that
the differences due to nonuniform inlet conditions are greater for the
bottom than for the top, the difference for the former being approx-
imately 22% at the throat.

It might have been thought that tilting a nozzle would have a
significantly deleterious effect on that part of the nozzle in the
extrapolated path of the chamber efflux, but comparing Fig. 10 and
12, we see that throat erosion at the bottom for the tilted nozzle is not
much greater than throat erosion for the straight nozzle. It is unlikely
that this would be true for metalized propellants.

Fig. 11 Instantaneous z-vorticity fields in the gimbaled BATES nozzle

with uniform (top) and turbulent (bottom) inlet conditions. For the

uniform inlet conditions, Po � 6:5 MPa and To � 3650 K. For the tur-

bulent inlet conditions, the inlet temperature is given by Eq. (28), the
velocities from the multiscale simulation, and pressure is determined

from outgoing characteristics and oscillates around 6.5 MPa. The

contour levels are adjusted to enhance the feature near the inlet.
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VI. Conclusions

In this paper, nozzle erosion has been investigated and three
ingredients not present in previous studies have been included: three-
dimensional (not axisymmetric) turbulence, turbulent inlet con-
ditions at the nozzle, and gimbaling. It has been shown that the
second ingredient can increase the throat erosion by about 20%, and
that a nozzle that has acceptable erosion characteristics when straight
can be tilted without incurring a significant loss of those char-
acteristics for nonmetalized propellants.

The model does, of course, have several deficiencies/omissions,
approximations, and modeling ingredients justified, which is
believed due to the focus on whether or not inlet fluctuations should
be accounted for. For gimbaled nozzles, themost important omission
must surely be the role of metal particles; although there are good,
albeit expensive, tools for describing particle transport [7], calcu-
lating the erosive effect of their impact is a challenging problem. For
nongimbaled nozzles with a concern with only throat erosion, a
proper accounting for surface chemistry is necessary when the oxi-
dizer fluxes are not diffusion limited, and there are serious reser-
vations as to the applicability of the data from [6] to the conditions
prevailing in a rocket, despite the apparent success of the validation
tests of Thakre and Yang [5]. One promising situation for which
nonempirical science-based predictions might become routinely
reliable is throat erosion in the diffusion limited regime. High
accuracy might then be possible, provided fluctuations are fully
accounted for. In this connection, it would be important to explore the
variations in the erosion rate with the frequency of the inlet
turbulence (see the remark at the end of Sec. IV.A).
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