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A comprehensive theoretical/numerical framework is established and validated to study the chemical erosion of

carbon–carbon/graphite nozzle materials in solid-rocket motors at practical operating conditions. The formulation

takes into account detailed thermofluid dynamics for amulticomponent reacting flow, heterogeneous reactions at the

nozzle surface, condensed-phase energy transport, and nozzle material properties. Many restrictive assumptions

and approximations made in the previous models have been relaxed. Both metallized and nonmetallized AP/HTPB

composite propellants are treated. The predicted nozzle surface recession rates comparewell with three different sets

of experimental data. The erosion rate follows the trend exhibited by the heat-flux distribution and is most severe in

the throat region.H2O proved to be the most detrimental oxidizing species in dictating nozzle erosion, followed by

much lesser contributions from OH and CO2, in that order. The erosion rate increases with increasing chamber

pressure, mainly due to higher convective heat transfer and enhanced heterogeneous surface reactions. For

nonmetallized propellants, the recession rate is dictated by heterogeneous chemical kinetics because the nozzle

surface temperature is relatively low. For metallized propellants, the process is diffusion-controlled due to the high

surface temperature. The erosion rate decreases with increasing aluminum content, a phenomenon resulting from

reduced concentrations of oxidizing species H2O, OH, and CO2. The transition from the kinetics-controlled to

diffusion-controlled mechanism occurs at a surface temperature of around 2800 K.

Nomenclature

Ai = preexponential factor for rate constant in reaction i
bi = temperature exponent for rate constant in reaction i
Cp = constant-pressure specific heat
Da = Damköhler number
Dij = binary mass diffusivity
Dim = molecular mass diffusivity
E = specific total internal energy
Ei = activation energy for reaction i
h = enthalpy
k = turbulent kinetic energy
Le = Lewis number
Let = turbulent Lewis number
_m = mass flow rate
N = total species numbers
Pr = Prandtl number
Prt = turbulent Prandtl number
p = pressure
pt = chamber pressure
R = particular gas constant
Re = Reynolds number
Ru = universal gas constant
_rc = net surface recession rate, m=s
_ri;erosion = recession rate due to species i, kg=m2-s
_ri;ch = chemical-kinetics-controlled recession rate due to

species i, kg=m2-s
_ri;diff- lim = diffusion-controlled recession rate due to species i,

kg=m2-s
Sc = Schmidt number

Sct = turbulent Schmidt number
T = temperature
Tt = chamber temperature
Uk = mass diffusion velocity of species k
u, v, w = x, y, z component of velocity respectively
Wk = molecular weight of species k
Wmix = average molecular weight of the gases
_w = species molar production rate
Xk = mole fraction of species k
Yk = mass fraction of species k
� = thermal diffusivity
� = ratio of specific heats
" = dissipation rate
� = von Kármán constant
� = thermal conductivity
� = viscosity
�t = turbulent viscosity
� = density
_! = species mass production rate
!i;diff- lim = maximum diffusion rate of species i toward the

surface, kg=m2-s
� = time averagee = mass-weighted average (Favre average)

Subscripts

amb = ambient conditions
c = solid phase
g = gas phase
c-g = gas–solid interface
o = outer boundary of nozzle material
s = surface

Superscript

+ = nondimensional variable

I. Introduction

G RAPHITE and carbon–carbon composites, which have
excellent thermophysical properties as well as low densities,

are widely used as materials for rocket-nozzle inserts. The hostile
thermochemical environment imposed by the combustion products
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of solid propellants, however, causes undesirable erosion of these
materials. During motor operation, the temperature of the nozzle
material rises rapidly, due to the severe heat transfer from the hot
combustion products to the nozzle surface. Heterogeneous chemical
reactions occur between the nozzle material and such oxidizing
species asH2O, OH, andCO2 in the combustion stream. The ensuing
chemical erosion then causes the nozzle surface to recede. The
situation becomes most severe at the throat, due to the maximized
heat-transfer rate in that region. The resultant increase in the throat
area decreases the chamber pressure and thrust and subsequently
downgrades the motor performance over the duration of firing. A
throat-area increase of more than 5% is usually considered
unacceptable for most solid-rocket applications [1].

The overall nozzle-erosion process is extremely complex, com-
prising the interplay of numerous factors, including the propellant
composition, motor operating conditions, duration of firing, nozzle
geometry and material properties, transport of reacting species, and
homogeneous and heterogeneous reactions in the gas phase and at the
nozzle surface, respectively. In addition to chemical erosion, there
could be contributions frommechanical processes associatedwith the
impingement of metal oxide particles (e.g., Al2O3�l�) onto the nozzle
surface and from the thermal-stress-induced structural failure. Most
studies [2–6], however, have concluded that chemical erosion is the
primary cause for the nozzle-throat recession. Moreover, mechanical
erosion caused by the impingement ofAl2O3 particles is negligible in
the throat region because the particles travel almost parallel to the
surface [1]. Experimental studies [2,6,7] on graphite nozzle erosion
with aluminized composite solid propellants have indicated that the
graphite removal depended primarily on the chemical attack by the
oxidizing species of H2O and CO2. A strong correlation was noted
between the recession rate at the throat and themass fractions ofH2O
and CO2. The nozzle erosion decreased with increasing aluminum
content in the propellant [2]. The phenomenon can be attributed to the
decreased concentrations ofH2O andCO2 in the combustion stream.
If mechanical processes were significant, then the throat erosion
would have increased with the increase of condensed-phase Al2O3

particles in the combustion stream, but, on the contrary, the erosion
decreased.

In the 1960s and1970s,with limited computational resources anda
lack of in-depth knowledge, many investigators [3–5,8] developed
simplistic models to predict the nozzle-throat recession rate. It was
pointed out [3,4] that the erosion rate depends on the heterogeneous
chemicalkineticsat thesurfaceaswell as thediffusionof theoxidizing
species towardthesurface.Amoredetailedmodelwaslaterdeveloped
by Kuo and Keswani [9] and Keswani and Kuo [10]. This work
represents a significant improvement over the earlier approaches and
predicts thenozzle-throat recession rates reasonablywell.Someof the
underlying assumptions and approximations, however, may not be
necessary or justified in many situations. One of the major assump-
tions includes empirically calculating the recession rate as the har-
monicmeanof thekinetics-anddiffusion-limited rates.Thisapproach
is validonly if theheterogeneous reactions arefirst order, the effective
Schmidt numbers for all reactants are nearly equal, and the surface
mass blowing is not too strong [10]. The assumption of first-order
reactions strongly restricts the kind of surface kinetics that can be
adopted. Moreover, the harmonic-mean approximation becomes
questionable in situations inwhich the kinetics- anddiffusion-limited
rates are on the same order of magnitude. The model employs the
boundary-layerapproximationforsolvingthegas-phaseconservation
equations and neglects the effect of surface-reaction products on the
nozzle erosion in the downstream region. Other approximations
include the unity Lewis number, a single binary diffusion coefficient
applied to all the species, a constant Prandtl number, and the use of
infinitely fast heterogeneous kinetics (infinite Damköhler number) in
obtaining the solution to the gas-phase species equations. Another
nozzle-erosion model subsequently developed by Borie et al. [11]
bears a close resemblance to that of Kuo and Keswani [9]. More
recently, Acharya and Kuo [12] updated the model of Kuo and
Keswani [9] by adopting improved heterogeneous kinetics at the
nozzle surface. The underlying assumptions and approximations,
however, remain identical to their previous model.

The purpose of the current work is to present a comprehensive
theoretical/numerical framework that can accurately predict the
nozzle-erosion rate by using recent advances in chemical kinetics,
turbulence modeling, and numerical algorithm. Many approxima-
tions and assumptions employed in the previous studies have been
relaxed. The formulation takes into account detailed thermofluid
dynamics for a multicomponent chemically reacting flow, hetero-
geneous reactions at the nozzle surface, and condensed-phase energy
transport. The model was validated by comparing the calculated
erosion rates with three different sets of experimental data. In
addition, a systematic study of the dependence of nozzle erosion on
motor operating conditions, chemical kinetics, propellant compo-
sitions, and nozzle material properties was carried out.

II. Theoretical Formulation

The theoretical formulation involves the general conservation
laws for the gas phase, the energy equation for the solid phase, and
the boundary conditions at the gas–solid interface and the outer
surface of the nozzle material.

A. Gas-Phase Governing Equations

The gas-phase dynamics are modeled using the Favre-averaged
conservation equations of mass, momentum, energy, and species
concentration in axisymmetric coordinates.

Mass:

@ ��

@t
� @ �� ~ui
@xi
� 0 (1)

Momentum:
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�
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Energy:

@ �� ~E

@t
� @�� ��

~E� �p� ~ui�
@xi

�� @ �qi
@xi
�
@� ~ui ~�ij � �E00u00j �

@xj
(3)

Species concentration:
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The viscous stress tensor �ij and the heat-flux vectorqi are expressed,
respectively, as

�� ij � �
�
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@xj
�
@ ~uj
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� 2

3
�ij
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@xl

�
(5)

�q i ���
@ ~T
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� ��
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k�1

~hk ~Yk ~Uk;i (6)

Fick’s law is used to approximate the species diffusion in a
multicomponent mixture:

~Y k
~Uk;i ��Dkm

@ ~Yk
@xi

(7)

The specific total internal energy, specific enthalpy, and pressure for
a multicomponent mixture can be calculated from the following
equations:

~E� ~h � �p

��
�

~uj ~uj
2

(8)

~h�
XN
k�1

~Yk ~hk �
XN
k�1

~Yk

�
�h�f;k �

Z
T

Tref

Cp;k�T 0� dT 0
�

(9)
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�p� ��Ru ~T
XN
i�1

~Yi
Wi

(10)

Full account is taken of variable transport and thermodynamic
properties.Within the thermodynamic regime of concern in practical
rocket-motor environments, the specific heat Cp, viscosity �, and
thermal conductivity � for individual species are approximated by
fourth-order polynomials of temperature. The specific heat of the
mixture is obtained by mass fraction weighting of each species. The
viscosity of the mixture is obtained throughWilke’s method, and the
thermal conductivity is calculated byWassiljewa’s approachwith the
modification ofMason and Saxena, as noted in [13]. The binarymass
diffusivityDij betweenspecies iandj isobtainedusingtheChapman–
Enskog theory in conjunctionwith theLennard–Jones intermolecular
potential energy function [13].The effectivediffusion coefficientDim

in a multicomponent mixture can be related to the binary diffusion
coefficient Dij through the following equation [14]:

Dim � �1 � ~Xi�
�X

i≠j

~Xi
Dij

(11)

B. Gas-Phase Chemical Kinetics

In the current study, the flowfield in the rocket nozzle consists of
hot combustion products from the burning of metallized or
nonmetallizedAP/HTPB composite propellants. Themain species in
the combustion stream of a nonmetallized propellant are H2O, CO2,
CO, HCl, N2, and H2, along with small amounts of OH and H and
negligible concentrations of O2 and O. In the case of a metallized
propellant, a condensed-phase species of Al2O3 is also present, in
addition to the aforementioned gaseous species. It is assumed that
HCl, N2, and Al2O3 are not involved in the gas-phase chemical
reactions. Because the concentrations ofO2 and O are negligible, the
oxidation of H2 and CO to form H2O and CO2, respectively, is also
ignored. Themost probable reaction occurring in the gas phase is the
so-called water–gas shift reaction represented by a one-step global
reversible reaction:

CO � H2O,
kf

kb
CO2 � H2 (12)

Based on the experimental data of Bustamante et al. [15,16], the rates
of the forward and reverse reactions take the following forms:

�_w CO2
� kf �CO�0:5�H2O� (13)

�_w CO � kb�H2�0:5�CO2� (14)

The rate constants are expressed in the Arrhenius form as

k� A exp��EA=RuT� (15)

The chemical kinetics data are obtained by extrapolating the
experimental data [15,16] for the temperature and pressure ranges
encountered in the current problem. The preexponential factor and
the activation energy for the backward rate constant are 5:99 	
108 �m3=kmol-s2�0:5 and 213:3 kJ=mol, respectively [15]. The
corresponding values for the forward rate constant are 2:34 	
1010 �m3=kmol-s2�0:5 and 288:3 kJ=mol, respectively [16].
Recently, Culbertson et al. [17] conducted experiments to investigate
the forward water–gas shift reaction at elevated pressures. In the
present analysis, the kinetics data for either kf or kb werefirst chosen,
and the other rate constant was estimated from the equilibrium
constantKeq. In amanner similar to the approach of Bustamante et al.
[15], Keq was estimated with the following temperature-dependent
correlation [18]:

Keq � exp

�
�4:33� 4577:8

T

�
(16)

C. Heterogeneous Chemical Reactions at Nozzle Surface

At high temperatures and pressures, the graphite surface is prone
to chemical attack by such species asH2O,CO2, OH,H2,O2, and O,
to form primarily CO [2–4,8]. Although the reactivity of graphite
with O andO2 is significant [19,20], this effect can be ignored due to
the fuel-rich nature of AP/HTPB propellants, which produce
negligible amounts of O and O2 in the gas phase. There is a
disagreement between Tong et al. [21] and other investigators [2,4]
concerning the importance of the reaction betweenC�s� andH2. In the
present work, this reaction was excluded based on the kinetics data
from Chi and Landahl [22] and the graphite recession studies of
Borie et al. [11] and Kuo and Keswani [9]. The assumption is further
supported by the experimentally observed decrease in the nozzle
recession rate with increasing concentration of H2 [2,4,6]. Thus, the
three heterogeneous chemical reactions considered at the nozzle
surface are

C �s� � H2O! CO� H2 (17)

C �s� � CO2 ! 2CO (18)

C �s� � OH! CO� H (19)

The rate of consumption of graphite/carbon–carbon by an oxidizing
species i is expressed as

_r i;ch � kipni;s �kg=m2 s� (20)

where

pi;s � psYi;s
Wmix;s

Wi

(21)

ki � AiTbs exp��Ei=RuTs� (22)

Yi;s andpi;s represent themass fraction and partial pressure of species
i at the surface, respectively; Wmix;s, ps, and Ts are the molecular
weight of the gas mixture, pressure, and temperature at the surface,
respectively; and n is the overall order of the heterogeneous reaction.
Based on Eqs. (17–19), the mass rate of consumption of an oxidizing
species i at the gas–solid interface is given by

�_! i � _ri;ch
Wi

WC

(23)

The reactions of C�s� with H2O and CO2 have been extensively
investigated [11,19,23–25]. The kinetics data compiled byLibby and
Blake [25] considered the specific rates of both reactions to be equal,
with a preexponential factor of 2470 kg=�m2 
 atm 
 s� and an
activation energy of 41:9 kcal=mol. Golovina [24] provided the
kinetics data for the reaction between C�s� and CO2 with the
preexponential factor and activation energy as 158 kg=�m 
 atm 
 s�
and 40 kcal=mol, respectively. It has been suggested in previous
studies [2,7,23] that at high temperatures, H2O was the most
detrimental oxidizing species responsible for nozzle erosion.
Consequently, the rate constants for the reactions of C�s� with H2O
andCO2 should not be treated identically, as employed by Libby and
Blake [25] andKuo andKeswani [9]. In the current study, the kinetic
parameters Ai and Ei, are adopted from the experimental data
compiled by Bradley et al. [19]. These parameters were used with
success by Chelliah et al. [20] and Lee et al. [26] in their studies of
carbon ignition and oxidation at high temperatures. Table 1 lists the
kinetics data for the three heterogeneous reactions [19,20]. Figure 1
shows a comparison of the reaction rates of C�s� with H2O at 1 atm
obtained from the kinetics data compiled by Bradley et al. [19] and
Libby and Blake [25]. The corresponding orders of reaction are 0.5
and 1.0, respectively. The agreement in the reaction rates at 1 atm
appears to be reasonably close. According to Bradley et al. [19], the
reaction rates of C�s� with CO2 at 1 atm and high temperatures
obtained fromGolovina [24] are in good agreement with the kinetics
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data for the corresponding reaction, as listed in Table 1. The melting
and sublimation/pyrolysis of the graphite/carbon–carbon material
are not considered because these phenomena [27] are significant only
at a surface temperature greater than 4000 K, which is never attained
in practical rocket-motor environments.

D. Turbulence Closure

The unclosed terms �u00j u
00
i , �E

00u00j , and �Y
00
k u
00
j in Eqs. (2–4),

respectively, are treated using a two-layer model that is well
calibrated for transpiration and accelerating flows [28,29]. The
model shows superior performance in terms of numerical accuracy
and convergence, compared with the conventional low-Reynolds-
number k-" schemes. The two-layer model employs the standard k-"
two-equation approach for the bulk flow away from the wall (i.e., the
outer layer). The equations representing the transport of turbulent
kinetic energy, and its dissipation rates are
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The turbulent eddy viscosity is obtained from the Prandtl–
Kolmogorov relation:

�t � C�
�
�k2

"

�
(27)

The standard and well-tested values used for the empirical constants
are 	k � 1:0, 	e � 1:3, C"1 � 1:44, C"2 � 1:92, and C� � 0:09.

Unlike the low-Reynolds-number treatment, which solves the two
turbulent transport equations all the way to the surface, the two-layer
approach [29] solves only the turbulent kinetic energy equation in the
near-surface region (i.e., the inner layer) and greatly reduces the
complexities associated with the stiff distributions of turbulent
transport properties. The dissipation rate of the turbulent kinetic

energy is determined by

"� k
3=2

l"
(28)

The turbulent eddy viscosity is obtained as

�t � C��
���
k
p
l� (29)

The near-wall damping is modeled through specification of the
length scales l� and l":

l� � Clrn
�
1 � exp

�
�
Rey
A�

25

A�

��
(30)

l" � Clrn
�
1 � exp

�
�
Rey
A"

��
(31)

where the turbulent Reynolds number is defined as Rey �
���
k
p
rn=v,

with rn representing the distance from the surface. The coefficientCl
is given by

Cl � �C�3=4� (32)

The effect of pressure gradient and surface transpiration is included
in A�. For an accelerating flow with wall transpiration, it is given by
the empirical correlation [30] as

A� � 24

7:1fv�w � �4:25P�=�1� 10v�w ��g � 1:0
(33)

The dimensionless wall blowing velocity v�w and pressure gradient
P� are given, respectively, by

v�w �
ur
u�
; P� � 


�u3�

dp

dx
(34)

where ur is the velocity at the nozzle surface due to the material
erosion and u� is the friction velocity. Other constants applied here
are A� � 70:0 and A" � 2Cl. The inner and outer layers are matched
at locations where viscous effects are negligible, according to the
following criteria. First, the minimum y� running along these
matching points must be between 80 and 120. Second, the local
turbulent Reynolds number Rey must be larger than 200 in strong
turbulent regions. These critical numbers of y� and Rey are taken
from the analysis conducted by Chen and Patel [31]. In the present
study, the matching of the two layers occurs in the region of y� �
80–120 for all the grids employed for various nozzle geometries.
After the turbulent eddy viscosity is obtained, the effective viscosity,
conductivity, and diffusivity are calculated as follows:

�eff � �� �t; �eff � ��
�tCp
Prt

; Deff �D�
�t
�Sct

(35)

A standard value of 0.9 is used for the turbulent Prandtl number Prt,
and the turbulent Lewis number Let is unity.

The turbulence closure schemewasvalidated against experimental
data[32,33]ontheskin-frictioncoefficientanddistributionsofu� and
turbulent kinetic energy with y� for flows over a flat plate.
Furthermore, anextensivenumerical studywasconducted forvarious
nozzle geometries to benchmark the predicted heat-transfer
coefficients. In particular, the nozzle configuration of Back et al.

Table 1 Kinetics dataa for heterogeneous surface reactions [19,20]

Surface reaction Ai b Ei, kcal=mol _!i, kg=m
2=s

C�s� � H2O! CO� H2 4:8 	 105 kg=�m2 
 s 
 atm0:5� 0.0 68.8 kip
0:5
H2O

C�s� � CO2 ! 2CO 9:0 	 103 kg=�m2 
 s 
 atm0:5� 0.0 68.1 kip
0:5
CO2

C�s� � OH! CO� H 3:61 	 102 kg 
 K0:5=�m2 
 s 
 atm� �0:5 0.00 kipOH

aki � AiTbs exp��Ei=RuTs� and the rate of graphite consumption is obtained in kg=m2=s.

Fig. 1 Comparison of reaction rates [19,25] for C�s� �H2O at 1 atm.
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[34] was considered, and the calculated heat-transfer coefficient
compared with the measurements much better than the prediction
obtained from the Bartz correlation [35], which is widely used for
estimating the convective heat transfer in rocket-nozzle flows.

E. Solid-Phase Governing Equation

With the neglect of thermal decomposition and chemical reactions
in the solid phase, the heat conduction in the radial direction is
governed by the following equation:

�c
@hc
@t
� �c
r

@

@r
�rhc _rc� �

1

r

@

@r

�
�cr

@Tc
@r

�
(36)

The equation takes into account the effect of surface recession and
variable thermophysical properties. Integration of Eq. (36) at steady
state across the nozzle material gives

ri

�
�c
@Tc
@r

�
ri

� _rc�c�hc�gri � horo� � ro
�
�c
@Tc
@r

�
ro

(37)

where ri and ro are the inner and outer radii of the nozzle material at
any axial location, respectively, and hc-g and ho are the
corresponding specific enthalpies, respectively.

In most existing studies, the outer boundary of the nozzle material
is modeled to be adiabatic. Such a treatment is valid when the nozzle
material is sufficiently thick or well insulated. The thermal
penetration depth (��c= _rc) in graphite under a typical nozzle
operating condition is on the order of 1 cm, about the thickness of the
material. Thus, the enforcement of the adiabatic condition needs to
be carefully examined. An adequate sensitivity study on the effect of
the outer boundary condition on the nozzle material erosion is
required and will be elaborated later.

F. Gas–Solid Interfacial Condition

The processes in the gas and solid phases arematched at the nozzle
surface by enforcing the continuities of mass, species, and energy
fluxes. The procedure eventually gives the erosion rate of nozzle
material. The conservation laws at the gas–solid interface can be
written as

Mass:

�� g ~ur � �c _rc (38)

Species: �
� ��gDkm

d ~Yk
dr
� ��g ~Yk ~ur

�
� �_!k (39)

Energy:�
�c
@Tc
@r

�
ri

� _rc�chc-g �
�
�g
@ ~Tg
@r

�
ri

�
XN
k�1

�_!k ~hg;k (40)

where ~ur stands for the radial velocity in the gas phase due tomaterial
erosion. The rate of production of gas-phase species k at the nozzle
surface on account of heterogeneous reactions (17–19) is denoted by
�_!k. The first term in Eq. (40) can be obtained by considering the
overall energy balance in the solid phase represented by Eq. (37).
Radiation is neglected in Eq. (40) due to the prevalence of convective
heat transfer [11,36]. The axial velocity, turbulent kinetic energy,
and dissipation rate at the gas–solid interface are

ux � 0; k� 0;
@"

@r
� 0 (41)

Finally, flow symmetry is enforced along the nozzle centerline.

G. Nozzle Recession Rate

The heterogeneous reactions (17–19) consume the oxidizing
species H2O, OH, and CO2 at the nozzle surface. Concentration

gradients then form in the nozzle flowfield and cause the diffusion of
those species toward the surface. At a high surface temperature, the
heterogeneous chemical reactions proceed so rapidly that the
graphite erosion rate is dictated by the species diffusion process. The
diffusion-controlled recession rate _ri;diff- lim due to an oxidizing

species i can be determined by first calculating �_!i;diff- lim from

Eq. (39) with ~Yi � 0 and then applying the following equation:

_r i;diff- lim � �_!i;diff- lim
WC

Wi

(42)

At a low surface temperature, the heterogeneous reactions become
the rate-controlling process for nozzle erosion due to reduced
chemical activity, and the recession rate is obtained purely from the
chemical kinetics ( _ri;ch).

In [9–12], the species equations were not solved for the mass
fractions of the oxidizing species at the surface. The graphite
recession ratewas calculated empirically as the harmonicmean of the
kinetics- and diffusion-limited rates. The former was obtained based
on the species concentrations in the core flow. The use of the
harmonic mean is not valid for surface reactions, which are not first
order. No such assumption is employed in the current model. The
graphite recession rate (kg=m2-s) due to an oxidizing species i is
obtained appropriately as

_r i;erosion �min� _ri;diff- lim; _ri;ch� (43)

The contributions of _ri;ch and _ri;diff- lim from H2O, OH, and CO2 are
calculated along the entire nozzle length by means of Eqs. (20) and
(42), respectively, for each time step, until the steady-state condition
is achieved. The net recession rate (meters per second) of the nozzle
surface is determined by

_r c�x� �
1

�c

X
i

_ri;erosion (44)

Mechanical erosion associated with the impingement of alumina
particles is not considered even for metallized propellants, because
the collision of these particles with the nozzle surface is minimal at
the throat and its downstream region.

III. Numerical Treatment

The governing equations and associated boundary conditions are
solved numerically by means of a density-based finite volume
approach with body-fitted coordinates. A four-stage Runge–Kutta
scheme is used for the time integration. The convective fluxes are
treated explicitly with a second-order central-difference scheme,
following the methodology proposed by Rai and Chakravarthy [37].
The chemical reaction source terms are handled in a semi-implicit
manner. To ensure numerical stability and convergence, a fourth-
order artificial dissipation based on the scalar dissipation model by
Swanson and Turkel [38] is employed. The code was implemented
on a parallel computing facility by employing a distributed-memory
message passing interconnection, a multiple-instruction/multiple-
data model, and structured multiblock domain decomposition.
Calculations were conducted on an in-house Beowulf system, with
each block on an individual processor. The grid is stretched in the
radial direction and clustered near the surface. The centers of the
computational cells adjacent to the nozzle surface are located at
y� < 1 to accurately capture the near-wall phenomena. Numer-
ically,Yi;s in Eq. (21) amounts to the species concentration at the
center of the first computational cell from the surface. Grid
independence studieswere carried out for all the nozzle geometries to
ensure the independence of the results on the chosen grid.

IV. Nozzle Configurations and Boundary Conditions

Figure 2 shows the baseline nozzle configuration considered here,
mimicking the experiments detailed in [39] for the study of the
erosion of graphite (G-90) nozzle material. The incoming flow
consists of the combustion products of either metallized or
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nonmetallized AP/HTPB composite propellants. The chamber
pressure pt and temperature Tt are specified at the nozzle inlet. The
velocity at the exit is supersonic, and no physical boundary condition
needs to be prescribed at that location. Table 2 lists the species mass
fractions at the inlet obtained from chemical equilibrium calculations
[40] at pt � 6:9 MPa. Six different chamber pressures and their
corresponding temperatures are used to study the effect of motor
operating conditions on the nozzle-erosion rate. The species mass
fractions remain nearly constant in the pressure range of 6.9–45MPa,
except for a noticeable drop in OH at high pressures. Accordingly,
OH species was not considered for the chamber pressures above
10 MPa because of its negligible concentration. At a given pressure,
the metallized propellant leads to a higher chamber temperature and
lower mass fractions of oxidizing species thanwith its nonmetallized
counterpart. Because a single-phase formulation was used, Al2O3

was treated as part of the homogeneous mixture. The ambient
temperature was taken as 300 K. The thermophysical properties for
graphite/carbon–carbon as a function of temperature were adopted
from Taylor et al. [41]. Table 3 summarizes the three experimental
studies used for validating the current model.

V. Results and Discussions

The theoretical/numerical framework described in the preceding
sections was implemented to simulate the chemical erosion of nozzle
material in practical rocket-motor environments. The computational
domain of the rocket nozzle, shown inFig. 2, is divided into 141 	 80
grid points in the x and r directions, respectively. The turbulent flow
development in the nozzle is studied first at the steady-state
condition. Figure 3 shows the distributions of the temperature,
pressure, axial velocity, and Mach number along the centerline for
inlet conditions of Tt � 3000 K and pt � 6:9 MPa. The nozzle
surface is treated as an adiabatic wall without including
heterogeneous chemical reactions. The calculations exhibit good
agreement with the corresponding one-dimensional results for an
isentropic flowwith � � 1:2. TheMach number increases from 0.28
at the inlet to 2.3 at the exit, but the pressure and temperature decrease
monotonically from values slightly less than the chamber conditions
to 0.49 MPa and 1890 K, respectively. Figure 4 shows the entire
flowfield in terms of temperature, pressure, Mach number, and axial
velocity. The flowfield is predominantly one-dimensional except in
the thin layer near the surface. The effect of the water–gas shift

reaction [Eq. (12)] in the gas phase is also studied. Figure 5 shows the
species-concentration fields including only this reaction, with all
other conditions unchanged. The mass fractions of H2O and CO
increase marginally, and those of CO2 andH2 decrease accordingly.
The gas-phase reactions do not modify the chemical equilibrium
significantly. Furthermore, because the water–gas shift reaction is
nearly thermally neutral, the temperature field is almost unaffected.

To simulate the erosion of nozzle material, the three hetero-
geneous reaction [Eqs. (17–19)], along with the energy balance
[Eq. (40)], are implemented at the nozzle surface. Figure 6 shows the
calculated temperature and species-concentration fields for the case
of nonmetallized AP/HTPB propellants. The incoming flow tem-
perature and pressure are Tt � 3000 K and pt � 6:9 MPa, respec-
tively, and the outer boundary of the nozzle material is assumed to be
adiabatic. As a consequence of surface reactions, the oxidizing
species CO2, H2O, and OH are consumed to form CO, H2, and H.
Concentration gradients then form near the wall. The slight decrease
in the N2 concentration near the surface is attributed to the wall
blowing effect associated with the material erosion. Compared with
the nonreactive case with an adiabatic wall (Fig. 4), the surface
temperature is considerably reduced due to the conductive heat
transfer to the nozzle material. The endothermicity of surface
reactions also helps lower the surface temperature. The thickness of
the species-concentration boundary layer (�c) is greater than its
velocity counterpart and can be estimated using a simple order-of-
magnitude analysis as follows:

�c �
�������������
Deff�f

p
(45)

where Deff is the effective mass diffusivity on the order of
10�2 m2=s. Theflow residence time �f is approximated as the ratio of
the nozzle length to the average axial velocity and has a value of
about 0.1 ms. Based on Eq. (45), the concentration boundary-layer
thickness thus becomes 1 mm, close to that observed in Fig. 6.

Figure 7 shows the distribution of the erosion rate along the entire
length of the nozzle for nonmetallized AP/HTPB with Tt � 3000 K
and pt � 6:9 MPa. Two points should be noted. First, the erosion
rate reaches its maximum (0:124 mm=s) near the throat, mainly due
to the enhanced heat transfer in that region. Second, the inclusion of
the water–gas shift reaction has a negligible effect on the calculated
erosion rate. As such, the remaining computations in the present
study were performed by assuming a frozen flow in the gas phase.
Although the high temperature prevails in the upstream region of the
nozzle throat, the convective heat transfer is relatively small because
of low flow velocity. In the downstream region, however, the heat
transfer is reduced due to the low-temperature condition resulting

Fig. 2 Baseline nozzle configuration.

Table 2 Nozzle inlet flow conditionsa

Nonmetallized AP/HTPB Metallized AP/HTPB

YH2O
0.29 0.09

YCO2
0.22 0.02

YCO 0.11 0.23
YH2

0.003 0.01
YOH 0.01 0.01
YH 0.00 0.00
YN2

0.10 0.10
YAl2O3

0.00 0.34
YHCL 0.267 0.20
pt, MPa 6.9, 10, 15, 25, 35, 45 6.9, 10, 15, 25, 35, 45
Tt, K 3000, 3020, 3040, 3050, 3060, 3065 3500, 3530, 3550, 3560, 3570, 3575
Tamb, K 300 300

aNozzlematerial density is 1:92 g=cm3, average nozzlematerial thickness is 4.8 cm, and throat radius is 0.5715 cm.

Table 3 Experimental studies of nozzle erosion

Experimental study Nozzle material Density, g=cc

Geisler [6] Bulk graphite 1.83
Borie et al. [11] Carbon–carbon 1.90
Evans et al. [39] G-90 1.92
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Fig. 3 Distributions of temperature, pressure, axial velocity, and Mach number along the nozzle centerline (nonmetallized propellant, Tt � 3000 K,

pt � 6:9 MPa, no surface reactions, adiabatic wall).

Fig. 4 Distributions of temperature, pressure, axial velocity, and Mach number in the nozzle interior (nonmetallized propellant, Tt � 3000 K,

pt � 6:9 MPa, no surface reactions, adiabatic wall).

Fig. 5 Distributions of mass fractions of H2O, CO2, CO, and H2; effect of water–gas shift reaction in the gas phase (nonmetallized propellant,

Tt � 3000 K, pt � 6:9 MPa, no surface reactions, adiabatic wall).
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from the flow expansion. In Fig. 7, the small wiggle in the erosion-
rate profile arises from the sharp change in the nozzle contour in the
throat region. Such small irregularities were not observed in other
cases with smooth nozzle profiles.

The dependence of the erosion rate on the outer boundary
condition of the nozzle material was also examined, because this
condition affects the nozzle surface temperature and associated
chemical reaction rates. Table 4 lists three different outer boundary
conditions considered herein. The baseline adiabatic condition was
relaxed by allowing convective heat transfer at the outer boundary.
The heat-transfer coefficient hamb, estimated from standard corre-
lations for turbulent flows over a flat plate, falls in the range of
100–500 W=m-K2, depending on the specific configuration of the
nozzle assembly and the vehicle speed. The calculated erosion rate
decreases slightly with enhanced heat transfer at the outer boundary.
All the results presented subsequently were obtained based on the

adiabatic outer boundary of the nozzle material, following the
approach employed by most existing models.

Figure 8 shows the nozzle-erosion rate caused by each of the three
oxidizing species H2O, OH, and CO2. Based on the kinetics data
employed in the current work (Table 1), the most detrimental species
isH2O, followed by much lesser contributions fromOH and CO2, in
that order. At higher chamber pressures and temperatures, the OH
concentration reduces to a very small value and its contribution can
be neglected, in comparison with H2O. Figure 9 shows the
distribution of heat flux along the nozzle surface for two different
chamber pressures: 6.9 and 10 MPa. As expected, the heat-transfer
rate riseswith increasing pressure and attains amaximumvalue in the
throat region. The distribution of the erosion rate mimics that of the
surface heat flux along the entire nozzle length, indicating a direct
correlation between the two quantities.

The radial distributions of the temperature and oxidizing-species
concentrations are instrumental in identifying the mechanisms of
nozzle material erosion. Figure 10 shows the radial distributions of
temperature at the nozzle throat for nonmetallized and metallized
propellants. The temperature varies from 2710 K at the centerline to
2285 K at the surface for the former case, and the corresponding
temperatures for the latter caseare3170and2820K.Figures11and12
showthe radial distributionsof the speciesmass fractions at thenozzle
throat for the twopropellants. Thefinite amounts ofH2O andCO2 and
the relatively low temperature (�2285 K) at the surface for the
nonmetallized case indicate that the recession is kinetically controlled
for these species. The situation for the metallized propellant is quite
different. The concentrations of the three oxidizing species are nearly
zero at the nozzle surface because of the relatively high temperature
(�2820 K). Thus, the erosion rate is governed by the diffusion-
controlledprocess.BecausetheOHmassfractionreducestozeroat the
surface forboth thepropellants, nozzle erosion isdiffusion-controlled

Fig. 6 Distributions of temperature and mass fractions of H2O, CO2, OH, CO, H2, H, and N2 in the nozzle interior (nonmetallized propellant,

Tt � 3000 K, pt � 6:9 MPa, with surface reactions, conductive wall).

Fig. 7 Nozzle-erosion rate with and without water–gas shift reaction in

the gas phase; nonmetallized propellants.

Table 4 Effect of outer boundary condition of nozzle material on erosion rates a

Outer boundary condition �@Tc=@r�ro � hamb�Tc;o � Tamb� Erosion rate at throat, mm=s

Adiabatic 0.124
hamb � 300 W=m2, Tc;o � 600 K 0.116
hamb � 500 W=m2, Tc;o � 600 K 0.098

aTamb � 300 K, Tt � 3000 K, and pt � 6:9 MPa; nonmetallized propellant.
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with respect to OH, a phenomenon that can be attributed to the fast
reaction between C�s� and OH (Table 1). The transition from the
kinetics- to diffusion-controlled mechanism occurs at a surface
temperature of around 2800 K. Above this temperature, the reaction
rates become sufficiently high to rapidly consume all the oxidizing
species diffusing toward the surface. The transition temperature is
highly dependent on the chemical kinetics involved and the species
concentrations considered at the nozzle inlet and is applicable only to
the current problem scenario.

The effect of the chamber pressure on nozzle erosion was studied.
Figure 13 shows the erosion-rate profiles for metallized and
nonmetallized propellants at a chamber pressure of 25.0 MPa. The
corresponding chamber temperatures were 3560 and 3050 K,
respectively. The significant difference between the two cases results
from different mechanisms that control the recession rate (i.e.,
chemical kinetics for the nonmetallized case vs species diffusion for
themetallized case). Even though the flame temperature of themetal-
lizedpropellant ismuchhigher than its nonmetallized counterpart, the
erosion rate for the former is lower. This can be attributed to the lower
concentrations ofH2O andCO2 (Table 2) in themetallized casedue to
the formation of alumina, which consumes the majority of the free-
molecular oxygen.Figure14shows the linearvariationof thegraphite
erosionrateat thenozzlethroatwiththechamberpressure.Becausethe
convective heat-transfer rate increases with pressure, there is a
corresponding rise in the erosion rate. At a chamber pressure greater
than�10 MPa, the erosion rate for the nonmetallized case is higher
than that for themetallized case. Thus, at high chamber pressures, the
erosionrateshowsastrongercorrelationwith theconcentrationsof the
oxidizing species than with the flame temperatures.

The increased densities of the oxidizing species at high pressures
also contribute to the severity of the nozzle erosion through their
influence on rates of the heterogeneous surface reactions. Figure 15
indicates that the mass fractions of H2O at the surface of the nozzle
throat are 0.134 and 0.099 for two different chamber pressures of 6.9
and 15 MPa, respectively. The high-pressure condition indeed
facilitates the reactionofH2Oandgraphite, leading toahighererosion
rate. Figures16and17 showthegraphite erosion rates along theentire
length of the nozzle at various chamber pressures for nonmetallized
andmetallizedAP/HTPBpropellants, respectively. The erosion rates
attain a maximum value in the throat region in all the cases.

To validate the current analysis, calculations were performed to
simulate the nozzle-erosion experiments by Borie et al. [11], Geisler
[6], and Evans et al. [39]. Exact nozzle configurations and propellant
compositions used in the experiments were treated. Tables 5–7
summarize the nozzle inlet conditions. The oxidizing species OH
was not considered because its small concentration resulted in a

Fig. 8 Nozzle-erosion rate due to various graphite-oxidizing species;

nonmetallized propellants.

Fig. 9 Distribution of heat flux at the nozzle surface; nonmetallized

propellants.

Fig. 10 Radial distributions of temperature at the nozzle throat.

Fig. 11 Radial distributions of species at the nozzle throat; nonmetal-
lized propellant.

Fig. 12 Radial distribution of species at the nozzle throat; metallized
propellant.

Fig. 13 Nozzle-erosion rates for metallized and nonmetallized

propellants at pt � 25 MPa.
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negligible difference in the calculated erosion rates. Borie et al. [11]
reported the nozzle recession data obtained by the Société Européene
de Propulsion based on themeasured evolution of the nozzle contour
during the motor operation and the postfiring analysis. The onset of
erosion was detected only after the first 10 s of motor operation.
Figure 18 shows the calculated and measured [11] time histories of
carbon–carbon nozzle erosion. The calculated erosion rate of
0:130 mm=s at the steady-state condition matches closely with the
measured value of 0:139 mm=s.

Geisler [6] employed a BATES (Ballistic Test and Evaluation
System) motor to study nozzle material erosion. The instantaneous
throat radius was obtained from the measurements of thrust and
chamber pressure. Figure 19 shows good agreement between the
predictions andmeasurements [6]. Inpractice, because it takesabout a
second to attain the steady-state operating condition, there exists a
corresponding time delay in the commencement of the nozzle surface
recession. Geisler [6] detected this onset of erosion between 1 and 2 s
forall thefirings.Accordingly,Fig.19includes thetimedelayatwhich
theerosionwasfirstdetected.Themodelvalidationsgiven in [9]using
the same set of data, however, do not reflect these time delays. Table 8
shows the comparison between the calculated andmeasured [6] bulk-
graphite erosion rates at steady-state conditions. Even though the
chamber temperature riseswith increasingAl content, the erosion rate
decreases. This phenomenon can be attributed to the reduced mass
fractions of the oxidizing species H2O and CO2 with increasing Al
content. Figure 20 shows the radial distribution of the oxidizing
species at the nozzle throat for the case with 18% Al. Because the

surface temperature is very high (�3000 K), the erosion rate is
diffusion-controlled.Consequently, thedependencyof the calculated
erosion rate on the chemical kinetics data is eliminated. The good
agreement between predictions and measurements for metallized
propellants corroborates the accuracy of the current model.

In the experimental work by Geisler [6], a significant increase in
the nozzle-throat erosion rate was observed when the surface
temperature rose above 2600 K. It was postulated that the
phenomenon could be attributed to the phase transformation of
graphite to a more reactive species called carbyne [42], which exists
as a polyyne ��C � C � C � C��n. This phenomenon will be
investigated in the future work and is beyond the scope of this paper.
For metallized propellants, the graphite-to-carbyne transformation
may occur because the surface temperature exceeds 2800K.Butwith
the current chemical kinetics for graphite, the erosion rate for the
metallized case is already diffusion-limited with respect toH2O, OH,
and CO2. Even if the reaction rates are higher for carbyne, it is
unlikely to have much effect on the erosion rates because the
diffusion limit has already been attained. The nozzle erosion,

Fig. 14 Effect of chamber pressure on graphite erosion rate at the

nozzle throat.

Fig. 15 Radial distribution ofH2Omass fraction at the throat for two
different chamber pressures; nonmetallized propellant.

Fig. 16 Graphite erosion rate along the nozzle length at various

chamber pressures; nonmetallized propellants.

Fig. 17 Graphite erosion rate along the nozzle length at various

chamber pressures; metallized propellants.

Table 5 Inlet conditionsa for simulating experiments byBorie et al. [11]

YCO2 YH2O
YH2

YCO YHCL YAl2O3
YN2

pt, MPa Tt, K

0.035 0.075 0.02 0.20 0.17 0.40 0.1 4.9 3390

aNozzle (carbon–carbon) density is 1:9 g=cm3, assumed nozzle material thickness is 8–
10 cm, and throat radius is 2.54 cm.

Table 6 Inlet conditionsa for simulating experiments by Geisler [6]

YCO2
YH2O

YH2
YCO YHCL YAl2O3

YN2
pt, MPa Tt, K Al

0.04 0.145 0.02 0.175 0.24 0.28 0.1 6.9 3580 15%
0.025 0.105 0.02 0.18 0.23 0.34 0.1 6.9 3655 18%
0.015 0.07 0.02 0.20 0.195 0.40 0.1 6.9 3715 21%
0.005 0.045 0.02 0.20 0.190 0.44 0.1 6.9 3750 24%
0.0015 0.025 0.02 0.20 0.190 0.47 0.1 6.9 3745 27%

aNozzle (bulk graphite) density is 1.83 g/cc, average nozzle material thickness is 8 cm, and throat radius is 2.54 cm.
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however, may increase if carbyne starts reacting with other species
such as HCl, CO, or N2.

The third validation study was based on the experiments of Evans
et al. [39] The nozzle surface recession rate was obtained from the
pressure and thrust measurements during the motor firings and
postfiring analyses. Table 9 lists the calculated and measured
graphite erosion rates for the two propellants considered. The
agreement is good for the metallized propellant and reasonable for
the nonmetallized propellant. In the latter case, the relatively low
surface temperature at the throat (�2300 K) renders the material
erosion a kinetically controlled process. The discrepancy between
the measurement and prediction may arise from the uncertainties in
the kinetics data employed for the heterogeneous surface reactions,
as well as the uncertainties in experiments. There exists a need to
develop a more accurate kinetic mechanism for the specific nozzle
material under consideration and for the temperature and pressure
ranges in rocket-motor environments.

VI. Conclusions

A comprehensive analysis was established to predict the chemical
erosion of graphite/carbon–carbon nozzle materials in solid-
propellant rocket motors. Many restrictive assumptions and
approximations made in previous models were relaxed. Both
nonmetallized andmetallizedAP/HTPBpropellantswere considered
over a wide range of chamber pressures. Good agreement was
achievedwiththreedifferentsetsofexperimentaldata.Thekeyfactors
dictating the erosion process are motor operating conditions, con-
centrations of the oxidizing species in the core flow, heterogeneous
chemical kinetics at the surface, and nozzle geometry and material
properties.Theerosionrateisfoundtobemostsevereinthethroatarea,

due to themaximum heat-transfer rate in that region.H2O is the most
detrimental oxidizing species indictating thegraphite/carbon–carbon
nozzle erosion, followed by much lesser contributions from OH and
CO2 in that order.Theerosion rate increases linearlywith thechamber
pressure. At high pressures, the elevated convective heat transfer and
enhancedheterogeneoussurface reactionscontribute to theseverityof
the material erosion. The chamber temperature is instrumental in
determining the nozzle surface temperature,which in turn dictates the
rate of heterogeneous surface reactions.

The erosion rate is dictated by heterogeneous chemical kinetics for
nonmetallized propellants forwhich the surface temperatures are low
and by a diffusion-controlled process for metallized propellants, for
which the surface temperatures are high. The transition from the
kinetics- to diffusion-controlled mechanism occurs at a surface
temperature of around 2800 K. This transition temperature is highly
dependent on the chemical kinetics employed and the species
concentrationsconsideredat thenozzle inlet andshouldbeconsidered
specific to the current problem scenario. For the nonmetallized case,
the calculated erosion rates are sensitive to the chemical kinetics data
employed for the heterogeneous surface reactions. A more accurate
kinetic mechanism is needed for the specific nozzle material and
propellant formulation under consideration. For metallized propel-
lants, the erosion rate decreaseswith increasing aluminumcontent, in
spite of the associated increase in the flame temperature. The
phenomenoncanbeattributed to the reduction inmass fractions of the
oxidizing species H2O and CO2 with increasing aluminum content.
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Table 7 Inlet conditionsa for simulating experiments by Evans et al. [39]

Case YCO2
YH2O

YH2
YCO YHCL YAl2O3

YN2
YOH Tt, K pt, MPa

Metallized AP/HTPB 0.02 0.06 0.03 0.25 0.20 0.34 0.1 0.0 3500 8.13
Nonmetallized AP/HTPB 0.21 0.27 0.01 0.11 0.28 0.0 0.11 0.01 3000 8.27

aNozzle (G-90) density is 1.92 g/cc, average nozzle material thickness is 1.5 cm, and throat radius is 0.508 cm.

Fig. 18 Comparison between calculated and measured [11] nozzle
material (carbon–carbon) erosion.

Fig. 19 Comparison between calculated and measured [6] nozzle

material (bulk graphite) erosion.

Table 8 Comparison between calculated and

measured nozzle recession rates [6]

Al _rexpt, mm/s _rmodel, mm/s
15% 0.353 0.337
18% 0.284 0.275
21% 0.200 0.207
24% 0.124 0.131
27% 0.069 0.076

Fig. 20 Radial distribution of species at the nozzle throat formetallized

propellant with 18% Al in a BATES motor [6].
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Table 9 Comparison between calculated and measured nozzle

recession rates [39]

Case _rexpt, mm/s _rmodel, mm/s
Metallized AP/HTPB 0.084 0.094
Nonmetallized AP/HTPB 0.099 0.125

THAKRE AND YANG 833

http://dx.doi.org/10.1002/prep.19770020304
http://dx.doi.org/10.1080/00102208508960374
http://dx.doi.org/10.1080/00102208608923872
http://dx.doi.org/10.2514/1.24011
http://dx.doi.org/10.1002/aic.10099
http://dx.doi.org/10.1002/aic.10396
http://dx.doi.org/10.1016/0010-2180(95)00151-4
http://dx.doi.org/10.1016/0008-6223(80)90061-5
http://dx.doi.org/10.1016/0010-2180(81)90047-X
http://dx.doi.org/10.1016/0010-2180(94)00207-9
http://dx.doi.org/10.1016/j.carbon.2004.12.027
http://dx.doi.org/10.1016/0010-2180(94)90102-3
http://dx.doi.org/10.1017/S0022112075001474
http://dx.doi.org/10.1016/0017-9310(64)90052-3
http://dx.doi.org/10.1016/0021-9991(92)90007-L
http://dx.doi.org/10.1126/science.200.4343.763

