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Astudy is conducted to predict carbon–carbonnozzle recession behavior in solid rocketmotors forwide variations

of propellant formulations andmotor operating conditions. The numericalmodel considers the solution ofReynolds-

averaged Navier–Stokes equations in the nozzle, heterogeneous chemical reactions at the nozzle surface, variable

transport and thermodynamic properties, and heat conduction in the nozzlematerial. Results show that the ablation

rate is largely determined by the diffusion of the major oxidizing species (H2O,CO2, OH) to the nozzle surface. Both

the concentration of the major oxidizing species (affected by the aluminum content of the propellant) and the

chamber pressure exert a strong influence on the ablation rate: it increases almost linearly with chamber pressure

and it decreases with increasing aluminum content of propellants. The calculated results show an excellent

agreement with the experimental data from the ballistic test and evaluation system motor firings.

Nomenclature

A = cross-section area, m2

Dim = effective diffusion coefficient, m2=s
h = enthalpy, J=kg
k = thermal conductivity, W=m � K
Le = Lewis number
M = Mach number
_m = mass blowing rate per unit area, kg=m2 � s
Nc = number of species
Nel = number of elements
p = pressure, N=m2

r = distance from surface, m
_s = erosion rate, m=s
T = temperature, K
t = time, s
u = streamwise velocity, m=s
v = velocity component normal to surface, m=s
W = molecular weight, kg=kmole
Y = elemental mass fraction
y = mass fraction
y� = dimensionless wall distance
�ki = mass fraction of element k in species i
�Habl = heat of ablation, J=kg
� = outward coordinate normal to surface
�t = turbulent viscosity, kg=m � s
� = density, kg=m3

Subscripts

c = combustion chamber
i = species

k = element
s = solid (carbon) properties at gas–solid interface
t = throat
w = gas properties at gas–solid interface

I. Introduction

W ITH the development of high-energy solid propellants and
harder firing conditions in advanced solid rocket motors

(SRM), carbon–carbon (C/C) materials have found increasing
application in SRM nozzles because of their excellent thermal
and physical properties and low densities. But in spite of these
advantages, the C/C nozzle surface recedes because of the chemical
attack by the exhaust gases increasing the nozzle throat area and
resulting in a nominal performance loss. The identification and
description of the major mechanisms governing the nozzle erosion
has been the subject of many investigations [1–10] in solid rocket
technology. The models developed to predict the nozzle erosion in
the 1960s and 1970s, when limited computational resources were
available, included necessarily simplifying assumptions because a
complete model should take into account numerous parameters:
solid-propellant composition, motor operating conditions, duration
of firing, nozzle geometry and material properties, geometric and
thermal history of the nozzle, rates of diffusion of the species through
the boundary layer, and heterogeneous chemical reactions with the
surface material.

Erosion is a direct consequence of the fact that, as the propellant of
the rocket motor burns, the C/C nozzle wall is exposed to the hot
exhaust gas and its surface temperature increases. At high surface
temperatures, heterogeneous chemical reactions begin to occur
between the nozzle material and the oxidizing species present in the
exhaust gas, resulting in the thermochemical erosion of the nozzle.
Many researchers [1,7–12] have concluded that the most reactive
gases are those that react with carbon to form carbonmonoxide, such
asH2O, CO2, and OH, normally found in a significant amount in the
exhaust gas. In particular, Swope and Berard [1] found a direct
correlation between the nozzle erosion and the total concentration of
the oxidizers capable of forming CO with the graphite and showed
that H2O is the major contributor to nozzle erosion. Heterogeneous
reactions consume the oxidizing species at the nozzle surface and
thereby create species concentration gradients in the boundary
layer that result in the diffusion of oxidizing species to the nozzle
surface. Thus, the erosion rate will depend on both the diffusion rate
of oxidizing species across the boundary layer to the wall and on the
chemical kinetic rates of heterogeneous reaction at the surface, as
shown by a simple model for the erosion of graphite throat nozzles
developed by Delaney et al. [2]. The lowest rate process will control
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the rate of the overall nozzle erosion: if the kinetic rates are much
higher than the diffusion rates, the recession rate is governed by
the diffusion mechanism of oxidizing species (diffusion-limited
erosion). The other extreme situation is that of high diffusion rates
and lowkinetic rates, inwhich case the recession is determined by the
chemical kinetics (kinetic-limited erosion). Concerning this aspect,
McDonald andHedman [4], on the basis of the results of an analytical
study and analysis of short-duration test data, found that the erosion
of graphite is kinetic limited during the transiently heated period,
and diffusion limited when surface temperature exceeds about
2000 K. Finally, some material may be lost by sublimation of the
graphite itself as pointed out by Klager [7] even if sublimation
can be considered of minor importance as an ablation mechanism
because SRM nozzles presently operate at temperatures too low to
activate oxidation/sublimation transition. In addition to the aero-
thermochemical processes, the erosion may have contributions from
the mechanical processes caused by impact of condensed metal-
oxide particles (e.g., Al2O3) on the nozzle surface or by structural
failure because of high thermal stresses. However, it has been shown
that the chemical erosion is the primary reason for the nozzle
recession [2–4,7,11]. For instance, Geisler [11] used a BATES
(ballistic test and evaluation system) motor to measure the recession
rate as a function of aluminum content of the propellant and found
that the recession rate was proportional to the concentration ofH2O,
OH, andCO2 and decreased as the propellant aluminum content was
increased, thus showing that alumina particle impingement is not an
important erosion mechanism. Further studies have demonstrated
that erosion rate is not related to the flame temperature. In particular,
Klager [7] found, on the basis of data obtained by experimental
firings on small aluminized SRM, that erosion depended primarily on
pressure and on chemical attack byH2O and CO2 whereas the flame
temperature showed poor correlation with the recession rate. Most
of the preceding findings were confirmed by the theoretical studies
of Kuo and Keswani [8], Keswani and Kuo [9], and Keswani et al.
[13] who showed that, in a wide range of propellant formulations
and operating pressures and temperatures, recession is strongly
influenced by propellant composition and chamber pressure whereas
the influence of chemical kinetics is predominant only at low surface
temperatures (below about 2500 K).

The objective of this study is to formulate and to validate a
comprehensive model based on a full Navier–Stokes approach
coupled with a thermochemical equilibrium ablation model for pre-
dicting the erosion rate of C/C SRM nozzles and to study the effect
of motor operating conditions and propellant formulation on the
erosion process. In particular, in the present paper heterogeneous
chemical reactions at the nozzle surface, rate of diffusion of the
species through the boundary-layer, heat conduction inside the C/C
material, and variable multispecies thermophysical properties are
taken into account. To the authors knowledge, only another approach
to solve Navier–Stokes equations with coupled ablation for SRM
nozzle erosion analysis can be found in the literature [12]. Yet that
approach, recently published, is different from the present approach
because of the numerical scheme adopted, the turbulence model, and
the surface thermochemistrymodel (it considersfinite-rate chemistry
compared with the present chemical equilibrium approach).

II. Theoretical Modeling

In the present formulation the gas-phase dynamics are based on the
full Navier–Stokes equations for single-phase multicomponent
reacting systems where variable thermodynamic and transport pro-
perties are accounted for. The heat conduction process in the nozzle
is treated as being 1-D and steady state.

A. Governing Equations for the Gas Phase

The governing equations for the gas phase are the reacting
turbulent Reynolds-averaged Navier–Stokes equations written for
2-D axisymmetric flows. For the present study it is only important
to stress that the two following major assumptions are made:
1) radiation heat transfer is negligible, and 2) gas-phase reactions

have a negligible effect on the recession process (frozen flow in the
gas phase).

The first assumption is made because radiation is usually one
order ofmagnitude less than convection in rocket nozzle applications
[8,10]. The second assumption is justified by literature studies[9,12]
showing that the graphite recession process is relatively independent
of gas-phase reactions.

B. Governing Equations for the Solid Phase

The heat conduction in the solid material is an important mec-
hanism that has to be considered in the recession analysis [8,12,14].
It is assumed that heat conduction into the C/C material is dominant
in the radial direction. In a moving local coordinate system tied to
the receding surface, the temperature distribution at a given distance
r from the surface is governed by the following equation [14,15]:
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The terms in Eq. (1) represent, from left to right, the sensible energy
accumulation, the net conduction, and the net energy convected
as a consequence of coordinate motion. A closed-form solution of
the heat conduction equation at a steady state [16,17] is available
integrating Eq. (1) between the nozzle–gas interface and the nozzle
outer wall assuming an adiabatic condition for the latter and a steady-
state condition (@ � =@t� 0). This approximation is made in the
present study because the heating of theC/C in the SRMenvironment
is very quick [8,18]: the surface temperature reaches 2000–2500K in
less than 1 s of exposure and then increases very slowly with time,
denoting an almost steady-state condition.

C. Gas–Surface Boundary Conditions

Because of the chemically active surface, further physical
modeling is necessary for the gas–surface interaction. To complete
the formulation of the theoretical model, boundary conditions must
be specified at the gas–solid interface, which describes the physics of
the surface phenomena.

Consider the fluxes of mass/energy entering and leaving a control
surface fixed to the ablating surface. The graphite surface material
may be visualized as moving into the surface at a rate _s� _m=�s.
If it is assumed that no material is being removed in a condensed
phase (solid or liquid), then the general surfacemass/energy balances
for a chemically reacting, graphitic ablating surface can be written as
[17]
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which is the surface energy balance.
The terms on the left-hand side of Eq. (2) are the mass fluxes of

species i entering the surface due to diffusion and heterogeneous
surface reactions, respectively, whereas the term on the right-hand
side is the mass flux of species i leaving the surface due to surface
ablation. The source term _mi is positive for the ablation products and
negative for the oxidizing species, which are consumed in the
ablation process.

The terms on the left-hand side of Eq. (3) are the heat fluxes
entering the surface due to conduction from gas, diffusion, and
surfacemotion, respectively,whereas the terms of the right-hand side
are the heat fluxes leaving the surface due to surface ablation and
conduction in the material. The conduction term �ks@Ts=@r is
represented by a closed expression available at a steady state from
Eq. (1). Thus, the solid- and gas-phase boundaries are coupled at the
interface.
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A summation of Eq. (2) over all the species yields the total mass
rate X

i

_mi � ��v�w � _m� �s _s (4)

Now introducing in Eq. (2) the variable yis � _mi= _m, which is the
mass of species i produced or consumed in the ablation process per
mass of TPS (thermal protection systems) material ablated, and
substituting Eq. (2) into Eq. (3), yields a compact form of the surface
energy balance:
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The term�Habl � �
P

ihiwyis � hs� is the so-called heat of ablation,
which is the difference between the enthalpies of the species created
or consumed by the ablation process and the enthalpy of the solid
material at the surface temperature per mass of material removed;
hence the term � _m�Habl represents the heat flux absorbed (when
negative) by the thermochemical ablation process, which will be
referred to as chemical heat flux.

It has been found [4,8,9] that the erosion is kinetic controlledwhen
surface temperature is below 2000–2500 K. Above this transition
temperature, which is highly dependent on the chemical kinetics [12]
and sometimes can be as high as 2800 K [12], the chemical reactions
become sufficiently fast to consume all the oxidizing species
diffusing to the surface and local chemical equilibrium is established
at the solid–gas interface. When such a condition is reached, the
erosion process is considered diffusion limited and the solution is not
dependent on the kinetic rates of the heterogeneous surface reactions.
Calculations presented in [8,18] have shown that, for typical
metallized propellant in SRM, the surface temperature in the throat
region exceeds 2000–2500 K after a second or less from ignition so
that the nozzle erosion is essentially diffusion-controlled during the
whole operational duration. For this reason, a surface equilibrium
assumption is considered appropriate, as long as the calculated
surface temperature is above �2500 K. Usually such a wall tem-
perature is exceeded for metallized propellants whereas for non-
metallized propellants, which have lower flame temperatures, the
surface temperature can fall below this value and chemical kinetic
rates may control the recession process [12,14]. In such a case, the
diffusion-limited calculations would overestimate the erosion rate.
Therefore, a full nonequilibrium model is required for the most
general case, which needs the knowledge of the controlling reactions
as well as their rate constants. Nevertheless, it has to be kept in mind
that a recent study [14] has shown that the prediction of erosion rate is
sensitive to the kinetic model adopted. On the contrary, to calculate
the equilibrium state of a chemical system, information relative to all
chemical reactions is not needed, and a significant simplification in
the problem formulation is obtained. Because of this significant
simplification and of its validity in most of the applications of
interest, the surface equilibrium assumption is made in the present
study.

Within the assumption of surface equilibrium it is convenient to
express the SMB in terms of the elemental mass fractions Yk, which
are known for the TPS material and unknown at the gas–surface
interface. Aweighted summation of Eq. (2) over all the species yields
a balance equation for each element k:
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The termYks is themass of element kproduced in the ablation process
per mass of TPS material ablated and must be equal to the elemental
composition of the TPS material. The use of Eq. (6) together with
the assumption of chemical equilibrium at wall permits to bypass
the entire discussion about the reaction mechanisms and the
associated reaction rates, especially for the complex flowfields with
ablation. The surface equilibrium approach provides, in most cases,

satisfactory accuracy with reduced computational cost and can
account for both oxidation and sublimation of carbon.

The other boundary conditions at the solid–gas interface are

u� 0; v� _m=�; @p=@�jw � 0 (7)

Solving the surface energy and mass balances, Eqs. (5) and (6),
permits to evaluate the ablation mass rate and the surface
temperature.

III. Numerical Procedure

The analysis of the SRM nozzle flowfield is performed by a
2-D axisymmetric time-accurate multispecies Reynolds-averaged
Navier–Stokes solver [19–21]. The thermodynamic properties for
individual species are approximated by seventh-order polynomials
of temperature whereas the transport properties are approximated by
fourth-order polynomials [22]. Mixture properties for conductivity
and viscosity are derived from theWilke’s rule. The diffusion model
is based on an effective diffusion coefficient obtained assuming a
constant Lewis number. The Spalart–Allmaras one-equation model
[23] is used to compute the turbulent viscosity �t. Turbulent con-
ductivity and turbulent mass diffusivity are computed from �t,
specific heat at constant pressure, turbulent Prandtl number (a
standard value of 0.9 is assumed), and turbulent Schmidt number
(a standard value of 0.9 is assumed). All computations are made
considering bulk graphite (�s � 1:83 g=cm3) as the nozzle material,
for which thermodynamic properties as a function of temperature are
taken from literature data [22]. Assuming surface equilibrium, the
chemical composition at the nozzle wall (yiw ) can be obtained using a
free energy minimization procedure [22]. The ablation mass rate is
then computed from the elemental mass balance Eq. (6) and the
surface chemical composition. Once the ablation mass rate has
been computed, the erosion rate can be easily derived from Eq. (4)
obtaining _s� _m=�s. The surface temperature is computed from
the surface energy balance Eq. (5) using the Newton’s iterative
procedure. At each CFD (computational fluid dynamics) iteration,
the surface temperature, themass blowing rate, and thewall chemical
composition are continuously updated until a steady-state condition
is reached.

The computational domain is defined by the nozzle geometry.
The nozzle is characterized by subsonic inflow boundary conditions
describing the combustion chamber (total temperature and total
pressure are enforced together with the flow direction and chemical
composition), supersonic outflow, symmetry axis, and solid wall.
The inlet flow is a mixture of gases derived from chemical equi-
librium calculations.

IV. Results and Discussion

The model described in the preceding sections is implemented
to simulate the nozzle erosion in practical solid rocket motor
environments. The nozzle geometry employed is similar to the that
used in the BATES rocket motor [24] (Fig. 1). In particular, as the
exact nozzle geometry is not available in the open literature, it has
been rebuilt on the basis of the main geometric parameters (throat
radius, overall dimensions, and divergence angle) reported in [24].
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Fig. 1 Rocket nozzle configuration.
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The present nozzle material (bulk graphite) is the same as for the
BATES nozzle erosion tests.

The hot exhaust gas flowing in the nozzle consists of the
combustion products of a typical metallized and nonmetallized AP/
HTPB (ammonium perchlorate/hydroxyl-terminated polybutadiene)
composite propellant [12], of which mass fractions are shown in
Table 1. These mass fractions have been determined by chemical
equilibrium calculations at a chamber pressure of 69 bar. The
three oxidizing species considered are H2O, CO2, and OH. Other
oxidizing species (such as NO, O, andO2) have not been considered
having amuch lower mass fraction and, hence, a negligible influence

on the recession process. Five values of chamber pressures (49, 59,
69, 79, 89 bar) have been used to study the effect of motor operating
parameters, together with a single value of chamber temperature
(3000 K for nonmetallized and 3500 K for metallized propellant).
Indeed chamber temperature shows only a slight variation with
chamber pressure. The mass fractions of all the species remain
almost constant with increasing/decreasing chamber pressure with
the exception of OH, which has a mass fraction showing some
variation. It can be noted (Table 1) that the exhaust gas equilibrium
composition changes noticeably when aluminum is added to the
propellant: this is because aluminum consumesmost of the oxygen in

Table 1 Nozzle inlet flow conditions

Species Mass fractions, AP/HTPB/Al Mass fractions, AP/HTPB

CO 0.23 0.11
CO2 0.02 0.22
HCl 0.20 0.267
H2 0.01 0.003
H2O 0.09 0.29
N2 0.10 0.10
OH 0.01 0.01
Al2O3 0.34 -
Motor conditions
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Fig. 2 Adiabatic nonreactive vs conductive ablative wall condition (AP/HTPB/Al, pc � 69 bar, Tc � 3500 K).

BIANCHI, NASUTI, AND MARTELLI 495



the propellant to form Al2O3 and other oxides of aluminum. Thus, a
lower amount of oxidizing species (H2O, CO2, and OH) is available
in the exhaust gas. The outside nozzle wall temperature is 300 K for
all computations. A single-phase treatment is used in the model so
that all theAl2O3 present in the exhaust gas of metallized propellants
is assumed to be in the gas phase. The computational domain is
subdivided into 60 � 70 grid points in the axial and radial directions,
respectively (Fig. 1). In the r direction, meshes are clustered near
the nozzle surface such to ensure a value of y� less than 1.0 all along
the nozzle length to accurately capture the near-wall phenomena. All
the computations presented are at a steady-state condition, and a grid
sensitivity analysis has been carried out to ensure that results are grid
independent.

A. Analysis of Results

The results obtained with the present approach for the case of
pc � 69 bar, Tc � 3500 Kwith metallized AP/HTPB/Al propellant
are shown in Fig. 2, where the pressure and temperature contours and
wall distributions are compared with those obtained considering a
reference test case with a nonreactive adiabatic wall. Results
obtained with the ablative boundary conditions show almost no
differences in the core-flow region with the adiabatic nonreactive
computations (Fig. 2a and 2c). The main differences are experienced
in the boundary layer and at the nozzle surface: therefore our
attention will be directed toward the boundary-layer structure with
ablation. Thewall pressure distribution in Fig. 2b is unaffected by the
ablation process whereas the difference between the two temperature
distributions in Fig. 2d is significant: wall temperature is lower in the
case of ablation. This effect is mainly due to the endothermic surface
heterogeneous reactions (which consumes CO2, OH, and H2O to
form CO and H2), but it is also enhanced by the fact that the wall
is made conductive, with part of the incoming heat flux being
transferred to the solid material. The knee visible in the wall tem-
perature distribution is due to the change of curvature between the
throat and the conical divergent section of the nozzle.

Figure 3a shows the species distribution in the boundary layer at
the throat section (pt � 30 bar,Tt � 2800 K). The oxidizing species
are shown by solid lines, whereas nonoxidizing are represented by
dashed lines. Examining the distribution of oxidizing species,
several interesting observations can be made. First, it is clear that
H2O is by far the dominant oxidizing species, as CO2 and OH, the
next important oxidizing species, have a mass fraction of about
one order of magnitude lower. Second, because the nozzle erosion is
diffusion controlled, the mass fraction of these oxidizing species is
vanishing small at the nozzle surface.

The analysis of the nonoxidizing species (dashed lines in Fig. 3a)
suggests the following comments. First, themass fractions ofCO and

H2 are maximum at the wall because they are produced by the
heterogeneous reactions at the surface. Second, N2 and HCl do not
participate in heterogeneous reactions, and hence theirmass fractions
are nearly constant in the boundary layer, with a slight decrease near
the surface because of mass blowing effect. Finally, almost all the
oxygen and carbon at the nozzle surface exist as CO because the
chemical equilibrium forces all the available oxidizing species at
the surface to be entirely consumed. This behavior can be better
understood by the analysis of Fig. 3b, which shows the surface
equilibrium composition at the throat pressure, plotted as a function
of surface temperature. The oxidizing species (CO2, H2O, OH) do
not appear because they react completely with the solid carbon to
form carbonmonoxide, so that theirmass fraction atwall is vanishing
small. For a wide range of surface temperature, namely the oxidation
region, one can see that the only ablation product is represented by
the species CO andH2. At high surface temperatures, sublimation is
activated and carbonaceous gaseous species such as C3 and C2 are
produced at a high extent. The effect of surface pressure, not shown,
is to shift the curves to the right for increasing pressures and to the
left for decreasing pressures. Even at reduced pressures, where
sublimation is favored, it is unlikely that an appreciable amount of
material would be lost by sublimation because the surface tem-
perature is usually too low to activate this process. As wall tem-
perature at throat is lower than 3500K, and pressure is relatively high
(�30 bar), the computed composition reported in Fig. 3a shows
no production at all of C3 at the throat.
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The distribution of the thermochemical erosion rate and the
surface convective heat flux along the nozzle length is shown in
Fig. 4. It can be noted that the erosion rate is maximum a bit ahead of
the throat. Figure 4 clearly shows that the erosion rate distribution
follows the same trend as the convective heat flux distribution all
along the nozzle wall indicating a direct correlation between the two
[8,10,12]: recession and heat flux increase in the converging section
of the nozzle, reach a maximum close to the throat, and decrease in
the supersonic divergent section.

Figure 5a shows the contributions to the net erosion rate due to the
three main oxidizing species. Considering the following three
heterogeneous oxidizing reactions:

C �s� � H2O	 CO� H2 C�s� � OH	 CO� H

C�s� � CO2 	 2CO (8)

It can be seen that a single mole of solid carbonC�s� can be consumed
either with a mole of H2O, or OH, or CO2. Hence, the erosion rate
contribution due to each oxidizing species can be obtained by a mass
conservation equation considering that each oxidizing species is
completely consumed at the surface (diffusion-limited regime):

_s i �
1

�s

Ws

Wi

�
�Dim

@yi
@�

����
w

�
with _sH2O

� _sOH � _sCO2
� _s (9)

The most important oxidizing species is by far H2O followed by
OH and CO2 in that order (Fig. 5a), which confirms both theoretical
[8–10,12] and experimental results [7,11,25]. Note that, although
CO2 has a larger mass fraction than OH in the exhaust gas, it yields a
lower contribution to erosion due to its higher molecular weight.

Figure 5b shows the various heat flux contributions along the
nozzle length together with the heat of ablation. Because the surface
energy balance is imposed at wall, the sum of the various heat flux
contributions is zero. The chemical heat flux is negative all along the
nozzle length because the oxidation of carbon in SRM environment
is endothermic. A big part of the incoming convective heat flux is
absorbed by the endothermic ablation process and the remaining part

is conducted into the material. The conductive and chemical heat
fluxes show a sharp decrease after the nozzle throat due to the sudden
decrease of the convective heat flux and consequently of the erosion
mass rate. The heat of ablation remains almost constant along
the nozzle length, showing only a variation by few percents. This is
because the gas composition at wall is almost constant along
the nozzle length, with the only ablation product being carbon
monoxide. There is only a slight effect of surface temperature on
the heat of ablation: a lower heat of ablation is experienced where
surface temperature is higher.

B. Validation by BATES Motor Experimental Data

To validate the current model, calculated recession rates have
been compared with the BATES motor experimental data from
Geisler [11] and Geisler and Beckman [24]. The BATES motor was
developed in the early 1960s and was intensively used to analyze
SRM carbon nozzle erosion resulting inmany experimental tests and
correlations of throat recession as a function of propellant
composition and firing condition [24]. Five different propellant
compositions have been considered for wide variations of aluminum
content and flame temperature (Table 2). The experimental data by
Geisler were based on the total throat recession as a function of the
burning time (less than 5 s) using a highly amplified and filtered
thrust over pressure ratio (F=p) plot to estimate real-time throat
diameters. Measured data show that after a transient between 1 and
2 s (during which the carbon heats up), where no erosion has been
observed, the erosion increases linearly with time, denoting a steady-
state condition and thus permitting to evaluate the erosion rate at the
throat for the various propellant formulations.

The computed erosion rate distributions along the nozzle length as
a function of the aluminum content of the propellant are plotted in
Fig. 6 together with the experimental datameasured at the throat. The
comparisonbetween theexperimental and the computederosion rates
at the throat, which is also reported in Table 3, shows an excellent
agreement except for the propellant with the minimum aluminum
content. This behavior can be explained by analyzing the surface
temperature distributions. Thecalculated surface temperature (Fig. 7)

nozzle length, cm

er
o

si
o

n
ra

te
,m

m
/s

no
zz

le
ra

d
iu

s,
cm

5 10 15 20 25
0

0.05

0.1

0.15

0.2

0.25

0.3

5

10

15

20

25

nozzle contour
total erosion rate
H2O erosion rate
OH erosion rate
CO2 erosion rate

AP/HTPB 18% Al
pc = 69 bar
Tc = 3500 K

nozzle length, cm

h
ea

tf
lu

x,
M

W
/m

2

h
ea

to
fa

bl
at

io
n

,M
J/

kg

5 10 15 20 25
-6

-4

-2

0

2

4

6

8

10

8

9

10

11

12

13

14

15

convective heat flux
chemical heat flux
solid conduction
heat of ablation

AP/HTPB 18% Al
pc = 69 bar
Tc = 3500 K

a) Erosion contribution from the three oxidizing species b) Heat fluxes distribution and heat of ablation along 
     nozzle wall
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Table 2 Mass fractions, pressure, temperature, and aluminum content for validation

of experiments by Geisler [25]

yCO yCO2
yHCl yH2

yH2O
yN2

yAl2O3
pc, bar Tc, K Al%

0.175 0.04 0.24 0.02 0.145 0.10 0.28 69 3580 15%
0.18 0.025 0.23 0.02 0.105 0.10 0.34 69 3655 18%
0.20 0.015 0.195 0.02 0.07 0.10 0.40 69 3715 21%
0.20 0.005 0.190 0.02 0.045 0.10 0.44 69 3750 24%
0.20 0.005 0.190 0.02 0.025 0.10 0.46 69 3745 27%
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is higher for propellant with higher aluminum content due to the
combined effect of higher flame temperature and lower erosion
rate (lower heat absorption due to endothermic surface reactions). In
fact, the recession rate decreases sharply with increasing aluminum
content of propellant (Fig. 6) even though the flame temperature

increases as shown in Table 2. This is because aluminum consumes
most of the oxygen in the metallized propellant to form Al2O3.
Therefore, the graphite erosion cannot be related directly to the
chamber temperature. To confirm this, the flame temperature of the
27%Alpropellant (Table 2)hasbeenartificially reduced from3745K
to amuch lower value of 3000K. The effect of this variation is shown
in Fig. 8: the lower flame temperature has almost no effect on erosion
rate (if compared with the effect of propellant composition), and it
only affects the surface temperature.

It is evident from Figs. 6–8 and from the previous discussion that
the erosion rate shows a strong correlation with the concentration of
oxidizing species whereas the flame temperature has almost no
influence on surface recession. However, if the flame temperature is
low enough, then the recession process may be strongly influenced
by chemical kinetics, and one may find a large effect of nozzle
material reactivity as well as of flame temperature. Relatively low
flame temperatures, in fact, may result in nozzle surface temperatures
of about 2000–2500 K where the influence of chemical kinetics can
be very pronounced, hence causing the diffusion-limited model to
overestimate recession. As shown in Fig. 7, the propellant with the
lowest content of aluminum exhibits a wall temperature distribution
that crosses the 2500 K limiting value. This would explain the
overestimate of the erosion rate shown in Table 3: the error
introduced by the diffusion-limited approximation is negligible (less
than 1%) for propellants with higher aluminum content, where
diffusion processes control the erosion, and tend to increase as the
aluminum content is decreased, where kinetics rates become
important due to the lower surface temperatures. These results
show that, for metallized propellants ensuring sufficiently high wall
temperatures, a surface equilibrium assumption is a valid approxi-
mation and the obtained computations satisfactorily predict the
experimental data.

As a final test, Fig. 9 shows the comparison of erosion rate and
surface temperature for the metallized and nonmetallized propellant
compositions shown in Table 1. Again, it can be noted that, even if
the flame temperature of the metallized propellant (3500 K) is much
higher than that of the nonmetallized propellant (3000K), the erosion
rate for the former is much lower than the latter. If one looks at the
surface temperature profile of Fig. 9b, it can be seen that the predicted
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Table 3 Comparisonbetween calculated and experimental

data for throat recession

Al% _sexpt, mm=s _smodel, mm=s error%

15% 0.353 0.396 12%
18% 0.284 0.291 2.5%
21% 0.200 0.199 <1%
24% 0.124 0.124 <1%
27% 0.069 0.069 <1%
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surface temperature for the nonmetallized propellant is very low, less
than 2000 K at the throat. Such a low temperature is presumably
incorrect, because at low temperatures the erosion rate is expected
to be kinetic-limited and, hence, the oxidizing species are not com-
pletely consumed at the surface. This would cause a reduction in the
erosion rate and a consequent increase of the surface temperature
due to slower surface reactions. The computed erosion rate for
the nonmetallized propellant of Fig. 9a is more than 2.5 times that
of the metallized propellant at the throat, being evidently an over-
estimate of the surface erosion rate.

C. Effect of Chamber Pressure

The preceding discussion has shown that the composition of the
propellant plays an important role in determining the recession rate.
Another important parameter is the chamber pressure [7,8,12,14].
The mass transfer rate of oxidizing species across the boundary layer
to the nozzle surface is proportional to the gas-phase density and,
consequently, to the pressure. Moreover, higher pressure results in
higher Reynolds number, which enhances the transport mechanism.

The plotted results of Fig. 10a show that chamber pressure has a
very strong influence on the recession rate. A change in the chamber
pressure from 50 to 90 bar causes an increase in the recession rate of
about 60%. Figure 10b shows the influence of chamber pressure on
the surface temperature along the nozzle wall. Chamber pressure
has a slight effect on surface temperature: higher pressures tend to
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decrease the surface temperature upstream of the throat and to
increase it downstream of the throat. The effect, however, is very
small. With other parameters remaining nearly constant, the linear
dependence of the throat erosion rate on themotor operating pressure
is clearly seen in Fig. 11. These results are in agreement with the
experimental studies of Klager [7] showing that chamber pressure
plays a significant role in the rate of recession, with recent studies
showing that the recession rate increases almost linearly with
pressure [12,14].

V. Conclusions

A general model based on a full Navier–Stokes approach is
developed to examine thermochemical ablation of C/C heat pro-
tection materials in SRM environments. This problem is of critical
importance to predict nozzle erosion rate and, hence, motor
performance. The model includes all the relevant physics of the hot-
gas flow, the ablation process, and the internal heat conduction into
the material. The two regions, gas and solid, are fully coupled at
the surface by appropriate energy and mass balances, allowing the
surface conditions to be solved as part of the overall solution.
The surface thermochemistry model is based on heterogeneous
chemical equilibrium and can account for both surface oxidation and
sublimation. Even if a surface nonequilibrium treatment is a more
general approach, the present model permits a simplification in the
problem formulation without limiting the model accuracy for many
practical conditions. Indeed, the predicted surface recession rates
show an excellent agreement with the available experimental data.
The results show that the most important factors that dictate the
erosion process are concentrations of the oxidizing species at
the nozzle inlet, diffusion of oxidizing species toward the nozzle
surface, and chamber pressure. Calculated results showed that
oxidation of carbon to CO is the principal cause of nozzle reces-
sion.H2O is the dominant oxidizing species, withCO2 andOHbeing
of secondary importance because their concentrations are about
one order of magnitude lower than that of water vapor. The tem-
perature and pressure conditions at wall are such that no surface
sublimation is produced. Consistent with experimental results, the
diffusion-limited recession rate shows an increase with increasing
chamber pressure, exhibiting almost a linear correlation, although it
is almost unaffected by chamber temperature. The erosion rate
decreases with an increase in the aluminum content of the solid
propellant, even though the flame temperatures increases. Results
have also shown the limits of a diffusion-limited approach, which
overestimate the erosion rate when the surface temperature drops
below a limiting value where surface kinetics control the recession
process.
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