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Surface roughness and radiation effects on the erosion behavior of a graphite nozzle are studied for bothmetallized

and nonmetallized propellants. A validated numerical approach that relies on a full Navier–Stokes flow solver

coupled with a thermochemical ablation model is used for the analysis. A modification of the Spalart–Allmaras

turbulencemodel is implemented to account for surface roughness. Net radiative heat flux is considered in the surface

energy balance at the nozzle interface. Two different simplified models are used to evaluate the integral emissivity of

dispersed alumina particles. Individual and combined effects of roughness and radiation are analyzed. Surface

roughness enhances the erosion rate for both metallized and nonmetallized propellants noticeably. The radiation

influences the erosion rate of nonmetallized propellant more than the metallized one, mainly due to the different

erosion regimes, kinetically controlled for the former and diffusion controlled for the latter.

Nomenclature

Dij = binary diffusion coefficient, m2∕s
Dim = effective diffusion coefficient, m2∕s
e0 = total specific energy, J∕kg
h = enthalpy, J∕kg
heq = equivalent sand grain roughness, m
j = diffusional mass flux, kg∕m2 · s
k = thermal conductivity,W∕m · K
_m = mass blowing rate per unit area, kg∕m2 · s
Ns = number of species
p = pressure, N∕m2

_q = heat flux, W∕m2

_s = erosion rate, m∕s
T = temperature, K
t = time, s
uτ = friction velocity
v = velocity component normal to surface, m∕s
v = flow velocity vector, m∕s
_w = species source term, kg∕m3 · s
x = mole fraction

y = mass fraction
α = absorptivity
ε = integral emissivity
η = inward (from solid to gas) coordinate normal to surface
μ = dynamic viscosity, kg∕m · s
ν = kinematic viscosity, m2∕s
ρ = density, kg∕m3

σ = Stefan–Boltzmann constant
_ω = species source term in control surface, kg∕m2 · s

Subscripts

b = bulk value
c = combustion chamber conditions
g = gas phase
i = species
s = solid state
w = gas properties at gas–solid interface
0 = initial condition

Superscript

� = wall units

I. Introduction

Ablativematerials provide a reliable and relatively low-cost way to
manage the extremely high heat fluxes that are normally encountered
in a wide variety of aerospace applications. Reentry [1] and launch
vehicles [2] provide some examples of the thermal protection system
(TPS) application, in which ablation is used tomitigate harsh thermal
and chemical conditions. The material response represents one of the
key issues when working with ablative TPS.
One of the applications of TPS in launch vehicles is in solid rocket

motor nozzles. In the nozzles, ablativematerial consumption depends
on numerous factors including propellant composition, engine oper-
ating conditions, duration of firing, nozzle geometry and material
properties, transport of reacting species, homogeneous reactions in
the gas phase, and heterogeneous reactions at the nozzle surface.
Specification of ablative material characteristics and thickness for
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adequate thermal protection requires taking into account the inter-
actions between the ablative material and its operating environment.
Furthermore, erosion of the nozzle throat reduces the nozzle area
ratio and consequently decreases the overall engine performance.
Generally, to determine the ablative material thickness needed to
protect the structural components of the nozzle, and to quantify the
nozzle erosion rate, firing tests on full-scale motors are conducted.
These tests, however, are costly both in time and expense. An
efficient and more economical approach would be to couple the full-
scale experiments with modeling studies.
The overall description of nozzle erosion phenomena has been

the subject ofmany investigations, and preliminary studies go back to
the early 1960s [3,4]. A much more detailed and comprehensive
model was later developed by Kuo and Keswani [5,6] to study the
thermochemical erosion of carbon–carbon (C–C) nozzles, account-
ing for both diffusion and chemical kinetics effects. This model,
based on the combined inviscid core flow and viscous boundary-
layer flow equations, has recently been updated by Acharya and Kuo
[7,8]. Recent studies based on full Navier–Stokes approaches have
been carried out independently by different research groups for
carbon–carbon and graphite nozzles [9–13] as well as for carbon–
phenolic nozzles [14,15] and for refractory metal nozzle inserts [16].
The thermochemical erosion of carbonaceous materials (e.g.,

graphite, carbon–carbon, and carbon–phenolic) is caused by the
endothermic heterogeneous reactions that occur between the
oxidizing species (H2O, CO2, and OH) and the heated nozzle
material. These oxidizing species diffuse across the boundary layer
toward the surface, forming a concentration boundary layer. The
nozzle recession rate can be influenced by both the chemical kinetics
of the heterogeneous reactions at the surface and the diffusion of the
oxidizing species across the boundary layer. These mechanisms can
be affected, in turn, by the morphological, thermal, and chemical
characteristics of both the flow and the TPS material. Surface
roughening due to erosion, for example, can affect the subsequent
erosion rate because of its effect on the turbulent boundary layer,
modifying the mass and energy transfers toward the nozzle wall.
Increased roughness can also increase the gas–solid interaction
surface, generating higher availability of reacting sites [17,18].
Unfortunately, a comprehensive treatment of this important aspect of
ablation involves such a wide range of different scales that it is
impractical to model the whole ablative nozzle response.
Recently, a validated theoretical and numerical framework [9] was

used to study separately the effects of combustion gas radiation and
surface roughness on the erosion of carbon-based materials in solid
rocket motors loaded with nonmetallized ammonium perchlorate–
hydroxyl-terminated polybutadiene (AP/HTPB) composite propel-
lants [19]. In that work, the two layer k-ϵ turbulence model was
modified to account for surface roughness effects, and average values
of gas-phase emissivity were considered to study radiation effects.
The numerical simulations showed that the wall radiative heat
transfer and enhanced near-wall turbulence due to surface roughness
could have a complementary effect on the erosion of the carbon–
carbon surface in a nonmetallized solid-propellant rocket environ-
ment. Results obtained in the nonmetallized environment cannot be
extrapolated to propellants with significant amount of aluminum.
Roughness effects could be different in the case of metallized
propellant because of lower erosion rates than nonmetallized
propellant. Radiation effects can also be quite different. It can be
expected that radiation effects are more important in the case of
aluminized solid propellant, because of the enhanced combustion
products temperature and of the presence of alumina particles.
Therefore, the common assumption that in typical operating
conditions the net radiative heat flux is an order of magnitude lower
than its convective counterpartmay not hold. Consequently, radiation
effects may not be neglected as is commonly done [5,7,12,16],
especially if the interest is focused not only on the throat region but
also on the converging part of the nozzle.
In this work, based on the results obtained for nonmetallized

propellants in [19], radiation and roughness effects are introduced
into a previously validated model [11–15] to study the thermo-
chemical erosion of graphite nozzles in solid rocket motors loaded

with either metallized or nonmetallized AP/HTPB composite
propellants. Moreover, the effects of roughness and radiation are
analyzed both separately, as done in [19], and jointly. The general
model includes the Reynolds averaged Navier–Stokes (RANS)
equations for the gas phase, the energy equation for the solid phase
(nozzle material), and the boundary conditions at the gas–solid
interface. Surface roughness is modeled according to the equivalent
sand grain approach, which, in a RANS solver, can be included via
different turbulencemodels. For instance, a two-equation (k-ϵ)model
is used in [19] and a one-equation model (Spalart–Allmaras) is
considered in the present study. The selection of the latter turbulence
model is based on its simplicity and reliability in the study of attached
boundary layers and on its straightforward extension to rough walls
[20]. The radiation effect is included through simplified models
based on its dependence on bulk gas temperature, wall temperature,
and aluminum content.

II. Theoretical Formulation

A. Gas-Phase Modeling

The gas phase consists of the multicomponent mixture arising
from the combustion products of the selected propellants. The
governing equations for the gas phase are the reacting turbulent
RANS equations [21]:

8>>>>>>>>><
>>>>>>>>>:

∂�ρyi�
∂t
� ∇ · �ρvyi� � ∇ · ji � _wi; i � 1; : : : ; Ns

∂ρ
∂t
� ∇ · �ρv� � 0

∂�ρv�
∂t
� ∇ · �ρvv� − ∇ · S � 0

∂�ρe0�
∂t
�∇ · �ρe0v� � ∇ · �v · S� − ∇ · _q

(1)

The term S is the stress tensor, split into the contributions of pressure
forces and viscous stresses (T); the term _q is the heat flux vector; and
the term _wi is the source term due to chemical reactions:

S � −pI� T

T � −
2

3
μ�∇ · v�I� μ�∇v� �∇v�T �

_q � −k∇T �
XNs
i�1

hiji (2)

where I is the unit tensor. The diffusive mass flux of the ith species ji
can be expressed using the approximation of Fick’s law:

ji � −ρDim∇yi (3)

The thermodynamic properties of individual species are approxi-
mated 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 Wilke’s rule. The diffusion model is based on the effective
diffusion coefficients defined as [23]

Dim � �1 − xi�∕
XNs
j≠i
xj∕Dij (4)

Equation (4) does not guarantee that the diffusive fluxes would sum
to zero. Equation (3) is hence modified to ensure that the mass fluxes
sum to zero by distributing the residual according to the species mass
fraction [24]. The diffusivemass fluxes, first calculated byEq. (3), are
corrected by

ji;corr � ji − yi
XNs
i�1

ji (5)
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For the present study, the gas-phase reactions are considered to have
a negligible effect on the recession process (frozen flow in the gas
phase). This assumption is justified by chemical equilibrium calcu-
lations [22] showing little effect on the boundary-layer concen-
trations of oxidizing species in the nozzle sections of interest.

B. Ablative Boundary Condition

Based on the assumption that no material is being removed in the
condensed phase (solid or liquid), the general surface balances for a
chemically reacting ablating surface are

ρDim
∂yi
∂η

����
w

� _ωi � _myiw ; i � 1; : : : ; Ns (6)

k
∂T
∂η

����
w

�
XNs
i�1

hiwρDim
∂yi
∂η

����
w

� _mhsw � _qradin � _mhw

� _qradout � _qcond (7)

In Eq. (6), which is the surface mass balance for the ith species, the
terms on the left-hand side are, respectively, the mass fluxes of
species i entering the surface due to diffusion and the heterogeneous
surface reactions between the boundary-layer gases and the surface
carbon, whereas the term on the right-hand side is the mass flux of
species i leaving the surface due to surface ablation.
Equation (7) is the surface energy balance. The terms on the left-

hand side are, respectively, the energy fluxes entering the surface due
to conduction from gas, diffusion, surface carbon mass flux, and
radiation from the combustion gas, whereas the terms of the right-
hand side are, respectively, the energy fluxes leaving the surface due
to surface ablation, reradiation from the wall, and conduction in the
solid phase. The heat conduction process in the nozzle is treated as
one dimensional. When the steady-state condition of a planar surface
is considered, a closed solution of the in-depth energy balance can be
achieved from its integration between the hot (front) surface and the
cold (back) surface of the material. Therefore, the steady-state solid
conduction term reads

_qSScond � _m�hsw − hs0� (8)

where hsw and hs0 represent the enthalpy of the solid carbon at the
wall temperature and at the initial temperature, respectively.
The heterogeneous gas-surface chemical reactions are described

by a semiglobal heterogeneous reaction mechanism for graphite
oxidation [25,26]. A subset of this reaction mechanism, consisting of
three reactions (excluding erosion contributions from species O and
O2, whose concentrations are negligibly small in solid-propellant
combustion products), has recently beenvalidated for graphite nozzle
erosion in solid rocket motors [7,9,12,13].
With this mechanism, the rate of consumption of carbon by the

generic oxidizing species i (which can be H2O, CO2, or OH) can be
expressed as

_mi � pni|{z}
Φi

· AiT
b
w exp�−Ei∕RTw�|����������������{z����������������}

Ψi

(9)

where pi is the partial pressure of oxidizing species i, Tw is the wall
temperature, and n is the overall order of the heterogeneous reaction.
The terms Ai and Ei are the preexponential factor and the activation
energy of the heterogeneous reaction, respectively. The kinetic
parameters of Eq. (9) for the three reactions are taken from [26] and
reported in Table 1. Reaction rates are assumed to be independent
of each other according to results and discussions presented in
[7,9,13,25,26]. The two terms labeled asΦi andΨi in Eq. (9) are the
partial pressure term (which is a function of the reaction order n) and
the specific rate constant of the reaction, respectively. The rate of
production/consumption of the generic gas-phase species i at the
nozzle surface, _ωi, in Eq. (6), can be easily derived from the rate of

erosion of carbon by the generic oxidizing species, Eq. (9), and the
mass balance available once the species molecular weights and the
stoichiometry of the surface reactions are known. Finally, the total
erosion rate of carbon due to the surface heterogeneous reactions can
be evaluated as

_m �
XNs
i�1

_ωi � _mH2O
� _mCO2

� _mOH � �ρv�w � ρs _s (10)

C. Extension of the Spalart–Allmaras Turbulence Model to Account
for Surface Roughness

A correction of the Spalart–Allmaras turbulence model is
implemented to account for the effect of surface roughness [20,27].
This modification is based on the “equivalent sand grain approach,”
which, by means of empirical correlations (i.e., Dirling [28]), asso-
ciates the actual surface roughness to that of a sand grain roughened
wall. The effects of roughness were extensively investigated by
Nikuradse in the 1940s [29]; his experimental analyses showed a
clear relationship between the normalized velocity profile shifting,
Δu�, and the normalized roughness: h�eq � hequτ∕ν. This velocity
profile shifting can be evaluated once the value of the equivalent sand
grain roughness is known.
The basic equation of the Spalart–Allmaras model reads [30]

D~ν

Dt
� cb1 ~S ~ν� 1

σ
f∇ · ��ν� ~ν�∇~ν� � cb2�∇~ν�2g − cw1fw

�
~ν

d

�
2

(11)

where the terms of production, diffusion, and destruction of the
turbulent viscosity ~ν � ντ∕fv1 are on the right-hand side. The
“Boeing extension” of the Spalart–Allmaras model presented in [20]
was developed to mimic the normalized velocity (u�) shifting,
observed experimentally in the logarithmic region and the outer
region of the boundary layer, in the case of flow over rough surfaces.
This is achieved by increasing the turbulent eddy viscosity in thewall
region. In order to take into account the roughness effect, distance
term d is modified as

d � dmin � d 0 (12)

where dmin is the distance from the equivalent smooth wall (assumed
to be located part-way up the roughness) andd 0 � d 0�heq�. Thevalue
of d 0�heq�, derived from the Nikuradse [29] experiments, is

d 0 � exp�−8.5κ�heq (13)

where κ � 0.41 is the von Kármán constant. Moreover, in order to
obtain accurate results when dealing with small roughness, the
variable χ � ~ν∕ν is redefined as follows:

χ � ~ν

ν
� cR1

heq
d

(14)

where cR1 � 0.5. Therefore, to retain the ~S expression, defined as

~S � S� ~ν

κ2d2
fv2

Table 1 Kinetic data for heterogeneous surface reactions [26]

Surface reaction Ai Ei, kJ∕mol b n

Cs � H2O → CO� H2 4.80 × 105 288.0 0.0 0.5
Cs � CO2 → 2CO 9.00 × 103 285.0 0.0 0.5
Cs � OH → CO� H 3.61 × 102 0.0 −0.5 1.0
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the definition of fv2 � 1 − �χ∕�1� χfv1�� is modified as follows:

fv2 � 1 −
χ − cR1heq∕d

1� fv1�χ − cR1heq∕d�
� 1 −

~ν

ν� ~νfv1
(15)

Finally, the ~ν � 0 wall boundary condition is replaced by

∂~ν
∂η
� ~ν

d
� ~ν

0.03heq
(16)

This modified model was extensively tested and found to produce
results comparable to those obtained by the best-tested roughness
models [20].
The present surface roughness treatment has beenvalidated against

the results obtained byAupoix and Spalart [20] for a specific test case
involving air flowing at 58 m/s over a heated flat plate. The test case
reproduces the experimental data obtained by Hosni et al. [31,32]
made over electrically heated flat plates of different roughnesses.
Figure 1a shows the normalized velocity profile obtained using the
implementedmodification. The shifting of the velocity profiles in the
case of wall roughness is evident, and the result for the highest
roughness level agrees reasonably well with that reported in [20].
Figure 1b shows the calculated skin friction coefficient as well as
the Stanton number along the length of the plate, together with those
reported in [20].

D. Gas and Surface Radiation

Radiative heat flux can affect the nozzle erosion behavior,
especially in the converging part of the nozzle, where the convective
heat flux is lower than in the throat region. This effectwas analyzed in
[19] for a nonmetallized propellant; a 4.5–13.6% reduction of the
erosion rate was found when both gas and wall radiation were
considered, depending on the level of gas emissivity, as opposed to
the casewithout any contribution from radiation. It was further noted
that,when dealingwith aluminized propellants, the erosion rate could
be higher than its counterpart without radiation. In fact, in aluminized
propellants, the radiative heat flux coming from the two-phase gas-
particlesmixture can represent a nonnegligible fraction of the heating
[33]. To obtain a simple estimate of the particle radiation effect, two
different simplified models have been considered for calculating the
integral emissivity of the dispersed alumina particles. The first model
derives from empirical specification of the integral emissivity near
the nozzle throat of a small-scale solid rocket motor operating with
metallized propellants [34]:

_qradin � αs

�
1 − exp

�
−3.972nρbr

16

��
|��������������������{z��������������������}

εg

σT4
b (17)

where ρb is the gas bulk density in kilograms per cubic meter, r is the
local radius in meters, and n is the percentage (bymass) of aluminum
content in the propellant. Equation (17) is based on experimental data
of radiation obtained on a small-scale solid rocket motor, where
emission measurements were made from the optical path across the
throat diameter (3.18 cm).
This model will be referred to as “model A.” Figure 2a shows the

calculated integral emissivity as a function of the gas density using
the local radius as a parameter. The strong sensitivity of the emissivity
to local radius is evident; the emissivity-density dependence is almost
linear for smaller radii.
The second model is taken from [35] and represents the limiting

value of the integral hemispherical emissivity of an optically thick
cloud of monodispersed alumina particles:

_qradin � αs�0.17� 0.22 ~Tb − �0.87 − 0.1 ~Tb� exp�−0.22 ~Tba��|��������������������������������������������{z��������������������������������������������}
εg

σT4
b

(18)

where ~Tb � Tb∕1000 is a reduced value of the bulk temperature
(particles and gas are considered in thermal equilibrium), expressed
in degreesKelvin, anda represents the particle radius inmicrometers.
This secondmodelwill be referred to as “modelB.” It should be noted
that, although Eq. (18) was derived for the combustion chamber, it
has been employed for the nozzle flow. Because the purpose of the
present work is to estimate the influence of the radiative heat flux on
nozzle erosion, rather than the accurate evaluation of the radiation
inside the nozzle, these two simplified models have been considered
suitable for the analysis. Figure 2b shows the emissivity-temperature
dependence using the particle radius as the parameter. Interestingly,
for higher values of particle radii the particle size has a very low
influence on the calculated integral emissivity.
According to [35], for an optically thick volumeof typical combus-

tion products, the integral emissivity calculated considering only the
condensed phase is more than 99% of that calculated including
the radiation contribution of the gaseous products. For this reason, the
gas-phase contribution has been neglected in the evaluation of the
integral emissivity of the combustion products. Concerning the wall
emissivity, a single constant value is considered as representative of
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a) Normalized velocity
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b) Skin friction coefficient and Stanton number

Fig. 1 Normalized velocity profile, skin friction coefficient, and Stanton number for smooth and rough walls.
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the nozzlewall. Hence, wall reradiation varies only due to the change
in wall temperature dictated by

_qradout � σεsT
4
w (19)

and the net radiative heat flux can be evaluated as follows:

_qrad � _qradin − _qradout (20)

III. Test Case Input Data

In this study, both nonmetallized and metallized AP/HTPB
composite propellants have been considered to study the effects of
surface roughness and radiation on graphite nozzle erosion. These
propellants are those adopted in the experimentalwork byEvans et al.
[36]. The equilibrium compositions and the chamber conditions are
shown in Table 2. The graphite nozzle (ρs � 1.92 g∕cm3) is that of
the motor described in [37], having a throat diameter of 2.0 in. As far
as reradiation is concerned, a single emissivity value of εs � 0.9 has
been used for the graphite surface [38]. The surface has been assumed
to be gray, which permits the use of the samevalue for wall emissivity
and absorptivity (εs � αs). When required [see Eq. (18)], a radius of
10 μm has been considered for the alumina particles [39]. The
particle size could be higher due to particle agglomeration. The
emissivity value, however, has a low sensitivity to the particle radius
in the temperature range of interest (see Fig. 2b). For this reason, the
selected particle size can be considered suitable for the analysis.
Several values of equivalent sand grain roughness have been

considered in the analysis. Experimental tests of graphite-nozzle
turbulent flows show that a typical “scalloped” surface is established,

with length scales on the order of 1 mm [40,41]. Numerical analyses
performed in [17,18] show that the steadiness of this surface
morphology is ensured, allowing the use of a single constant surface
roughness value, once the steady state has been reached. The Dirling
correlation [28] for calculating the equivalent sand grain roughness
gives values in the range of 5–50 μm. The values are in good agree-
ment with the ones used in [19] and observed in nozzle postfiring data
analyses [42].

IV. Results

In the present work, following the analysis performed in [19],
a systematic study of both the separate and combined influence
of surface roughness and radiation on erosion behavior has been
performed.

A. Effect of Roughness

The first part of the analysis focuses on the effect of surface
roughness on the nozzle erosion rate for both metallized and
nonmetallized propellants. Figure 3 shows the calculated erosion rate
profiles for both propellants. Two equivalent sand grain roughnesses
have been considered: 10 and 50 μm. It should be noted that the first
few points close to the nozzle entrance should not be considered
quantitatively accurate due to the undeveloped boundary layer.
Therefore, the plotted quantities are displayed starting about 1 mm
downstream from the nozzle entrance for all the presented results.
The effect of the surface roughness is evident, especially in the throat
region. The erosion rate is enhanced, with respect to the baseline case
(smooth wall), in the converging part of the nozzle. The roughness
effect gradually enhances the erosion rate, as comparedwith baseline,
up to a point slightly upstream of the throat. Then, the difference in
the erosion rate level starts decreasing and the influence of the surface
roughness falls below 10% of its peak variation at an expansion ratio
of approximately 2 (for heq � 10 μm) and 2.5 (for heq � 50 μm) for
both propellants.
It should be noted that the erosion regime is different for the two

propellants, kinetic limited for the nonmetallized and diffusion
limited for themetallized, due to the higher chamber temperature and
lower oxidizing species content of the latter [12]. This is confirmed
by the plots in Fig. 4, which show the total wall mass fraction of the
three oxidizing species.When thewall mass fraction of the oxidizing
species goes to zero, it means that the reaction kinetics are faster than
the diffusive process, as the surface reactions are capable of con-
suming instantaneously all the reactants arriving at the reaction sites.
Therefore, the process that limits the graphite oxidation rate is the
diffusion of the reactants toward the surface. For the metallized
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Table 2 Chamber conditions and
species mass fractions for the two

propellants

Propellant Nonmetallized Metallized

pc, bar 56 56
Tc, K 3000 3512
Al2O3 — — 0.33
CO 0.10 0.22
CO2 0.21 0.02
H2 0.01 0.02
HCl 0.29 0.24
H2O 0.28 0.08
N2 0.11 0.08
OH — — 0.01
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propellant, almost 95% by mass of the exhaust gas oxidizing species
is consumed at the surface, whereas only 30% is consumed in the case
of nonmetallized propellant, denoting a kinetic-limited erosion
regime for the latter.
The wall temperature profiles are plotted in Fig. 5. In the rough

wall case, the temperature increases in the throat region and in the
diverging part of the nozzle with respect to the baseline case for both
propellants. Nevertheless, the temperature profiles are qualitatively
different for the two propellants, due to the different erosion regimes,
which generate a different coupling between the mass and energy
balances at the nozzle interface. In the diffusion-limited regime, the
erosion rate can affect the surface temperature through the surface
energy balance, but the change in surface temperature can only
marginally affect the erosion rate. In the kinetic-limited regime, on
the other hand, both the erosion rate and the surface temperature can
affect each other. The temperature profiles in the case of non-
metallized propellant qualitatively mimic the erosion-rate profiles,
for both smooth and rough walls. For the metallized propellant,
however, the rough wall causes the temperature to drop below
the baseline value in the converging section. Slightly upstream of the
throat, the rough wall temperature profiles cross the baseline value
and the differences between the temperature profiles hold along the
entire divergent section. The erosion rate, on the other hand, is always
higher in the case of the rough wall for the metallized propellant

(Fig. 3b) despite an initial reduction of thewall temperature (Fig. 5b).
The change of slope immediately after the throat is a consequence of
the nozzle geometry. The diverging part of the nozzle is in fact
conical, and the change in the curvature of the profile downstream
causes the abrupt variation of the flow quantities.
Focusing on the throat section, the local values of the convective

heat flux, erosion rate, wall temperature, andH2O contribution to the
erosion rate are plotted in Fig. 6 for different values of the equivalent
sand grain roughness (heq). The nondimensional values are
normalized with respect to the baseline case (smooth wall). As seen,
the differences in the convective heat flux and erosion rate between
the two propellants are undetectable for heq values up to 20 μm. For
the higher values of heq, however, the metallized propellant shows a
higher sensitivity to the roughness level. The erosion rate and the
convective heat flux show practically the same trends. Despite the
strong variation in the erosion rate, the wall temperature variation for
the metallized propellant is smaller than for the nonmetallized one.
This behavior is attributed to the different erosion regimes for the two
propellants. In Fig. 6d, the left-hand side of Eq. (9) is plotted, for
H2O, together with the two right-hand side contributions (Φi andΨi).
TheΨH2O

term has a higher influence on _mH2O
for the nonmetallized

propellant, confirming the dominant role of the wall temperature,
typical of the kinetic-limited regime. For themetallized propellant, in
contrast, the higher influence of the ΦH2O

term is evident because of
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Fig. 3 Erosion rate for different surface roughness and different propellants along the nozzle length.
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Fig. 4 Oxidizing species total wall mass fraction for different surface roughness and different propellants along the nozzle length.

TURCHI ETAL. 319

D
ow

nl
oa

de
d 

by
 G

E
O

R
G

IA
 I

N
ST

 O
F 

T
E

C
H

N
O

L
O

G
Y

 o
n 

M
ar

ch
 2

6,
 2

01
4 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.B
34

99
7 



Nozzle length, m

W
al

l t
em

p
er

at
u

re
, K

N
o

zz
le

 r
ad

iu
s,

 m

0.00 0.05 0.10 0.15 0.20 0.25
2000

2100

2200

2300

2400

2500

0.00

0.05

0.10

0.15

0.20

0.25

smooth
heq= 10 µm
heq= 50 µm

throat

nozzle profile

a) Non metallized propellant

Nozzle length, m

W
al

l t
em

p
er

au
re

, K

N
o

zz
le

 r
ad

iu
s,

 m

0.00 0.05 0.10 0.15 0.20 0.25
2500

2600

2700

2800

2900

3000

0.00

0.05

0.10

0.15

0.20

0.25

smooth
heq= 10 µm
heq= 50 µm

nozzle profile

throat

b) Metallized propellant
Fig. 5 Wall temperature for different surface roughness and different propellants along the nozzle length.
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its diffusion-limited regime and the change in wall temperature only
marginally affects the erosion mass flux. It is interesting to note that,
although the driving mechanisms are different, the erosion rate
increasewith the equivalent sand grain roughness is qualitatively and
quantitatively similar for both propellants and shows a cubiclike
behavior.

B. Effect of Radiation

The second analysis evaluates the influence of the radiative heat
flux on the nozzle erosion rate for both metallized and nonmetallized
propellants. Radiative heat flux includes both the emission from the
wall (reradiation) and the absorption by the wall due to gas/particle
emission. The influence of radiation on the erosion rate for non-
metallized propellantswas studied in [19], showing the dominant role
of surface reradiation, which counteracts the increased erosion due
to roughness. A stronger effect can be therefore expected in the case
of metallized propellants, due to the high emissivity of condensed
alumina particles in the flow. Thus, the metallized propellant is
analyzed first. The calculated net radiative heat fluxes are shown in
Fig. 7, along with integral particle emissivity. The two different
integral particle emissivities (Fig. 7b), calculated using simplified
models A and B described previously, lead to different profiles of the
net radiative wall heat flux (Fig. 7a). As expected, due to the high
emissivity coupledwith the high bulk temperature of the flow, the net
radiative heat flux is positive (entering thewall) in the converging part
of the nozzle. In the near-throat region, the reradiation from the

nozzle wall overcomes the incoming radiative heat flux and the net
radiative heat flux becomes negative (leaving thewall). The reduction
of the particle emissivity along the nozzle is more evident in the case
of model A, because of the drop in gas density. The higher emissivity
value of model B causes a difference of about 2.0 MW∕m2 in the net
radiative heat flux at the throat section, as seen in Fig. 7a.
Figure 8 shows the calculated wall temperatures for both

propellants. In addition to the baseline case without radiation, results
with wall reradiation only and with both wall reradiation and gas/
particle emissivity are shown. For the nonmetallized propellant, two
different constant gas-phase emissivities (εg � 0.2 and 0.4) are
assumed, as in [19]. The emissivities of the individual gas-phase
species at a given temperature and pressure were obtained from [43],
where the average emissivity of gas phase is estimated in the range of
0.1–0.4. For the metallized propellant, both models A and B have
been employed. The reduction of thewall temperature obtainedwhen
the wall reradiation is considered is quite significant, especially for
the metallized propellant, which is characterized by a much higher
wall temperature. Moreover, for the case including wall reradiation
together with particle radiation (metallized propellant), the wall
temperature profile is modified considerably (Fig. 8b). In particular,
the wall temperature variation between the entrance and the exit
sections is more than doubled. As far as the erosion rate is concerned,
however, the influence of the radiative heat flux appears to beweaker
in the case of the metallized propellant (Fig. 9b). The erosion rate
decreases in the case of the nonmetallized propellant (Fig. 9a),
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Fig. 7 Net radiative heat flux and integral emissivity of the combustion gas for the metallized propellant.
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Fig. 8 Wall temperature for different radiation models and different propellants along the nozzle length.
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confirming the results of [19]. In the case ofmetallized propellants, as
a consequence of the diffusion-limited regime, the inclusion of the
wall radiative heat transfer does not produce any significant variation
of the erosion rate. The change in thewall temperature for metallized
propellant still results in a diffusion-limited regime due to the high
emissivity of the dispersed alumina particles. To further verify this
behavior, a case was run with a constant value of integral particle
emissivity along the nozzle, corresponding to the throat value
obtained for each model (0.35 for model A and 0.88 for model B).
Less than 3% difference in the throat erosion rate was obtained, im-
plying that the influence on the erosion rate of using two significantly
different constant integral emissivity values is negligible.
To characterize the throat erosion rate variation in the case of

different gas/particle emissivities, the obtained results are compared
against a reference throat erosion rate. This reference value, for each
propellant, is the one obtained without considering any radiative heat
transfer and has been used to nondimensionalize erosion rates
in Figs. 10 and 11. In Fig. 10, the integral emissivity is used as the
independent variable and the distribution of the nondimensional
throat erosion rate is plotted for both propellants. For the non-
metallized propellant (Fig. 10a), due to the kinetic-limited regime,
the erosion rate is found to decrease due to radiation.When only wall
reradiation is considered, the wall temperature shows the highest
reduction (Fig. 8a), and the erosion rate is reduced by ≈15% with

respect to the baseline value. When the gas phase emissivity is also
included, the wall temperature reduction is lower and hence the
erosion rate reduction becomes less significant.
For the metallized propellant (Fig. 10b), both models cause the

throat erosion rate to decrease marginally with respect to the baseline
value, and a maximum 3% reduction of the throat erosion rate is
obtainedwhenmodel B is used. This slight erosion rate reduction can
be explained as an effect of the reduced diffusivemass flux caused by
the higher wall temperature obtained when the particle radiation is
considered (see Fig. 8b), especially for model B. The higher wall
temperatures yield a less dense and thicker boundary layer leading to
a lower diffusivemass flux and a lower diffusion-limited erosion rate.
In the case of constant particle emissivities, if sufficiently low con-
stant values of integral emissivity are considered, thewall reradiation
contribution becomes dominant and the wall temperature can be
sufficiently low to switch the erosion regime from diffusion limited
to slightly kinetic limited, causing the erosion rate to increase with
particle emissivity. The effect of change in the wall temperature on
the erosion rate thus depends on the erosion regime. For the kinetic-
limited regime, the erosion rate increases with wall temperature,
whereas for the diffusion-limited regime it decreases due to the
thickening of the boundary layer. At higher values of integral particle
emissivities, the wall temperature is sufficiently high to ensure that
the erosion is completely diffusion limited, so that any effect induced
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Fig. 9 Erosion rate profile for different radiation models and different propellants along the nozzle length.
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by the kinetic-limited regime disappears, and the obtained throat
erosion rates are marginally lower than the baseline.

C. Combined Effect

Finally, the combined effects of particle radiation and wall
roughness have been investigated. Figure 11 shows the nondimen-
sional throat erosion rate as a function of the integral emissivity for
both smooth and rough walls for the two propellants. The considered
reference value is the throat erosion rate for a smooth wall, with no
wall reradiation and no gas/particle radiation. The effect of radiation
shows a similar trend on erosion rate, whether combined with surface
roughness or considered alone. This trend can be noted by the similar
slopes exhibited by the two curves in Figs. 11a and 11b. However,
the integral gas/particle emissivity effect on erosion rate is opposite
for the two propellants: erosion rate is increasing with integral
emissivity in nonmetallized propellants, due to the kinetic-limited
regime, whereas it is decreasing in metallized propellants, due to
the diffusion-limited regime. Overall, it appears that the erosion rate
is closer to the baseline value, particularly for nonmetallized
propellants, when the combined effect is considered rather than
surface roughness alone (circle symbol in Figs. 11a and 11b). It is also
clear that surface roughness influences the erosion rate more than the
radiation, especially for metallized propellants.

V. Conclusions

An analysis of surface roughness and gas/particle radiation effects
on the thermochemical erosion of a solid rocket graphite nozzle has
been carried out for both metallized and nonmetallized propellants.
For typical values of surface roughness for graphite nozzles, a
noticeable increase in the throat erosion rate is seen for both
propellants. This increase is due primarily to the enhanced wall
convective heat flux and species diffusive flux for a roughwall. As the
two propellants generate two different erosion regimes, kinetic
limited for the nonmetallized and diffusion limited for themetallized,
the driving mechanisms that cause the change in erosion rate are
different. In the case of the nonmetallized propellant, the augmented
wall temperature enhances the heterogeneous reaction rates, causing
a higher erosion rate. For the metallized propellant case, on the other
hand, the stronger diffusion of the oxidizing species drives the
erosion rate rise. It is interesting to note that, although the driving
mechanisms are different, the erosion rate increase with the equiva-
lent sand grain roughness is qualitatively and quantitatively similar
for both propellants.

For nonmetallized propellant, the erosion rate has been found to
decrease slightly due to radiation, depending on the gas emissivity,
confirming the results obtained in [19]. Formetallized propellant, the
erosion rate has been found to decrease marginally when coupled
wall reradiation and particle radiation effects are considered. Two
simplified models have been adopted to evaluate the integral particle
emissivity in metallized propellants, giving substantially different
emissivity values at the throat. Nevertheless, the throat erosion rate
differences obtained for the two models are less than 3% of the
baseline value without radiation. The primary effect of the particle
radiation is the modification of the wall temperature profile. The
weak dependence of the erosion rate on the change in wall
temperature in the case of the diffusion-limited regime explains the
insensitivity of the throat erosion to the particle radiation.
Thus, surface roughness enhances the erosion rate for both

propellants by directly increasing the convective heat flux and
species diffusivity at the wall due to enhanced near-wall turbulence.
Radiation, however, directly influences only the wall temperature,
which in turn influences the species diffusivity indirectly. Thus, it
is clear that, with respect to radiation, the kinetically controlled
nonmetallized propellant experiences more erosion-rate changes
than the diffusion-limited metallized propellant. Analyses on smooth
and rough surfaces, together with gas/particle radiation for both
metallized and nonmetallized propellants, show that the trend in
throat erosion variation caused by the gas/particle radiation is not
affected much when surface roughness is considered, indicating a
loose coupling between the influence of roughness and radiation.
This suggests that the analysis of the two phenomena could be carried
out separately without producing significant errors in the evaluation
of the erosion rate variation.
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