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ABSTRACT
In the solid-rocket propulsion studies, rocket nozzle erosion has been a critical issue
when the motor is operated at high temperature and pressure. During rocket motor
operation, nozzle surface are subjected to thermochemical attack by post-combustion
oxidizing gaseous species such as H2O, OH and, CO2 for when metallized and
non-metallized propellants are used and/or mechanical erosion by impinging aluminum
oxides when metallized propellants are used. The throat area of the nozzle undergoes the
extreme heat transfer, thereby decreasing the thrust and causing severe performance
reduction of the propulsion system. Accordingly, detailed understanding and examination
of the erosion mechanism is desirable. Shear and normal forces on the nozzle surface,
surface temperature, chamber pressure, heat transfer to the wall, particle impacts,
chemical kinetics, and surface melting are considered primary factors of nozzle erosion.
Various aspects that are closely related to the nozzle recession processes conducted by
several research groups are summarized.
In order to reduce the overall recession rate of the nozzle in propulsive systems, the
nozzle boundary-layer controlled system (NBLCS) has been introduced and proved to be
effective in mitigating the nozzle erosion. This method produces relatively low
temperature product gases that are injected into the upstream of the nozzle throat section,
which not only reduces the concentration of the oxidizing species but also cools down the
mainstream hot combustion product gases in the boundary layer region near the throat.
Graphite based nozzle erosion mechanism has been empirically studied and simulated by
numerical model under a broad range of operating conditions. The formation of carbyne
at a high temperature range (above 2,600 K) may be the cause of increase in overall
graphite erosion rate and thus worth investigated further. In addition to the commonly
usage of graphite as nozzle materials, refractory metals such as tungsten (W), also play a
significant role in reducing overall nozzle erosion rate due to its high melting temperature.
However, heterogeneous reaction kinetics must be carefully examined and modeled since
tungsten oxidation by several oxidizing species such as CO2, CO and O2 could generate
metal compounds with lower vaporization and/or melting temperatures. These
compounds may be removed from the nozzle surface as fast as they are formed, either by
vaporization or surface forces, thereby expanding the nozzle throat area and reducing
overall performance.
To increase the operating condition range and thrust performance of a future rocket
propulsion system, fully understanding the rocket nozzle erosion processes and
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developing methods for reducing mass loss of nozzle material are very important. Due to
the complexity involved in the rocket nozzle erosion characteristics, quantitative and
qualitative experimental studies and theoretical simulations are thus required for further
advancements.
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Chapter 1
Introduction
1.1 Motivation and Background

The rocket nozzle erosion has been a major issue for several decades regarding
advancement of solid-rocket propulsion. The specific impulse, defined as the total
impulse per unit weight of propellant, is the standard way to describe the performance
of rocket propulsion systems [1]. The undesirable erosion process, specifically at the
nozzle throat where the convective heat fluxes are highest, could cause the specific
impulse Isp to decrease by enlarging the throat area, thereby decreasing the overall
thrust performance. During rocket motor firings, the nozzle surface is subjected to
high heat fluxes by hot combustion products flow, causing the increase of the
reactivity between the nozzle materials and oxidizing gaseous species such as H2O,
OH, CO2, etc. This chemical erosion by heterogeneous reactions, either
diffusion-controlled or kinetics-controlled, has been found to be the primary erosion
mechanism under broad range of motor firing conditions when non-metallized
AP/HTPB composite propellants are used; however, mechanical erosion can also play
an important role when metallized propellants being used. The physical and chemical
processes of nozzle erosion are illustrated in detail, as shown in Figure 1.1.
For many years, graphite has been widely used as nozzle material in current rocket
applications due to its excellent mechanical properties. However, graphite may
undergo significant erosion at elevated pressures and temperatures [2-3].
Representative empirical/numerical work and kinetic studies, focusing on the erosion
behavior of graphite material, have been conducted recently by several researchers
[4-6] under extreme motor operating conditions. The graphite nozzle erosion
minimization (GNEM) code, used to simulate the nozzle erosion process, was
validated earlier by using experimental data obtained from different motor firings,
including the BATES (ballistic test and evaluation system) motor, the MERM
(material evaluation rocket motor) motor, and the HIPPO (high-pressure motor). The
current GNEM model has been advanced by Acharya and Kuo [6] to well calibrate
the erosion process at high-pressure and high-temperature conditions, and the
1

simulation results fit well with the experimental data. This suggests that the code has
the ability to predict the graphite nozzle erosion rate although more accurate and
definite kinetic scheme should be stressed.

Figure 1.1 Physical and chemical processes associated with the rocket nozzle erosion.
(after Acharya and Kuo [6])
With this erosion mechanism present in modern rocket propulsion applications, a
non-eroding nozzle material is highly desirable since it keeps the throat area of the
nozzle from expanding due to thermochemical attack and maintains the optimal thrust
performance. Refractory metals have become one of the major research areas relating
to rocket motor design in recent years due to its high melting temperature. With
primary focus on tungsten material (W), Sabourin and Yetter have experimentally
evaluated the high temperature tungsten erosion process by several oxidizing species
and validated the empirical data with the numerical model in which the heterogeneous
kinetic scheme is incorporated [7-8]. Thakre and Yang [5, 9] have also developed a
theoretical model to account for both graphite and tungsten materials oxidation
mechanism in the rocket motors at high pressure and temperature ranges. Their
computational results also have good agreement with the experimental data provided
by different research groups.
In order to avoid any pressure decrease, due to nozzle throat erosion which will
downgrade the propulsive performance, suitable methods must be developed to
2

minimize the throat erosion rates at ultra-high pressures. A nozzle boundary-layer
control system (NBLCS) can be applied to the nozzle assembly nowadays to mitigate
the graphite nozzle recession rate [10-11]. With introduction of relatively low gaseous
post-combustion product species into the region ahead of nozzle throat, NBLCS has
demonstrated to be effective in reducing nozzle recession rates.
According to experimental work carried out by Giesler [12], when nozzle throat
temperature reaches above 2,600 K, nozzle throat erosion rate increases potentially. It
was assumed that this phenomenon originated from a formation of metastable carbon
allotrope called “carbyne” which could change the reaction rates of nozzle material
with oxidizing species. Therefore, the phase transformation process needs to be fully
understood in order to incorporate this effect into overall nozzle erosion mechanism.
1.2 Objectives

The primary objective of this thesis is to provide an overview of several
challenging and complicated research topics on nozzle erosion that have been studied
by different research groups in the MURI (multi-disciplinary university research
initiative) project. These topics include the development of advanced heterogeneous
kinetic mechanisms, the establishment of comprehensive numerical model, the
empirical study of nozzle erosion for model validation, and the characterization of
nozzle material properties, as well as potential methods for minimizing the erosion
rates. In order to avoid performance losses from throat diameter enlargement, the
nozzle material (especially throat region) must be protected in some way. There are
generally three different approaches to minimizing the nozzle-throat erosion rate that
can be employed: 1) developing new nozzle material that can be more resistant to
thermochemical attack at high-pressure, high temperature conditions, 2) modifying
the propellant formulation so that the available oxidizing species concentrations can
be reduced near the nozzle surface, and 3) employing boundary-layer control methods
for the purpose of reducing the mainstream gas temperature and the concentrations of
oxidizing species. Any combination of the above techniques could also be applied in
favor of erosion rate reduction.
Thorough analyses relevant to nozzle erosion mechanisms in the solid-propellant
rocket motors are shown here, even though so many other research aspects in related
fields are being investigated now or are worthwhile for in-depth study in the future.
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Chapter 2
Thermal and Material Properties of Graphite Nozzle
2.1 Thermophysical properties of G-90 graphite

G-90 Graphite has been widely used as a nozzle material in current rocket propulsion
systems. However, the thermochemical erosion caused by high heat fluxes from the
combustion product gases during motor firings will incur decrease of the specific
impulse, downgrading overall thrust performance. Therefore, to gain a fundamental
understanding of how different combustion gaseous products will react with the
graphite nozzle materials at particular motor operating conditions, it is imperative to
study the thermophysical properties of the G-90 graphite in order to integrate these
data into numerical or experimental studies and make further validation.
In 1960, Parker et al. [13] used a flash method to calculate the thermal diffusivity α,
specific heat Cp, and thermal conductivity k of the material. The laser flash method,
proposed by Parker, Butler, Jenkins, and Abbott of the U.S. Naval Radiological
Defense Laboratory, is the most popular method of measuring the thermal diffusivity
of solids. In this method, the front face of a thermally insulated sample coated with
camphor black is subjected to a very short burst of high-intensity radiant energy
coming from a laser flash lamp. The resulting temperature rise on the opposite face
(rear face) of the sample is measured by a thermocouple and recorded with an
oscilloscope and camera. The thermal diffusivity is computed from the temperature
rise versus time curve at the rear surface. The heat capacity is determined by the
maximum temperature measured by the thermocouple, and the thermal conductivity
by the product of the heat capacity, thermal diffusivity, and the density of the sample
shown in the following equation.

k   Cp
where  is the density of the material in g/cm3.
4

(1)

2.1.1 Experimental approach

Koo and Ho [14] also used the laser flash method, to measure the thermal
diffusivities of the three samples. Laser flash diffusivity measurements were
conducted using a Netzsch microflash thermal analyzer. The front face of each sample
with thickness of approximately 1mm and diameter of 10mm was subjected to three
short laser pulses at laser voltage, signal acquisition duration, and amplifier gain
calibrated by the computer software LFA (Laser Flash Analyzer) Analysis, and the
thermal diffusivity was calculated from the rear face temperature response. The
furnace used can be heated up to 1100 °C, and measurements were calculated as a
function of temperature up to 1000 °C at an increment of 100 °C.
Densities of the samples were measured using a XP Series microbalance integrated
with density kit manufactured by Mettler Toledo. This microbalance is capable of
making precise measurements of weight of objects of relatively small mass. The
weight of the specimen was first measured in air, and the density was calculated after
the specimen was submerged into water on a scale.
Specific heat was examined using a TA Instrument DSC Q100 differential scanning
calorimeter. The sample less than 10 mg was sealed in an aluminum pan before the
experiment. The same heat flux was provided to the standard and the sealed samples
in nitrogen environment. The differential powers required to heat the sealed sample
and the standard sampled at the same heating rate of 5 °C/min were determined using
the data acquisition system. Heat flow values were recorded from room temperature
to 550 °C, and the specific heat as a function of temperature was calculated as:

Heat Flow  Original Weight  Heating Rate  .
Thermal conductivity then can be calculated according to Eq. (1). Density was
taken as a constant value. Specific heat values were applicable up to 550 °C. Hence
the values of thermal conductivity were only calculated up to 550 °C. Specific heat
values could be extrapolated to higher temperatures, but no single correlation was
assumed to perform regression.
A TA Instrument TMA2940 thermomechanical analyzer was used to measure the
coefficient of thermal expansion  . Two samples in the shape of rectangular bar
with dimension of 3 mm by 4 mm by 25 mm were subjected to an applied force of
0.05N along the longitudinal axis (25mm) as well as heating in nitrogen environment
at heating rate of 10 °C/min. The dimension change as a function of temperature was
5

recorded with a data acquisition system.
2.1.2 Results and discussion

Koo and Ho [14] measured the density of the G-90 graphite to be 1.92 g/cc, and the
laser flash diffusivity as a function of temperature is shown in Figure 2.1. All three
G-90 samples were subjected to three laser pulse shots at a specific temperature.
From this figure we can see that the thermal diffusivity values lie close to each other.
As shown in Figure 2.2, specific heat of G-90 graphite was plotted in absolute values
as a function of temperature. Observing from the heat flow values in Figure 2.2, it is
obvious that the specific heat values exhibit endothermic characteristic. Figure 2.3
shows the thermal conductivity of G-90 samples as a function of temperature up to
550 °C, calculated using density, average thermal diffusivity, and specific heat values.
The coefficient of thermal expansion of average of two samples can be calculated
as the temperature derivative of the dimension change, as shown in Figure 2.4.

140
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Figure 2.1 Thermal diffusivity of G-90 graphite as a function of temperature (data
obtained from Koo and Ho [14] ).
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Figure 2.2 Specific heat of G-90 as a function of temperature (after Koo and Ho [14]).
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Figure 2.3 Thermal conductivity of G-90 as a function of temperature up to 550°C
(data obtained from Koo and Ho [14]).
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Figure 2.4 Coefficient of thermal expansion of G-90 as a function of temperature
(data obtained from Koo and Ho [14]).

2.2 Morphological Analyses of Selective Raw G-90 Graphite Material and the
G-90 Graphite Material

G-90 graphite material used by Koo and Ho [14] in Section 2.1.1 consists of six raw
materials, pitch, oil, stearic acid (C18H36O2), graphite flour, thermax, and rein/furfural
mix, as shown in Figure 2.5. Using a proprietary processing procedure plotted in
Figure 2.6, G-90 graphite material can be manufactured. Morphological analyses
were performed on pitch, thermax, and graphite flour flake, as well as x, y and z
orientations of the G-90 graphite, using scanning electron microscope (SEM) analysis
in order to obtain detailed understanding of the raw materials.

8

Figure 2.5 Raw materials of G-90 graphite being processed to G-90 graphite material.
(modified after Koo and Ho[14]).

The SEM is a microscope that uses electrons instead of light to form a magnified
image. A high-energy beam of electrons is produced at the top of the microscope by
an electron gun. The electron beam then travels a vertical path down toward the
sample, which is held within a vacuum environment. The vacuum environment
enables the stability of the beam source since gases could react with the electron
source, causing the electrons in the beam to ionize. Once the beam hits the sample,
other electrons (back-scattered or secondary) are ejected from the sample. Detectors
then collect these secondary or back-scattered electrons, and convert them to a signal
that is sent to a viewing screen, producing a magnified image of the sample.
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Figure 2.6 Generic processing flow diagram of manufacturing G-90 graphite (after
Koo and Ho [14]).

2.2.1 Results and discussion

SEM micrographs of pitch and Thermax particles in different magnification scales are
shown in Figure 2.7. The Thermax particles shown in Figure 2.7 (c) and (d) are
almost spherical with diameters about 300 to 500 nm. Figure 2.8 shows three groups
of graphite flour flakes examined in different magnification scales under SEM. The
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graphite flour flakes shown in Figure 2.8 (a) and (b) are in irregular rod-shapes (about
10 µm in diameter) and stacks of graphite sheets (> 10 µm). Figure 2.8 (c) and (d)
further reveal the rod-like graphite has a diameter of 10 µm with a length of about 60
µm and stacks of graphite sheets. Figure 2.8 (e) and (f) clearly depict stacks of
graphite sheets in these graphite flour III flakes.
Figure 2.9 shows a small cube of G-90 graphite with dimensions of 1 cm by 1cm
by 1cm, cut from the G-90 graphite rod. The relative orientations and the
corresponding XY, XZ, and YZ planes at the surface are also presented in the same
figure. Figure 2.10 shows SEM micrographs of the G-90 cube at each coordinate
surface with magnification scale of 30kX. Note that micron-sized graphite flake
sheets can be clearly observed in each plane, indicating the homogeneity of the G-90
material.

(a) Pitch:10kX

(b) Pitch: 20kX

(c) Thermax: 83kX
(d) Thermax: 150kX
Figure 2.7 SEM micrographs of raw materials pitch and thermax in different
magnification scales (after Koo and Ho[14]).
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(a) Graphite flour-I: 6 kX

(b) Graphite flour-I: 20 kX

(c) Graphite flour-II: 5 kX

(d) Graphite flour-II: 20 kX

(e) Graphite flour-III: 30 kX
(f) Graphite flour-III: 106 kX
Figure 2.8 SEM micrographs of three groups of graphite flour in different
magnification scales (after Koo and Ho[14])
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Figure 2.9 Orientation of G-90 graphite rod and corresponding planes (modified from
Koo and Ho[14]).

(a) XY plane: 30kX

(b) YZ plane: 30kX

(c) XZ plane: 30kX
Figure 2.10 SEM micrographs of G-90 graphite cube at each coordinate plane (after
Koo and Ho[14]).
13

2.3 Morphological Analyses of Post-Test C-C Composite Material

A 3-D Cartesian Block C2XEBWCC carbon-carbon (C-C) composite material
supplied by ATK Propulsion Systems was used for the instrumental solid-propellant
motor (ISPM) as nozzle material in several motor firings at the Pennsylvania State
University [4]. A detailed discussion of the ISPM test rig is presented later in Chapter
4. Table 2.1 summarizes test firings conditions using both metallized (propellant M)
and non-metallized (propellant S) propellants conducted at the Pennsylvania State
University. Corresponding initial and final throat diameters, and erosion data for each
motor firing are also listed in this table. A series of SEM analyses were conducted on
post-test specimens of these six motor firings are shown here.
Table 2.1 Summary of ISPM motor firing conditions and erosion data.
Propellant M

Pc [psia]

dth,i [in]

dth,f [in]

Erosion [in]

ISPM-30

4000

0.3065

0.3820

0.1087

ISPM-44

5000

0.2844

0.4370

0.1526

ISPM-46

5000

0.2828

0.4270

0.1442

Propellant S

Pc [psia]

dth,i [in]

dth,f [in]

Erosion [in]

ISPM-28

4000

0.3213

0.4300

0.1087

ISPM-37

5000

0.3143

0.4080

0.0937

ISPM-45

5000

0.3062

0.4720

0.1658

2.3.1 Results and discussion

Top view and side view of the post-test C-C specimens of the six motor firings are
shown in Figure 2.11 and Figure 2.12, respectively. The erosion patterns of these six
post-test specimens are very different. A closer examination of the top surface views
of these specimens reveals that ISPM-30, ISPM-44, ISMP-28, and ISMP-45 have the
same cross-pattern, whereas ISPM-46 and ISPM-37 have the lateral-pattern.
Smoother erosion contours were observed in ISPM-37 and ISPM-46 firings when the
side views of the six post-test specimens were closely examined.

14

30

44

46

28

37

45

Figure 2.11 Top view of six post-test C-C composite specimens (modified from Koo
and Ho[14]).

30

28

44

37

46

45

Figure 2.12 Side view of six post-test C-C composite specimens (modified from Koo
and Ho[14]).
SEM analyses were also conducted on top surfaces and cross-sections of the
post-test C-C composite specimens. Three progressive magnifications of the SEM
micrographs were selected at the locations of top and side surfaces of post-test C-C
specimens, as shown Figure 2.13.
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Top View
Location 1
Location 2
Location 3

Figure 2.13 Locations of SEM analyses of post-test specimens from top and side views
(modified from Koo and Ho[14]).

(a) ISPM-30: 108 X

(b) ISPM-30: 309 X

(c) ISPM-30: 848 X
Figure 2.14 SEM micrographs of ISPM-30 specimen at top surface (after Koo and
Ho[14]).
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As a representative SEM analyses, Figure 2.14 shows the top view of ISPM-30
specimen in progressive magnifications. Polymer degradation and a small amount of
carbon fibers were visible on the top surface of the ISPM-30 specimen.
Figure 2.15 shows the top view of ISPM-44 specimen in progressive magnifications.
This specimen has the most severe erosion for the propellant M motor firings. Thus,
polymer degradation and large amount of carbon fibers are clearly visible on the
surface.

(a) ISPM-44: 32 X

(b) ISPM-44: 79 X

(c) ISPM-44: 1.13 kX
Figure 2.15 SEM micrographs of ISPM-30 specimen at top surface (after Koo and
Ho[14]).
Figure 5.1 shows the top views of ISPM-37 specimen in progressive
magnifications. Since the specimen has the least amount of erosion, it is reasonable
that only a small amount of carbon fibers are visible on the surface. Figure 2.17
shows the top views of ISPM-45 specimen in progressive magnifications. This
specimen is subjected to highest degree of erosion for the propellant S firings; as a
result large amounts of carbon fibers on the surface were exposed due to erosion of
the carbon matrix.
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(a) ISPM-37: 122 X

(b) ISPM-37: 313 X

(c) ISPM-37: 1.15 kX
Figure 2.16 SEM micrographs of ISPM-37 specimen at top surface (after Koo and
Ho[14]).
Figure 2.18 shows the side views of ISPM-30 specimen at location 1 in progressive
magnifications. Similar to the top views of the same firing, only a small amount of
carbon fibers are visible on the surface. Figure 2.19 shows the side views at location 2
for the same specimen. Degradation of the ISPM-30 specimen was not observed at
either location 2 or at location 3, suggesting that the thermal wave didn’t penetrate
into locations 2 and 3 for this motor firing.
Figure 4.6 shows the side views of ISPM-45 specimen at location 1 in progressive
magnifications. This specimen suffers the highest amount of erosion for the
Propellant S test firings, hence a large amount of carbon fibers were visible in
location 1. Figure 4.7 shows the side views of the ISPM-45 specimen at location 2.
Small amount of polymer degradation of the ISPM-45 specimen was observed,
indicating that thermal wave may have penetrated to location 2 during the ISPM-45
motor firing. At furthest location away from the surface (location 3), the specimen
still shows no polymer degradation.
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(a) ISPM-45: 23 X

(b) ISPM-45: 249 X

(c) ISPM-45: 1.17 kX
Figure 2.17 SEM micrographs of ISPM-45 specimen at top surface (after Koo and
Ho[14]).

(a) ISPM-30: 225 X
(b) ISPM-30: 882 X
Figure 2.18 SEM micrographs of ISPM-30 specimen from side surface at location 1
(after Koo and Ho[14]).

19

(a) ISPM-30: 158 X
(b) ISPM-30: 1.04 kX
Figure 2.19 SEM micrographs of ISPM-30 specimen from side surface at location 2
(after Koo and Ho[14]).

(a) ISPM-45: 37 X
(b) ISPM-45: 207 X
Figure 2.20 SEM micrographs of ISPM-45 specimen from side surface at location 1
(after Koo and Ho[14]).

(a) ISPM-45: 258 X
(b) ISPM-45: 837 X
Figure 2.21 SEM micrographs of ISPM-45 specimen from side surface at location 2
(after Koo and Ho[14]).
From these microstructural SEM analyses performed on the top and side views of
the post-test C-C specimens for six motor firings, it can be clearly seen that carbon
20

matrix burned out for the specimens that experienced higher erosion while no carbon
matrix burned out was observed for specimens that experienced lower erosion.
Cross-sectional SEM analyses have helped to determine how deep the thermal wave
may penetrate into the C-C composite specimens. The thermal wave penetrated
deeper for high erosion specimens than the low erosion specimens as expected. From
the SEM analysis, it can be concluded that both pressure and propellant composition
have significant effects on overall erosion rate, and thus these two factors are
worthwhile to be investigated.
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Chapter 3
Heterogeneous and Gas-Phase Kinetics Measurements at High
Pressure and High Temperature Conditions
3.1 Heterogeneous Reaction Kinetics of Graphite Oxidation

Post-combustion product gases (e.g., CO2 and H2O) from the combustion chamber of
a rocket have been proved to react with the inner surface of the rocket nozzle. The
high pressure and temperature conditions during motor firings increase the reactivity
between the nozzle material and the gaseous oxidizing species, thereby leading to
regression of the nozzle surface and significantly affecting the rocket performance.
Thus, it is critical to investigate these heterogeneous reaction kinetics in order to
understand their effects on erosion mechanism and design an optimum future rocket
that can operate at increased pressure environments.
In the study of graphite nozzle erosion using both metallized propellant (propellant
M) and non-metallized propellant (propellant S), Acharya and Kuo [6] have
conducted extensive literature survey to investigate the reactions of graphite with
various gaseous species found in combustion products of both propellants. The mole
fractions of H2O and CO2 are lower in propellant M than those of propellant S due to
formation of Al2O3 in case of propellant M. Water vapor was found to be the most
important oxidizing species for both propellants, followed by the second important
OH radical. Equation (2) shows the Arrhenius expression provided by Libby and
Blake [15-16] for the reaction rate of C(s) with H2O and CO2. They considered the
specific reaction rates to be equal for both reactions (global heterogeneous reactions)
and the reactions of graphite with gas-phase radical species were not taken into
account.

rj 

 E 
exp   a , s 
c
 RuTs 

As Pj
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(2)

where As is the preexponential factor, c is the density of graphite, Ea,s is the
activation energy, Ru is the universal gas constant, Ts is the surface temperature, Pj is
the partial pressure of the jth oxidizer.
The activation energy and the preexponential factor in the above case are 41.9
kcal/mol and 2470 kg/(m2·s·atm), respectively. However, Golovina [17] reported the
values to be 40 kcal/mol and 158 kg/(m2·s·atm), respectively.
The semi-global heterogeneous reaction kinetics parameters determined by various
researchers are summarized in Table 3.1 [6]. Reactions 2 and 5-8 in Table 3.1 are
least important in the overall heterogeneous reaction mechanism since combustion
products of both propellant S and propellant M contain only small mole fraction of O
radical and O2 compared to other oxidizing species. The reaction-rate constant in the
generalized Arrhenius form is given as:

k j  As , jT

j

 E 
exp   a , s 
 RuTs 

(3)

Then the kinetic-limited erosion rate of graphite can be written as follows:

rc ,ch 

1

c

N

 k  P
j 1

j

k

k

(4)

k

where k represents stoichiometric coefficient in the kth chemical reaction.
Acharya and Kuo [6] have examined the reaction rate parameters proposed by
the multiple oxidizing species (MOS) scheme for graphite reaction with OH and they
also compared the graphite nozzle erosion results predicted by MOS with a modified
MOS (MMOS) by changing the temperature exponent value given by Neoh et al. [18].
The reaction kinetics studies of Hurt and Haynes [19] and Sendt and Haynes [20] are
only suitable for relatively low temperatures in comparison with the graphite nozzle
surface temperature (about 2500 K). The modeling work of Acharya and Kuo have
been limited to semi-global heterogeneous reaction mechanism between condensed
phase carbon and oxidizing species, similar to those used by Bradley et al. [21], due
to available chemical kinetics parameters were obtained by considering reactions of
carbon with only single gaseous species and not in a multi-species environment like
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the one present in the rocket nozzle. Justification for removing chlorine from the
kinetic scheme can be made from the studies by Freedman [22], Gonzalez et al. [23],
and Henning [24].
In the study by Freedman [22], the basal plane of graphite was exposed to beams of
atomic and molecular fluorine and chlorine in an ultra-high vacuum environment.
X-ray photoelectron spectroscopy (XPS) and low-energy electron diffraction
techniques were used to describe the chemistry involved. The carbon 1s XPS spectra
of the halogenated highly ordered pyrolytic graphite (HOPG) graphite basal plane,
which have been exposed to atomic chlorine, were compared to those of annealed
samples of graphite. It was found that both XPS spectra were identical to each other,
implying that exposure of the HOPG substrates to molecular chlorine produced no
evidence of any uptake of chlorine. Additionally, only an extremely small quantity of
chlorine could be measured by monitoring the 2p peak of Cl. This small quantity of
adsorbed chlorine could be attributed to the presence of edge planes exposed during
the cleaving process since the edge plane of graphite is much more reactive than the
basal plane. Combination of steric and energetic factors explained the low reactivity
of the infinite 2-D ring structured graphite basal plane to chlorine (and fluorine). On
the other hand, the edge (prism) plane of graphite containing dangling bonds, are
readily available for reaction.
Gonzalez and coworkers [23] studied the oxidation reaction of carbon black,
sucrose carbon, and graphite in the presence of chlorine by thermal analysis
(thermogravimeteric analysis, TGA; and differential thermal analysis, DTA). Heating
in chlorine caused different degrees of mass increase in each of the three carbons. The
mass increase is ascribed to physisorption and chemisorption of chlorine on the
carbon surface. Results showed that graphite exhibited the smallest mass gain (0.5%)
of all three carbons. The chlorine uptake by graphite is due to the joint effect of
physisorption at low temperatures (473–573 K) and chemisorption (above 673 K). It
was also shown that the oxygen uptake by graphite does not change in the presence of
chlorine and vice versa. Inhibiting effect due to presence of chlorine on burning of the
carbons was weakest in graphite. Oxidation in the absence of chlorine started at 933
K for graphite. When chlorine was present in the gaseous phase, oxidation started at
1043 K. However, this difference in the oxidation temperature is irrelevant because
the nozzle surface temperatures are going to be much higher than 1043 K in current
rocket applications.
Henning [24] also suggested that chlorine reacts with graphite at low temperatures
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only. The graphite sample used was pitch-bonded graphite brominated in a carbon
tetrachloride solution of bromine and it was suspended in liquid chlorine at -33°C.
After three days the electrical resistance of the graphite sample decreases only by 0.1
Ω. The reaction was even slower in the vapor phase. Based upon these studies, it can
be concluded that the reaction of graphite with Cl is negligible and the presence of Cl
atoms in the vicinity of the nozzle surface does not affect graphite reactions with
other oxidizing species.
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Table 3.1 Heterogeneous reaction-rate constants for nonporous graphite (modified from Acharya and Kuo [6])

Reference

Temperature
Range (K)

Reaction Rate Parameters kj (kg m-2 s-1 atm.-1)

Reaction Rate Rj

Reaction
j

As,,j

j

Ea, s, j kcal/mol)

(kg·m-2·s-1)

Neoh et al. [18]

1575-1685

C(s)+OHCO+H

1

-0.5

361 kg·K0.5·m-2·s-1·atm-1

0.0

R1  k1 POH

Rosner and Allendorf [25]

1100-2100

C(s)+OCO

2

-0.5

665.5 kg·K0.5·m-2·s-1·atm-1

0.0

R2  k2 PO

Bonnetain and Hoynant [26]

800-2500

C(s)+H2OCO+H2 3a,b

0.0

4.80×105 kg·m-2·s-1·atm-0.5

68.8

R3  k3 PH0.5
2O

Bonnetain and Hoynant [26]

800-2500

C(s)+CO22CO

4a,c

0.0

9.00×103 kg·m-2·s-1·atm-0.5

68.1

0.5
R4  k4 PCO
2

5

0.0

2.40×103 kg·m-2·s-1·atm-1

30.0

Nagle and
Strickland-Constable [27]

Modified reaction 1 (with OH)
in MMOS

1273-2273

1575-1685

-1

6

0.0

21.3 ×10 atm

-4.1

7

0.0

0.535 kg·m-2·s-1·atm-1

15.2

8

0.0

1.81×107

97.0

1

-0.62

C(s)+½O2CO

C(s)+OHCO+H

3

kg·m-2·s-1

100 kg·K0.62·m-2·s-1·atm-1

0.0

R5 

k5 PO2 Y
1  k6 PO2

 k7 PO2 1  Y 


k
Y  1  8
 k7 PO2





1

R1  k1POH

a
The Arrhenius form of reactions 3 and 4 are from least square regression, taken over all the intrinsic reactivities of various carbons. The data are corrected to 1 atm and an order of reaction of 0.5 was
chosen.
b

The data for reaction 3 were taken from [26-31]. The highest and lowest values differed only by a factor of 2 from the Arrhenius form.

c
The data for reaction 4 were taken from [19-24, 26, 28-29, 32]. The highest and lowest values differed only by a factor of 2 from the Arrhenius form.
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Bradley et al. [21] conducted a study on oxidation of graphite power in a flat,
laminar methane-air flame burner at low pressure and fuel-lean conditions The
velocity of the gas flow was measured by using laser Doppler velocimetry (LDV)
technique. The size distribution of fine graphite particles was also obtained from the
same Doppler system. Rate of burning of graphite at different positions of the flame
can be calculated from such measurements along with those of particle concentration.
Diffusive fluxes of the various species from free stream to particle surfaces were also
calculated to confirm the elimination of the diffusion-limited reaction kinetics. For
1-D flow analysis, the volumetric graphite burning rate (with unit kg  m 3  s -1 ) can
be derived from the equation given below:

 c  

d  u c 
dx

(5)

where c is the graphite density per unit volume, and u c denotes graphite mass
flux.
It is clear that the graphite reaction with the flame gases is greatest in the main
reaction zone, as depicted in Figure 3.1. Their experimental results showed that the
concentrations of CO2, O2, and H2O do not decrease significantly in the post-flame
region, indicating that the graphite particles were oxidized by free radicals such as O,
H, or OH. Furthermore, conclusion was made that OH and O are probably the
dominant oxidizing species in regards to graphite oxidation. Bradley et al [21] also
pointed out the possibility of recombination of flame radicals on the particle surface.
According to Mulcahy and Young [33], graphite serves as an efficient catalyst for the
reaction H+OH  H 2 O at room temperature. They found that when H atoms are
present, the recombination reaction is several times faster than oxidation of graphite
by OH. However, these studies were conducted in relatively low temperature or
pressure conditions, which is not sufficient to account for the kinetics occurring under
current rocket motor operating conditions.
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Figure 3.1 Measured particle and gas temperatures, along with derived graphite
burning and heat release rates (after Bradley et al. [21]).

Heterogeneous reactions between C(s) and CO2, and C(s) and H2O are key reactions
that occur between the post-combustion exhaust gases and the graphite rocket nozzle.
H2O and CO2 are two major oxidizing species found in significant amounts in the
rocket exhaust [34]. Therefore, the homogeneous gas phase water-gas shift reaction
(WGSR), given in Eq. (6), also plays an essential role in the oxidation mechanism of
C(s).
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kf



CO+H 2O 
 CO2 +H 2
k
b

(6)

The WGSR has been studied in prior work [35-37], primarily focusing on
synthetic-gas combustion [35-36] or catalysis for fuel cell research [37]. The work by
Graven and Long [38] appear to be the first non-catalytic detailed study on the
water-gas shift reaction. They studied the WGSR in both forward and backward
directions using a quartz vessel at 875-1075 °C and 0.1MPa and with reaction times
of 0.5s. Their experiments were used to derive the order of the reaction with respect
to CO and H2O as well as overall rate parameters and the equilibrium constant for the
WGSR .Hadman et al. [39], Bradford [40], and Long and Sykes [41] focused on the
WGSR as part of their studies on CO oxidation in the presence of water.
Recently Bustamante and co-workers [35-36] performed non-catalytic experiments
in a quartz reactor on both the forward and reverse WGSR at temperatures from
1030-1174 K and at pressures of 1.6 MPa. Their study also involved experiments
performed in the presence of catalysts. Their experiments are consistent with the
experiments by Graven and Long [38] regarding to the order of the reaction, despite
there exists differences in the derived rate parameters. Moreover, studies by
Bustamante et al. [36] match the experiments by Graven and Long [38] at low
pressures (0.1 MPa), but show deviations by half an order of magnitude at higher
pressures (1.6 MPa).
However, none of the aforementioned WGSR studies were conducted in the
elevated pressure and temperature environment. There exists no high pressure
non-catalytic thermal experiment on the water-gas shift reaction until Culbertson et al.
[42] have performed experiments using high pressure shock tube on the homogeneous
gas phase reaction between CO and H2O, with temperatures ranging from 1200-2100
K, and pressures ranging from 194-490 atm. Their experiments were performed
behind the reflected shock wave with varying amounts of the initial reactants CO and
H2O, with mole fractions ranging from 115-983 ppm. Experiments have also been
performed with H2 added in the CO-H2O mixtures. They have used a comprehensive
CO oxidation model recently developed by Sivaramakrishnan et al. [43] to simulate
the experimental data. The experimental data has been used to obtain global rate
coefficients which are essential for incorporating into a heterogeneous chemical
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kinetic model for graphite erosion.
A simplified four-step mechanism similar to the Bradford mechanism [40] was also
developed with updated rate coefficients:

k

f


H 2O+M 
 H+OH+M
k

(7)

b

kf



CO+OH 
 H+CO2
k

(8)

b

kf



H 2O+H 
 OH+H 2
k

(9)

b

kf



H+H+M 
 H2  M
k

(10)

b

Then the overall WGSR in Eq. (6) is obtained from summation of all four reactions
given above. The global rate of CO2 formation or CO consumption is given by:

r

d  CO
dt



d  CO2 
dt

 k  CO

0.5

 H 2 O

(11)

where k is the global reaction rate constant and can be calculated from Eq. (11) by
measuring the initial and final concentrations of the reactants and products, along
with the reaction time of each shock.
The experimental study of Culbertson et al. [42] in the high pressure shock tube
suggested that the reaction rate coefficient is:

d  CO2 
dt

0.5
 80000 
 7.7 1045 T 10 exp  
  CO  H 2O
 RT 
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(12)

Although the experimental temperatures in the study Culbertson et al. [42] do not
quite reach the extreme levels observed in modern rocket motors, these higher
temperature experiments are still important in finding a temperature dependence on
WGSR that was not observed before.
Culbertson and Brezinsky [44] at the University of Illinois at Chicago (UIC)
conducted a series of shock tube experiments (with post-shock pressure ranging from
40 to 412 atm, temperatures ranging between 1404 and 2534 K) to examine the
heterogeneous reaction kinetics of solid carbon with gaseous carbon dioxide and
steam, as shown in Eqs. (13) and (14). Detailed description of the shock tube and its
operation can be found in the paper of Tranter et al. [45]. A particle injector was
designed and characterized specifically for these heterogeneous reactions experiments.
The carbon particles (carbon black, supplied by CABOT) were injected into the shock
tube containing mixtures of varying concentrations of H2O and CO2 in Ar as balance.

k1
C s  +CO2 
 2CO

(13)

k2
C s  +H 2 O 
 CO+H 2

(14)

where k1 and k2 are reaction rate constants.
Equation (15) shows the rate constant was calculated by using the concentration
change of CO2 in C(s)-CO2 experiments, whereas H2 production was used to calculate
the rate constant in C(s)-H2O reactions.

ki  MWc

d  CO 2  Vc 1
dt as mc Pi n

(15)

where MWc is the molecular weight of the carbon, Vc is the volume of reaction, as is
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the particle specific surface area, mc is mass of carbon, Pi is the initial pressure of
CO2 or H2O in the reactant mixture, and n is the order of oxidizer pressure
dependence.
The reaction rate constants for heterogeneous reactions of carbon with carbon
dioxide and steam were plotted as a function of temperature, as shown in Figure 3.2.
Observation can be made that the reaction rate constant increases with temperature at
lower temperatures and appears to level off at higher temperatures. Also, the
calculated results from Golovina [17] matches closest to the shock tube data.

Figure 3.2 Reaction rate coefficients as a function of temperature. (■) 412 atm, 2392
ppm CO2, (●) 406 atm, 1109 ppm CO2, (□) 248 atm, 2107 ppm CO2, (○) 256 atm,
1018 ppm CO2, (open rectangle) 268 atm, 501 ppm CO2, (  ) 40 atm, 2226 ppm CO2,
(▼) 386 atm, 471 ppm H2O, (tilted solid triangle) 347 atm, 239 ppm H2O, (  ) 205 atm,
994 ppm H2O, (tilted open triangle) 213 atm, 471 ppm H2O, (───) Arrhenius fit to
data, (·······)Libby and Blake kinetics [16], (- - -) Golovina kinetics [17], and (    )
Bradley kinetics [21] (after Culbertson and Brezinsky [44]).
Golovina [17] attributed the leveling off of the rate constants at high temperatures
to site coverage changing with temperature. However, Culbertson and Brezinsky
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suggested the presence of a diffusion limitation to be the factor by conducting a
diffusion analysis. It can be assumed that the data are not affected by diffusion if the
experimental data falls below Mear’s criterion [46] given as follows:



rA n

kc Cox,b  b Ru

 0.15

(16)

where rA is the experimentally measured reaction rate, n is the order of pressure
dependence of the oxidizing species, kc Cox,b is the diffusion rate, and  b is the
bulk density of carbon particles.
At lower temperatures where chemistry dominates the reaction, it was found that
the oxidizer pressure dependence was 0.5 for both C(s)-CO2 and C(s)-H2O reactions.
The rate constants for these two heterogeneous were found to be equal and can be
represented by:

 41000 
k  6.11102 exp  

RT 


kg  m-2  s-1  atm-0.5

(17)

where this reaction rate constant is applicable for temperature ranging from 1400 to
2000 K.
3.2 Heterogeneous Reaction Kinetics of Tungsten Oxidation
3.2.1 Tungsten oxidation kinetics studies with CO and CO2

Besides graphite material, refractory materials such as Tungsten (W), is also a
primary constituent of current rocket motor surfaces. Therefore, it plays a crucial role
in the rocket nozzle erosion mechanism and requires thorough investigation of
heterogeneous reaction of tungsten by post-combustion oxidizing species. There
exists several studies relevant to heterogeneous reaction kinetics of tungsten with
molecular oxygen to date. However, less work has been done with compounds like
CO2 [47-48], H2O [49-52], O [53], or nitrogen containing compounds [54]. Sabourin
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and Yetter [7] recently examined the high-temperature (1300-1700 °C) heterogeneous
reaction rates of bulk tungsten using thermogravimetric analysis in presence of
oxygen (O2), carbon dioxide (CO2), and carbon monoxide (CO).
The reaction rate at lower system pressures can be described by the Arrhenius
equation below:

ki T , P   Ai  exp   Ei Ru  Ts   Pi ni

(18)

where k is the reaction rate, A is the preexponential factor, E is the activation energy,
Ru is the universal gas constant, Ts is the tungsten surface temperature, P is the
oxidizier partial pressure, n is a pressure exponent, and subscript i represents the
oxidizer species.
The oxidation kinetics of bulk tungsten were obtained isothermally using a
thermogravimetric analyzer (TGA) shown in Figure 3.3. The heterogeneous reaction
rates were determined by the slope of the tungsten sample mass loss curve over time
(dm/dt). Only the kinetics-limited reactions are considered in their work. Diffusion
limited reactions were eliminated or reduced to negligible levels in the TGA by using
high flow rates. In order to determine the required flow rate to reach kinetically
limited conditions, oxidizer concentration and temperature were kept constant while
increasing flow rate. When tungsten erosion rate becomes independent of flow rate,
then the kinetically limited conditions is reached.
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Figure 3.3 Schematic of TGA used for determination of heterogeneous reaction
kinetics (after Sabourin and Yetter [7]).
The W-O2 and W-CO2 oxidation kinetics studied by previous researchers are
summarized in Table 3.2 and Table 3.3, respectively [7]. However, many of the
studies considered either low temperatures or static flow condition. Among those
studies listed in Table 3.2, Walsh et al. [55] is the only study used high flow rates to
remove diffusion limited reactions at very high temperatures and their calculated
activation energy (23 kcal/mol) matches nearly exact the results by Sabourin and
Yetter [7] (23.5 kcal/mol). Note that the study by Harvey listed in Table 3.3 involves
only diffusion limited reactions. A refined analytic model of W-O2 reaction kinetics at
temperatures ranging from 1572-1875 K is shown in Eq. (19).
nO2
  EO2 
kO2  AO2  exp 
   PO2 
 Ru  Ts 

kcal 

23.5

mol
of
W
mol    P  0.89
 3.8 104
 exp 
  O2 
2
0.89
cm  s  torr
 Ru  Ts 
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(19)

It can be concluded from the pressure exponent of near unity that the reaction rate
is nearly proportional to the collision frequency of oxygen molecules with the bulk
tungsten surface, and is not rate limited by the volatile oxides, or O2 dissociation at
the surface.
Another analytic kinetic model for tungsten oxidation by CO2 developed by
Sabourin and Yetter [7], is given in Eq. (20).
nCO2
  ECO2 
kCO2  ACO2  exp 
   PCO2 
 Ru  Ts 
kcal 

0.6
 64 mol 
mol of W
 0.285 2
 exp 
   PCO2 
0.67
cm  s  torr
 Ru  Ts 



(20)

Note that the pressure exponent of 0.6 is much less than unity, indicating a desorption
or dissociation limited reaction.
Based on previous literature, tungsten oxidation was not found with carbon
monoxide alone. Although there is no measurable oxidation of tungsten with carbon
monoxide using TGA, CO was found to affect oxidation rates of CO2 significantly, as
observed previously by other researchers [47, 56]. Equation (21) is the empirical
correlation for the W-CO2 oxidation rate with addition of CO.

  ECO2
kCO2 /CO  ACO2  exp 
 Ru  Ts



nCO2

3.574
11
 PPCO 
   PCO2   exp    2.194  10  T

CO 2 



(21)

The heterogeneous kinetics predicted by the correlation in Eq. (21) are compared with
the experimental data, as shown in Figure 3.4. It is apparent that the correlation makes
well predictions on the oxidation kinetic rates of tungsten.
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Figure 3.4 Effect of CO addition on the CO2 oxidation rates of tungsten. Solid and
dashed lines are empirical correlation given in Eq. (21) (after Sabourin and Yetter
[7]).
Figure 3.5 indicates that W-CO2 reaction rates are considerably affected by CO
even at lower CO/CO2 ratios, illustrating a temperature dependent pattern relating to
CO addition. The reduction in tungsten oxidation rates by adding CO to the system
may be caused by several mechanisms. For instance, CO2 will dissociate into O, O2,
and CO at high temperature conditions. Introduction of CO into a mixture of CO2 will
decrease the levels of dissociation at equilibrium. Additionally, addition of CO will
reduce the net desorption rates of CO from the bulk surface, which in turn decreases
available adsorption or dissociation sites for CO2, in other words, reducing the
reactive sites (surface area) for heterogeneous reaction, as illustrated in Figure 3.6
(i.e., reactive surface sites are reduced or O-atom production is decreased).
Based on the theoretical study involving adsorption of CO2 and CO on a W(111)
surface by Chen et al. [57], the dissociative adsorption reactions 5 and 6 in Figure 3.6
are the most likely cases for poisoning the surface oxidation process. The W-C
bonding at the surface is calculated to be stronger than all other bonds at the surface,
thereby reducing the available surface for oxidation due to its highly resistance to
desorption or surface diffusion.
It can be concluded that oxygen is more efficient oxidizer than CO2 with slower
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kinetics, as shown in Figure 1.1. Both O2 and CO2 are found to oxidize bulk tungsten
at high rates, forming volatile oxides and generating a linear mass loss of bulk
material at constant pressure and temperature conditions. Carbon monoxide does not
oxidize tungsten to a volatile oxide, however, the overall recession rates are greatly
reduced when CO is added to a constant CO2 concentration mixture.

Figure 3.5 Reduction in tungsten oxidation rate by CO2 as function of CO:CO2 ratio
(after Sabourin and Yetter [7]).
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Table 3.2 Summary of previous W-O2 high temperature kinetics studies (modified from Sabourin and Yetter [7])

Reference

Baur et al. [58]

System pressure

System Temperature

Partial O2

(torr)

(°C)

pressure (torr)

1107–1627

1034-25,840

assumed =

PO2

Experimental method

TGA (∆m/∆t), static flow furnace

E
(kcal/mol)
48

Pressure
exponent

Remarks

(n)
---

WO2 and WO3 products found
Rate

Gulbransen and Andrew

limited

by

WO3

volatility,

< 760
[59]

(assumed =

PO2

)

500-1300

1-76

TGA (∆m/∆t), static flow furnace

32.5

---

diffusion of O2 and W3O9 products,
mass loss @ T > 1200 °C

Perkins and Crooks [60]

Above 1750°C the reverse reaction rate
0.21-8.4

31.5

0.62

(1300-1750

(1300-1750

°C )

°C )

Surface recession (∆x/∆t), static
1-40

1300-3000

(assuming 21 % O2

(dissociation
becomes

flow, resistively heated sample

in air)

of

WO3

important

on

and

surface)
decreases

reaction rate
Gulbransen et al. [61]

assumed =

PO2

1150-1615

2-100

TGA (∆m/∆t), static flow furnace

14.3

1.1

~13 % of O2 molecules colliding w/
surface react (i.e., sticking factor=0.13)

Bartlett [62]

Above 2000 °C reaction probabilities
were 0.06 @ all pressures and reaction
< 760
(assumed =

Surface recession (∆x/∆t),

PO2 )

1320-3170

0.00076-760
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0.55-0.8

rate was independent of T, multilayer

resistively heated sample
kinetic process suggested forming WO2
and WO3

Walsh et al. [55]
0.11-11.5
2-11.1 (static)

1727-3027

Surface recession [∆(xf-xi)/∆t], high
velocity jet impingement,

Diffusion limited rates found at highest
23

---

(stagnation)

temperatures
inductively heated sample

Harvey [63]
600

2177-2927

0.012-0.09

Mass change [∆(mf-mi)/∆t], static

Reaction rates at constant O2 partial
---

1.10-1.35

pressure decreased w/ increasing T in

flow, resistively heated sample
this diffusion limited system
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Table 3.3 Summary of previous W-CO2 high temperature kinetics studies (modified from Sabourin and Yetter [7])

Reference

System pressure

System Temperature

Partial O2

(torr)

(°C)

pressure (torr)

Experimental method

E
(kcal/mol)

Pressure
exponent

Remarks

(n)
Diffusion limited rates found at high

Surface recession [∆(xf-xi)/∆t], high
Walsh et al. [47]

300 (static)

1927-3027

20-337 (stagnation)

velocity jet impingement,

temperatures (> 2377 °C), small CO
79

0.88
additions

showed

depressed

rates,

inductively heated sample
overall rates much less than O2

Harvey [48]

600

2177-2927

0.0162-0.097

Mass change [∆(mf-mi)/∆t], static
flow, resistively heated sample

40

---

0.78-1.18

Diffusion limited rates found throughout

Figure 3.6 Surface mechanisms containing CO which may affect oxidation rates (after
Sabourin and Yetter [7]).

Figure 3.7 Estimation of kinetically limited corrosion rates of a tungsten nozzle due to
individual oxidizing species (modified from Sabourin and Yetter [7]).
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3.2.2 Tungsten oxidation kinetics studies with H2O
Tungsten (W) based nozzle inserts are used nowadays and will be considered in the
future rocket system due to its high melting temperature (3695K) [64]. The chemical
erosion (corrosion) of the nozzle surface, which is the dominant erosion mechanism
of tungsten, is associated with the chemical attack of the combustion product gases
and/or particles. Therefore, understanding the heterogeneous oxidation reaction
processes at high temperatures is one of the critical factors in modeling rocket motor
nozzles.
Sabourin and Yetter [8] conducted experiments on the heterogeneous oxidation of
bulk tungsten using the TGA (see Figure 3.8) at constant pressure of 1atm, H2O
partial pressures ranging from 7.6 to 25.8 torr, and temperatures ranging from 1100 to
1700 °C . The emphasis of their work was on W-H2O reaction, therefore a H2-O2 flow
reactor was attached to the TGA used in previous studies [7]. The flow reactor
equivalence ratio of 1.2 (H2O to H2 ratio of 5:1) was used, and total flow rate of 12
SLPM (standard liters per minute) was set.

Figure 3.8 Schematic of TGA with steam generator attached (after Sabourin and
Yetter [8]).
The oxidation kinetics of tungsten were obtained in the same fashion described in
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earlier [7], by measuring the weight change of the foil sample as a function of time
under isothermal conditions using TGA. During system checkout procedure, it is
required to reach an equivalence ratio slightly greater than unity for the steam
generator to react all O2, as shown in Figure 3.9. Note that the reaction rate increase
rapidly as the equivalence ratio drops below unity mainly due to the presence of
oxygen in the system. As the equivalence ratios increase above unity, the reaction
rates decrease due to presence of H2, inhibiting oxidation rates of tungsten by
blocking the active surface sites. Reaction rates are found to be flow rate independent
using system flow rate between 7 and 15 SLPM (standard liters per minute), which
means tungsten oxidation reactions are kinetically limited.

Figure 3.9 Effect of steam generator operating equivalence ratio on tungsten reaction
rates (after Sabourin and Yetter [8]).
Previous experimental studies pertinent to the kinetics of tungsten and steam
reactions are listed in Table 3.4. The Arrhenius formulation, shown in Eq. (22), was
used to correlate the oxidation kinetics for each study.
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n
 E 
r  A  exp 
   PH2O 
 Ru  T 

(22)

Using the data from the experimental results, an Arrhenius equation of global W-H2O
reaction was developed as shown in Eq. (23).

kcal 

0.83
 51.0 mol 
r  6.595  exp 
   PH2O 
 Ru  T 



(23)

Figure 3.10 was plotted to compare different correlations, indicating that the
reaction rate is inhibited by the presence of hydrogen to some degree The correlation
created in this study produced the lowest rates, while Unal et al. [51] predicted the
fastest rates. Moreover, each of the correlations for W-H2O oxidation rates were
found to lie between W-O2 and W-CO2 oxidation rates, as indicated in Figure 3.11.
To predict the concentrations of the product gases, NASA’s Chemical Equilibrium
with Applications (CEA) program [65] was used. With these information, Eq. (23),
and the correlations developed previously for CO2 and O2 oxidation rates [7], the
kinetically limited nozzle erosion rates of each oxidizer are predicted for conditions
found using CEA, shown in Figure 3.12. Results clearly indicated that H2O is the
dominant oxidizer.
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Table 3.4 Review of Chemical Kinetic Correlations for Steam and Tungsten Reactions
(modified from Sabourin and Yetter [8])

Reference

Kilpatrick and
Lott [50]

Greene and
Finfrock [52]

Unal et al.
[51]

Aspinall [66]

Kinetic Correlation r ,
g/(cm2-s)

Temperature Range,
K

kcal 

 48.9 mol 
6.805  exp 
   PH2O 
R
T

u





1323-1723

kcal 

22.7

mol    P  *
1.137 103  exp 
  H2O 
 Ru  T 



1723-1973

kcal 

 47.2 mol 
1.886  exp 
   PH2O 
 Ru  T 



1073-1623

kcal 

 48.1 mol 
7.595  exp 
   PH2O 
R
T

u





1073-1973

kcal 

 48.0 mol 
10  exp 
   PH2O 
 Ru  T 



1960-2290

†

* Assumed to be derived from diffusion limited reaction rate data.
† Correlation developed by Sabourin and Yetter [8] using data from Aspinall [66].
Tungstic acid [WO2(OH)2] has been shown to be a primary product species of
tungsten oxidation in a hydrogen and oxygen containing system [7]. Because this acid
species contains more oxygen than other oxidation products like WO2 or WO3 [7, 9],
future studies involving the formation of tungstic acid would be beneficial to
understand and quantify the W nozzle erosion.
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Kilpatrick and Lott
Greene and Finfrock
Unal et al.
Aspinall
Sabourin and Yetter

Kilpatrick and Lott
Greene and Finfrock
Unal et al.
Aspinall
Sabourin and Yetter

Figure 3.10 Kinetic correlation comparison for the W-H2O reaction, steam partial
pressures of a) 760 torr and b) 7.6 torr. (modified from Sabourin and Yetter [8])

Figure 3.11 Tungsten reaction rates with various oxidizing gases; CO2 and O2 rates
derived from Sabourin and Yetter [7] (after Sabourin and Yetter [8]).
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`
Figure 3.12 Predicted tungsten nozzle recession rates for kinetically limited erosion
with CO2 and O2 rates derived from Sabourin and Yetter [7] (modified from Sabourin
and Yetter [8]).
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Chapter 4
Experimental Characterization and Diagnostics of Rocket Nozzle
Erosion
4.1 Evaluation of Nozzle Erosion Characteristics Utilizing a Solid Propellant
Motor and a Rocket Motor Simulator
Understanding the processes leading to nozzle erosion at elevated pressures and
temperatures is very important in order to achieve the desired propulsion performance
gains in rockets. Thus, it is crucial to investigate the physicochemical processes of
nozzle erosion and develop methods to mitigate the erosion rate.
Two test rigs in the study of Evans et al. [4] have been utilized to characterize the
erosion process of G-90 grade graphite nozzle material: a solid propellant rocket
motor simulator (RMS) and an instrumented solid propellant motor (ISPM). The
RMS combustor uses non-metallized propellants, which allows for control of
operating pressure, oxidizing species concentrations, and their flow rates. The erosion
process of G-90 graphite was also evaluated in the ISPM using both non-metallized
(propellant S: AP/HTPB composite propellant) and metallized solid propellants
(propellant M: AP/HTPB/Al composite propellant made by NAWC-China Lake).
The RMS is a gaseous-reactant bi-directional vortex combustor [67-68], which can
be used to characterize the nozzle erosion behavior of G-90 graphite by
systematically varying the flow rates and concentrations of simulated combustion
products of non-metallized propellants. The overall assembly of the RMS is shown in
Figure 4.1. Based upon the vortex injection of fuel (CH4 and H2) and oxidizer (O2 and
N2) streams, the bi-directional vortex combustor can provide high stability in the
combustion process. Water (H2O) and hydroxyl radical (OH) are known to be primary
oxidizing species in the graphite nozzle erosion process. The reaction rates between
graphite and CO2 is significantly lower than those of OH and H2O, hence it can be
treated as secondary oxidizing species, based on the kinetic data of Bradley et al. [21].
Other product species such as O2 and O have extremely low mole fractions and
therefore their effects on erosion rate are negligible. In order to determine the
appropriate reactant gas mixtures to closely simulate different RMS operating
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conditions, equilibrium calculations were performed.

Figure 4.1 Schematic diagram of the RMS vortex combustor (after Evans et al. [69]).
The instrumented solid propellant motor is a heavy-walled combustor used to study
the erosion process with both metallized and non-metallized propellants at chamber
pressures up to 48.3 MPa (7,000 psia). For carbon-based G-90 graphite nozzle
material, the erosion tests were performed at nominal pressures up to 20.7 MPa
(3,000 psia). Above this pressure, the graphite will not only encounter severe erosion
process, but is also unlikely to survive the mechanical load under such environment.
Figure 4.2 shows the configurations that have been utilized in the ISPM testing.
Initial testing was conducted using nozzle inlet geometry shown in Figure 4.2 (a).
This nozzle entrance design incorporates nozzle boundary-layer control system
(NBLCS) grains in the entrance piece, which will be discussed in a later section. In
non-metallized propellant motor firing test ISPM-11, when the nominal chamber
pressure reached at 20.7 MPa (3,000 psia), the graphite piece cracked. Evans et al.
suggested that the cracking phenomenon can be attributed to the thermal stress
generated during transient heating of the nozzle assembly.

49

Figure 4.2 Schematic diagrams of instrumented solid-propellant motor with a) initial nozzle entrance section to house the NBLCS and
b) lower Mach number nozzle entrance section (after Evans et al. [4]).

50

To eliminate the concern of geometric influences on measured nozzle throat
erosion rates, the same nozzle assembly was utilized for both the RMS and the ISPM
test rigs. Imaging of the nozzle throat surface throughout the test was captured with
an X-ray radiography system, an image intensifier, and a CCD camera system, and
later processed to determine the throat diameter as a function of time. A power-law
curve fit is then applied to the throat diameter as a function of time to deduce
instantaneous erosion rates through differentiation with respect to time, given in Eq
(24).

d a t
dr
r  t   th 
dt
dt

n

  a  n t

n 1

(24)

Development of erosion rate correlation is highly desirable for predicting erosion
rates in the RMS and the ISPM. A correlation capable of predicting nozzle erosion
rates in the RMS was developed earlier by Evans et al. [69] through measured erosion
rate data. However, an extension of the correlation must be developed, since direct
application of the RMS erosion rate correlation to ISPM data was not possible due to
the swirl flow effects on heat transfer [70]. Using the motor operating conditions and
nozzle geometry parameters, the dimensionless correlation was developed in the form
of Eq. (25) in terms of chamber pressure, effective Reynolds number, effective
oxidizer mass fraction, and two nozzle geometric parameters.

c r
G tot,th

 8.48  Pth 

1.13

 Re

D ,th,eff



0.194

Y

OH,th

 0.058YH2O,th

 r
1.34

curv

 ent



0.326

(25)

where c r is the mass flux from the surface of the nozzle throat, G tot,th is the total

combustion product mass flux though nozzle throat, Pth is the non-dimensional

1

chamber pressure at the nozzle throat, defined as Pth   th uth2  , Re D ,th,eff is the
2

normalized Reynolds number defined as Re D ,th Re D ,ref with Re D ,ref  1 105 ,
rcurv   rcurv rth  is the dimensionless radius of curvature, and  ent is the
dimensionless entrance length.
The correlated results were plotted in Figure 4.3 with 15% accuracy range.
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Although this accuracy level is crude, the absolute error corresponds to a maximum
difference in erosion rate of only 0.05 mm/s (2 mils/s).

1.34
0.194
0.326
c r
1.13
YOH,th  0.058YH 2 O,th
 8.48  Pth 
Re D,th,eff
rcurv  ent
G tot,th







 



Figure 4.3 Comparison of calculated erosion rates from correlation with measured
nozzle-throat erosion rates (modified from Evans et al. [4]).
The pressure exponent in Eq. (25) is nearly unity, suggesting that a nearly linear
increase in the convective heat flux to the nozzle with increasing chamber pressure.
The water mass fraction coefficient has a value less than unity. This represents the
relative importance of effective oxidizers OH and H2O in terms of heterogeneous
reactions with graphite material. The positive exponent of the combined nozzle
geometric parameter in Eq. (25) verifies that the erosion rate is proportional to the
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ratio of the radius of curvature to the radius of the throat and is inversely proportional
to the undisturbed entrance length.
Experimental results of Evans et al. [4] also demonstrate the effectiveness of the
nozzle boundary-layer control system (NBLCS) at operating pressures of around
7MPa and 21 MPa. The measured erosion rates from tests using non-metallized
propellants are also much higher than those using metalized ones. This is mainly due
to the formation of the Al2O3, which will lower the concentrations of the oxidizing
species like OH, H2O, and CO2.
4.2 Rocket Nozzle Erosion Mitigation

In order to upgrade the performance of a rocket propulsion system, the operating
pressure levels of the future rockets will be much higher than the existing ones on the
condition that the unwanted nozzle erosion problem can be solved. The nozzle
boundary-layer control system (NBLCS) currently is considered to be incorporated in
the nozzle configuration in order to compensate for the loss in thrust caused by nozzle
surface erosion.
The NBLCS contains four center-perforated grains of ablative materials made of
succinic acid and polyvinyl acetate (SA/PVA). This design allows a portion of hot
combustion product gases from combustor to travel through the ablative grains, which
in turn causes the ablative materials to evaporate. The relatively low temperature
fuel-rich gases generated from evaporation are injected into an upstream location of
the nozzle throat region (See Figure 4.4). This injection not only helps to reduce the
temperature of the combustion product gases near the throat, but also decreases the
mass fraction of the oxidizing species such as H2O, OH, and CO2, thereby reducing
the nozzle erosion rates of graphite nozzles at high pressures.
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Figure 4.4 Geometry and Mesh in the nozzle boundary-layer control system (after
Acharya and Kuo [10]).
The characterization of the pyrolysis behavior of fuel-rich grains is then required
for quantitative analysis pertaining to the effect of NBLCS on rocket nozzle erosion
rates. To determine the heat flux at the surface of the ablative materials exposed to hot
combustion products, Kuo et al. [71] conducted a set of experiments to measure the
linear surface regression rate of the SA/PVA material. Multiple center-perforated solid
grains of fuel-rich samples consisting of succinic acid (SA) and polyvinyl acetate (PVA)
were used in the system design shown in Figure 4.5.
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Figure 4.5 Schematic diagram of the conductive pyrolysis/evaporation test rig (after
Kuo et al. [71]).
Conductive pyrolysis/evaporation tests were conducted to examine the regression
rate of SA/PVA grain under different heat fluxes, while observing its gasification
process. In the conductive pyrolysis/evaporation tests, a rod-shaped copper slug was
used to transfer thermal energy to the test sample due to its high heat capacity. The
sample regression rate was deduced from the rate of change of instantaneous interface
locations, which was taken from the recorded video images of the test sample. Based
on the heat-flux balance described in Eq. (26), the surface regression rate can be
calculated.


if Ts  Tmelt  low-temperature region 
 frg Cfrg Tmelt  Tref   Lfus  r
"

Qs  
 frg Cfrg Tboil  Tref   Lfus  Lvap  r if Ts  Tboil  high-temperature region  (26)
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Figure 4.6 Measured recession rate variation with the slug temperature for SA/PVA
samples (after Kuo et al. [71]).
Results show that the regression rate decreases considerably in the
intermediate-temperature range between 750 and 800 K. This could be due to the
bubble formation, which will hinder the effective heat transfer rate from the copper
slug to the test sample. Also, from the conduction driven heat-transfer tests, the
surface erosion rate of the SA/PVA sample depends only on the surface heat flux by a
linear relationship as shown in Figure 4.7
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Figure 4.7 Empirical correlation between heat flux and surface regression rate for a
SA/PVA grain (after Kuo et al. [71]).
To observe and quantify any decomposition of SA/PVA grains while subjecting to
rapid heating, confined rapid thermolysis (CRT) tests were conducted at constant
pressure by Kuo et al. [71]. A Fourier transform infrared (FTIR) spectrometer was
used in the CRT experimental setup due to its sensitivity to decomposition processes
occurring in the condensed phase. It was found that the SA/PVA does not decompose
into smaller molecules at temperatures ranging between 543 and 1163 K from both
confined rapid thermolysis tests and conduction driven heat-transfer tests. This
conclusion was drawn due to the absence of CO, CO2, H2O, and aldehydes from the
Fourier transform infrared (FTIR) spectra; these gases are produced from rapid
heating of the grain sample.
Comparisons were also made between the theoretical calculated regression rate
ratios and the experimental data, shown in Eq. (27), to validate the governing
equation for linear regression rate (Eq. (26)), and good agreement can been seen
between the theoretical regression rate ratio and experimental regression rate ratio.

57

 Q s",high T  Cfrg Tmelt  Tref   Lfus 
rhigh T
 "
 Q s ,low T 
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experimental
regression rate
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(27)

theoretical regresson rate ratio based on heat-flux balance

From the aforementioned two tests, three conclusions can be drawn: 1) the melting
or evaporation of SA/PVA grains only occur during rapid heating by conductive heat
transfer tests, and 2) the SA/PVA grains do not decompose when subjecting to rapid
heating, which implies that any decomposition of the grains into fuel-rich gaseous
species takes place away from the surface. Therefore, it is justified to eliminate the
consideration of heterogeneous surface reactions on the SA/PVA grains. 3) The abrupt
change in the measured regression rate at the intermediate-temperature region is
attributed to the bubble formation process.
In order to reduce the throat recession rates at ultrahigh pressures, Acharya nad
Kuo [6] have suggested that the boundary-layer control at the throat region could be
an effective method since it not only reduces the temperature of combustion products
near the throat region but also decrease the mass fractions of the oxidizing species
such as H2O, OH, and CO2, resulting significantly reduced graphite nozzle recession
rate by a factor up to 14. Wolt and Webber [11] have also shown this method to be
effective in reducing the erosion rates in their experiments.
4.3 Evaluation of Ablative Behavior of Graphite at High-Temperatures

The occurrence of graphite nozzle erosion has been considered primarily a
thermochemical process, which is dictated by diffusion of oxidizing species to the
graphite surface and their heterogeneous reactions with graphite [6]. El Gorsey and
Donnay [72] and Sladkov and Koudrayatsev [73] first discovered new carbon forms at
high temperatures in late 1960’s. Whittaker [74] proposed that the shifting in the
triple bonding of carbon system is the reason for formation of these new carbon forms
at temperature above 2,600 K. Based on the experimental work by Kasatochkin et al.
[75] and Nakamizo and Kammereck [76], this form of carbon contains C  C 
units, is called carbyne. A single bond can break and shift an electron into each of the
adjacent double bonds at high temperature. According to the experimental work using
BATES motors performed by Geisler [12], an abrupt increase in the recession rate was
observed at temperature around 2,600 K. Since the thermochemical erosion model
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cannot fully explain this behavior, it was postulated that this phenomenon could be
attributed to graphite-to-carbyne phase transformation, resulting in increased reactivity
of the nozzle throat material. Therefore, it is vitally important to further investigate this
issue since the nozzle surface temperature in solid-propellant rockets can reach up to
2,600 K or even higher.
Essel et al. [77] conducted a series of experiments to investigate the
high-temperature ablative behavior of G-90 graphite using CO2 laser irradiation in a
helium gas environment with and without H2 addition. The schematic of experimental
process is given in Figure 4.8. The density of the G-90 graphite sample used is ρ=
1.90 g/cc. The graphite sample was mounted on a hafnia (HfO2) pole due to its
integrity at high temperature ranges. The sample was then put into a vacuum chamber
filled with He gas prior to irradiation. A cross-flow tube placed next to the sample
also supplies the reactive gases to the chamber at high temperatures. A three-color
pyrometer was also used to measure the surface temperature during irradiation
process. A nanoparticle filter was placed outside of the chamber to collect any
condensed phase products for post-test analysis and prevent particles from entering
the gas sampling equipment. All irradiation tests were run at a constant pressure of
0.31MPa (45 psia) and the gas samples collected near the surface region were
analyzed using gas chromatography with a flame ionization detector (FID) and a
thermal conductivity detector (TCD) as the G-90 samples being heated by high laser
powers.
The surface temperature and mass loss of graphite profiles are shown in Figure
4.9a, where the mass loss information are fit with an exponential trend and the surface
temperature results are fit with a power law trend. As the laser power increases, it was
obvious that the mass loss of sample also increases. An increased mass loss with a
relatively steady surface temperature can also be observed, implying that phase
change is present due to the endothermic nature. Figure 4.9b shows a drastic increase
in mass loss around 2,600 K. This temperature matched the abrupt increase in nozzle
erosion rate from Geisler’s motor firings [12]. The abrupt mass loss for both H2 and
He cross-flow conditions happened at nearly the same temperature, which suggests
that the surface ablation is the cause for the drastic change in mass loss, rather than
heterogeneous reactions between the sample material and the oxidizing species. When
hydrogen was used as cross-flow gas, no carbonaceous deposits were found on the
nanoparticle filters. This result indicated that the carbonaceous materials released
from sample surface during ablation process react with hydrogen before reaching the
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gas sampling probe.

Figure 4.8 Experimental schematic of the G-90 laser irradiation experiment (after
Essel et al. [77]).

Figure 4.9 a) Surface temperature and mass loss at different laser powers, b)
dependency of mass loss on surface temperature (after Essel et al. [77]).
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Figure 4.10 FID chromatogram of gaseous product samples collected under a) helium
and b) hydrogen cross-flow test conditions (after Essel et al. [77]).

Figure 4.10a and Figure 4.10b show the chromatograms of the captured product
gases when He and H2 were supplied to the sample, respectively. When He was used
as the cross-flow gas, methane (CH4) and acetylene (C2H2) were measured with trace
concentrations of ethane (C2H6). Walsh [78] and Sanders [79] suggested that the
graphite will react with H2 to produce CH4 at low temperatures and C2H2 at high
temperatures. However, this observation doesn’t explain the results completely shown
in Figure 4.10b. Test 006 produced less acetylene than Test 007 and 008 while having
almost the same surface temperature. And Test 007 and 008 suffer significantly more
mass loss than Test 006. This suggested that the majority of the product gases were
generated from reactions between the ablative material and hydrogen.
From all these results, it can be concluded that there is an additional mechanism for
graphite erosion due to ablative phenomena were observed when the graphite sample
surface temperature reached 2,650-2,700 K. Thus, it is beneficial to include the
ablation of graphite in current modeling of the graphite nozzle erosion. Moreover,
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since H2 is present in the combustion products of solid propellants, the gas-phase
reaction of carbonaceous vapor with H2 to form CH4 and C2H2 should be further
investigated in order to quantify the effect on the overall nozzle erosion rates. It is
considered useful to characterize the condensed-phase graphite sample during and
after exposing to the laser irradiation. To examine if a solid-solid transformation
occurs, Raman spectroscopy is used by searching for a triple bond [C≡C]. Extensive
in-depth research will be required since the cause of the reactions is not fully
understood. However, the results presented by Essel et al. [77] provided valuable
information on ablation behavior of G-90 graphite. In order to prevent an alternate
ablation mechanism from occurring at high temperatures, the nozzle surface
temperature should be kept below the threshold temperature (2,600 K).
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Chapter 5
Theoretical Modeling and Simulation of Rocket Nozzle Erosion
5.1 Development of Graphite Nozzle Erosion Minimization (GNEM) Code

During rocket motor operation, the nozzle surface is subjected to very high heat
fluxes, causing an increase in the reactivity of the graphite material. Based on
previous analytical studies of graphite nozzle erosion, the recession rate of the nozzle
throat by thermochemical attack is dependent on the diffusion rate of oxidizing
species such as H2O, OH, CO2, O and O2 near the nozzle surface [80-81]. The
graphite material can also subject to mechanical erosion mechanism. However, the
effect of the mechanical erosion can be considered negligible. Acharya and Kuo [6]
recently upgraded the graphite nozzle erosion minimization (GNEM) code developed
earlier by Kuo and coworkers [34, 82-83]. The GNEM code, based on the GENMIX
numerical procedure proposed by Patankar and Spalding [84], is capable of solving
the combined core flow and viscous shear flow regions in a 2-D axisymmetric nozzle.
The flow conditions and major assumptions made in this model can be summarized in
Table 5.1.
The instantaneous governing equations have been Favre averaged to reach mean
governing equations, and a second order k-ε turbulence model has been adopted to
achieve closure of the turbulent flow problem. This advanced model involves the
general conservation equations (mass, momentum, species, enthalpy, turbulent kinetic
energy, turbulent dissipation, and equation of state) for the gas phase and the solid
phase. The gas phase conservation equations compose of equations for the viscous
boundary-layer flow and inviscid core flow region. The solid phase conservation
equation is the transient heat conduction equation for the nozzle material. These
GNEM calculations were performed not only to examine the effect of pressure on the
nozzle erosion rate but also to study the effect of the propellant composition on the
graphite erosion rate. Detailed theoretical formulations are referred to the paper by
Acharya and Kuo [6].
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Table 5.1 Major regions solved in GNEM code and their corresponding flow
conditions and assumptions.
Region of
interest

Core
Region

Flow
Condition

Major Assumptions

1-D,
compressible,
inviscid, and
quasi-steady

---




Viscous
Shear
Region
(Boundary
Layer
Region)

Planar or
axisymmetric,
viscous, and
quasi-steady








Solid Phase

--

Body forces are negligible,
Radiative energy transfer is relatively small
compared to convective energy transfer,
Soret and Dufour effects can be neglected,
Turbulent Lewis number is equal to unity,
Fick’s law of diffusion is valid,
Gas-phase reactions have negligible effects on the
recession process due to extremely low
concentration of O2 in the combustion products,
preventing the oxidation reaction of H2 and CO
into H2O and CO2.
Transient heat conduction to the nozzle material is
dominant in a direction normal to the nozzle
surface,
Thermal properties of the nozzle material are
allowed to vary with temperature.

Due to the heterogeneous surface reactions between the nozzle material and the
oxidizing product species, the concentration of the oxidizing species decreases at the
nozzle surface, creating the concentration gradients in the flow filed. This
phenomenon causes mass diffusion of the oxidizing species from core region toward
the surface. In order for the heterogeneous reactions to continue, the oxidizing species
must diffuse to the surface to react. Thus the recession rate of the nozzle material
depends on the diffusion rate of the oxidizing species to the surface. However, surface
reactions also take finite time to complete; the kinetic reaction rates also affect the
overall recession rate of the nozzle material. Therefore, both heterogeneous kinetics at
the surface and mass diffusion of gaseous product species determine the overall
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nozzle recession rate.
For diffusion-limited cases (i.e., the kinetic rates are much higher than diffusion
rates), the erosion rate of graphite can be expressed as:

rc  rc ,d 

MWc

c

N

 i Di eff

i 1

MWi



Yi
r

(28)
s

where c and MWc represent the density and molecular weight of graphite,
respectively; Yi is the mass fraction of ith oxidizing species, i is the density of the
ith gaseous species at gas-solid interface, Di is the binary gas diffusivity of the ith
species with the mixture, and N is the total number of gaseous oxidizing species
present.
For chemical kinetics-limited cases (i.e., the kinetic rates are much lower than
diffusion rates), the erosion rate of graphite is given as follows:
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where is the mass rate of reaction of the ith species with graphite per unit area.
If the kinetic rates and diffusion rates are of the same order, the overall recession
rate rc is calculated as the harmonic mean of diffusion-limited erosion rate and
kinetics-limited erosion rate given by Eq. (30).

rc 

1
1 rc,d  1 rc,ch 

(30)

5.2 Effect of Pressure and Propellant Composition on Graphite Nozzle Erosion

Acharya and Kuo [6] suggested that the recession rate increases almost linearly with
pressure due to higher energy transfer rate, while the rate of increase depends on the
choice of chemical kinetic schemes (Libby-Blake [15-16], Golovina [17], the MOS
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reaction mechanism [18, 25-32, 85-88], and the MMOS reaction mechanisms) and
propellant composition.
Figure 5.1 shows the predicted graphite recession rate increases with pressure,
where MOS reactions mechanism displays highest erosion rates. This is because the
density of product gases increases as pressure is increased, providing more chance for
oxidizing species to react with graphite material. Variations of convective heat
transfer coefficients at the nozzle throat surface with pressure were plotted for both
metallized and non-metallized propellants, as shown in Figure 5.3. The calculated
heat transfer coefficient using the Bartz correlation [89] is also shown in this figure.
Results show that the radiation will not be a significant factor affecting the heat
transfer process at the nozzle throat since the radiation heat-transfer coefficient at the
throat is an order of magnitude less than the convective heat-transfer coefficient. The
pressure exponent of heat-transfer coefficient calculated using the Bartz correlatin for
propellant S is slightly lower than the original correlation value of 0.8 [89]. This
difference is caused by dependency of mixture composition on pressure. The
predicted and measured results were compared for propellants S and M in Figure 5.4
and Figure 5.4, respectively.

Figure 5.1 Comparison of pressure dependence of the predicted graphite nozzle surface
recession rates at the throat using Libby-Blake [15-16], Golovina [17], the MOS
reaction mechanism [18, 25-32, 85-88], and MMOS reaction kinetics [6] (after
Acharya and Kuo [6]).
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Figure 5.2 Variation of heat-transfer coefficient at the nozzle throat with pressure and
a comparison with calculated results from the Bartz correlation. (after Acharya and
Kuo [6]).

Figure 5.3 Comparison of measured and predicted nozzle throat diameter variations in
motor firing tests using propellant S (after Acharya and Kuo [6]).
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Figure 5.4 Comparison of measured and predicted nozzle throat diameter variations in
motor firing tests using propellant M (after Acharya and Kuo [6]).
5.3 Validation of Effect of NBLCS on Graphite Nozzle Erosion

In the study of pyrolysis behavior of ablative materials SA/PVA by Kuo et al. [10], it
was found that the SA/PVA grains do not decompose while subjected to rapid heating,
which implies that any decomposition of SA/PVA into gaseous species takes place in
the gas phase. Thus, in the NBLCS calculations, it was assumed that as soon as the
interface of ablative material reaches evaporation temperature, it is removed from the
surface, eliminating the consideration of any heterogeneous surface reactions on the
interface of ablative grains.
The temperature and species composition of the mixture produced in the
boundary-layer control system channel between combustion products and SA/PVA
vapor were determined from the NASA-CEA code to quantify the reduction in the
nozzle throat recession rates. The mass flow rate of the combustion products into the
NBLCS passage ( m 2 in Figure 4.4) and the mass evaporation rate of SA/PVA grains
( m evap in Figure 4.4) were calculated by using the Fluent Code. The objective of
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these calculations was to determine the effect of NBLCS injection on the temperature
and species distributions in the boundary layers near the nozzle throat region.
The chemical erosion rates of graphite nozzle in rocket motors with a
non-metallized (AP/HTPB based) propellant S were predicted by GNEM code for
operating pressure of 8.83 MPa (1,280 psia). The effect of NBLCS injection was also
quantified and analyzed. Two different heterogeneous reaction kinetic schemes
proposed by Golovina [17], and multiple oxidizing species (MOS) reaction
mechanism [18, 25-27] were considered in the NBLCS injection calculations.
The predicted net recession rates of the graphite nozzle surface shown in Figure 5.5
indicate that NBLCS injection method is very effective in reducing the nozzle erosion
rates by a factor of 14. This phenomenon can be attributed to the combined effect of
concentration reduction of major oxidizing species (such as H2O, OH, and CO2) and
reduction of nozzle surface temperature by nearly 350K due to cooling of free-stream
gas flowing through the nozzle throat. Considering the high nozzle erosion rates at
elevated pressures, the boundary-layer control near the throat region seems to be an
excellent method to mitigate the erosion-induced deterioration of the rocket motor
performance.

Figure 5.5 Effect of NBLCS on reducing nozzle recession rates and surface
temperature (after Acharya and Kuo [10]).
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5.4 Validation of Theoretical Model for Predicting Erosion Rate of
Carbon-Carbon/Graphite Materials

Graphite and Carbon-Carbon materials are commonly used in rocket nozzle inserts.
During motor firing, heterogeneous chemical reactions will occur between nozzle
materials and oxidizing species such as H2O, OH, and CO2, causing the nozzle
surface to erode. The increase of the nozzle throat area causes the overall chamber
pressure and thrust to reduce, and subsequently downgrade the motor performance. A
throat-area expansion of greater than 5% is often considered unacceptable for most
solid-rocket motors [1]. Therefore, a well-developed numerical model is highly
desirable to validate the experimental results, and to further characterize to nozzle
erosion mechanism.
A comprehensive theoretical model built by Thakre and Yang [5] was validated to
study the chemical recession of the carbon-carbon/graphite nozzle material in
solid-rocket motors. Restrictive assumptions and approximations made in previous
models developed by Kuo and Keswani [82] and Keswani and Kuo [34] have been
relaxed. They calculated the nozzle recession rate by taking the harmonic-mean of the
kinetics-limited and diffusion-limited rates. However, this approach is only valid if
first-order reactions are considered, the effective Schmidt numbers for all reactants
are nearly equal, and the surface blowing is not too strong [34].
Acharya and Kuo [6] updated the model of Kuo and Keswani [82] by adopting
improved heterogeneous kinetics at the nozzle surface while remaining the same
assumptions and approximations as their previous model.
The theoretical formulation established by Thakre and Yang [5] involves the
general gas-phase Favre-averaged governing equations such as mass, momentum,
energy conservation equations, and species conservation equation. Fick’s law is also
applied to approximate the species diffusion in a multi-component mixture. For the
gas-phase kinetics, it is assumed that product gases HCl, N2, and Al2O3, which
produced by using both metallized and non-metallized propellants, are not involved in
the gas-phase chemical reactions. The oxidation of H2 and CO to form H2O and CO2
is also neglected due to concentrations of O2 and O are relatively small. The most
probable chemical reaction occurring in the gas phase is the water-gas shift reaction
described previously in Eq. (6).
In this numerical framework, three heterogeneous chemical reactions considered at
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the nozzle surface are:

C s  +H 2 O  CO+H 2

(31)

C s  +CO 2  2CO

(32)

C s  +OH  CO+H

(33)

C-O2 and C-O reactions can be ignored since O2 and O concentrations are
negligible when fuel-rich AP/HTPB propellants are used. Heterogeneous C-H2
reaction was also excluded based on the kinetics from Chi and Landahl [90], and
graphite regression studies of Kuo and Keswani [82] and Borie et al.[91]. The kinetic
data for the corresponding equations (31) to (33) is listed in Table 3.1. The melting
and sublimation of the carbon-carbon/graphite material are not considered due to the
fact that these phenomena occur only at surface temperature greater than 4000 K.
At lower surface temperature, the heterogeneous surface reactions become the
rate-controlling process due to reduced chemical reactivity. The kinetic limited rate of
consumption of graphite (with unit of kg/m2·s) by oxidizing species i is expressed as:

rc , ch  ki Pi ,ns

(34)

where ki is the rate constant of species i in Arrhenius form, Pi , s is the partial
pressure of species i at the surface, and n represents the overall order of the
heterogeneous equation. Based on the heterogeneous reactions in Eqs. (31)-(33), the
mass consumption rate of an oxidizing species i at the gas-solid interface is given as:
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 i  rc , ch

MWi
MWc

(35)

where MWi and MWc represents the molecular weight of oxidizing species i and
graphite, respectively.
The unclosed terms appeared in the governing equations are treated using a
two-layer model [92-93], which shows great performance in terms of convergence
and numerical accuracy. This model employs the k - two equation method for the
bulk flow away from the wall (i.e., the outer layer) and solves only the turbulent
kinetic energy equation in the near surface region (i.e., the inner layer). The turbulent
eddy viscosity is obtained from the Prandtl-Kolmogorov relation shown below:

 k 2 

  

t  C 

(36)

where empirical constant C  0.09 .
After obtaining the turbulent eddy viscosity, the effective viscosity, conductivity
and diffusivity can be calculated in order to solve the turbulent transport equations:

eff    t , eff   

t C p
Prt

, Deff  D 

t
Sct

(37)

where standard Prt = 0.9 is used.
Radiation effect is neglected in the energy conservation equation when formulating
the gas-solid interface because the convective heat transfer is dominant, as discussed
previous section. At high surface temperatures, the graphite erosion rate is dictated by
the species diffusion mechanism since heterogeneous chemical reactions proceed so
rapidly. The diffusion limited erosion rate can be expressed as:
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rc , d   i , d

MWc
MWi

(38)

where  i is the rate of production of gas-phase species i at the nozzle surface due to
heterogeneous reactions [Eqs. (31)-(33)].
The graphite recession rate (kg/m2·s) employed by Thakre and Yang [5] then can be
obtained approximately as shown in Eq. (39).

rc  min  ri ,d , ri ,ch 

(39)

The nozzle configuration of current study shown in Figure 5.6 mimics the
experiments conducted by Evans et al. [94]. To study the effect of motor operating
conditions on nozzle erosion rate, six chamber pressures ranging from 6.9 MPa to 45
MPa and their corresponding temperature are considered in the simulation.

Figure 5.6 Baseline nozzle configuration (after Thakre and Yang [5]).
Figure 5.8 shows the calculated temperature and species concentrations field for the
non-metallized AP/HTPB propellants. As a consequence of heterogeneous reactions
at the surface, concentration gradients are formed near the wall. Compared to the case
at the same operating condition with an adiabatic wall (Figure 5.7), the surface
temperature is greatly reduced in Figure 5.8 due to the conductive heat transfer to the
nozzle. Since surface reactions are endothermic, they also help to lower the surface
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temperature.

Figure 5.7 Distributions of temperature, pressure, axial velocity, and Mach number in
the nozzle interior (non-metallized propellant, Tt = 3000 K, Pt = 6:9 MPa, no surface
reactions, adiabatic wall) (after Thakre and Yang [5]).

Figure 5.8 Distributions of temperature and mass fractions of H2O, CO2, OH, CO, H2,
H, and N2 in the nozzle interior (non-metallized propellant, Tt = 3000 K, Pt = 6:9 MPa,
with surface reactions, conductive wall) (after Thakre and Yang [5]).
Results proved that H2O to be the most detrimental oxidizing species in terms of
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nozzle erosion, as shown in Figure 5.9, followed by much lesser contributions from
OH radical and CO2. Also, the erosion rate increases with increasing chamber
pressure when both metallized and non-metallized propellants are used due to higher
convective heat transfer and enhanced heterogeneous surface reactions, as shown in
Figure 5.10. When utilizing metallized propellant, mechanical erosion caused by
impingement of Al2O3 particles is considered secondary and negligible. This is
because the particles pass almost parallel to the surface, and thus the collision of the
particles with the nozzle surface is minimal at the throat. Moreover, as Figure 5.11
depicts, there exists a good agreement between the predictions of the model and the
measurements conducted by Geisler [2] using a BATES (Ballistic Test and Evaluation
System) motor. The nozzle erosion decreases with increasing aluminum content in the
propellant, mainly due to the decreased concentrations of the oxidizing species H2O
and CO2 in the combustion stream. In practice, there is a time delay of about one
second for the system to attain steady-state operating condition. Geisler found this
onset of erosion between 1 and 2 seconds for all the firings. However, the model
validation with same set of data done by Kuo and Keswani [82] do not reflect the
time delays. Accordingly, the time delay is included in the model [5].

Figure 5.9 Nozzle-erosion rate due to various graphite-oxidizing species;
non-metallized propellants (after Thakre and Yang [5]).
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(b)
(a)
Figure 5.10 Graphite erosion rate along the nozzle length at various chamber
pressures; (a) non-metallized propellants, (b) metallized propellants (after Thakre and
Yang [5]).

Experiment (Geisler)
Numerical model
(Thakre and Yang)
Pt = 6.9 MPa

Figure 5.11 Comparison between calculated and measured nozzle material (bulk
graphite) erosion (modified from Thakre and Yang [5]).
Computational results also revealed that the inclusion of the water-gas shift reaction
has a negligible effect on the calculated erosion rate. Thus, frozen flow assumption
has been made in the gas phase for remaining computations. At higher temperatures
and chamber pressures, the OH concentration reduces to an insignificant value and its
contribution to erosion can then be neglected.
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For non-metallized propellants, because of the relatively low temperature at the
surface, the recession rate is kinetic-controlled for H2O and CO2. For the metallized
propellants, the concentrations of these oxidizing species are nearly zero at the
surface due to relatively high temperature. Thus, the erosion rate is
diffusion-controlled. The transition from kinetics-controlled to diffusion-controlled
occurs at a surface temperature around 2,800 K. This transition temperature is highly
dependent on the chemical kinetics used and species concentrations considered at the
nozzle inlet. Since the concentration of OH is zero for both propellants, which can be
attributed to the fast reaction between graphite and OH (See Table 3.1), the nozzle
erosion is governed by the diffusion-controlled mechanism with respect to OH. A
good agreement was achieved between the theoretical model and three different sets
of experimental data. And it is concluded that the erosion rate reaches maximum in
the throat area due to the maximum heat transfer rate in that region.
Figure 5.12 indicates a linear relationship between the erosion rate and chamber
pressure. This can be attributed to the reason that convective heat transfer rate
increases with pressure, thereby resulting corresponding rise in erosion rate.

Figure 5.12 Effect of chamber pressure on graphite erosion rate at the nozzle throat
(after Thakre and Yang [5]).

5.5 Development of Numerical Model for Predicting Tungsten Oxidation Kinetics

As addressed in Section 4.3, tungsten based nozzle material are of great interest in
future rocket nozzle design because of its high melting temperature. Thus, developing
a more detailed kinetic mechanism of tungsten oxidation at high temperatures is
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necessary. A numerical model written in FORTRAN, wrapped by Chemkin [95] and
Surface Chemkin [96] codes was developed by Sabourin and Yetter [8], under the
assumptions of one dimensional, constant pressure and temperature, open volume
system. A diagram of the modeled system is shown in Figure 5.13. The governing
equations of the flow reactor are separated based on the species phases: solid, gas,
and surface. The mass flow rate of the system may vary due to reactive gas adsorption
or production of the volatile tungsten species within the control volume. Other
assumptions like the surface site density is constant over time, and no species diffuse
into the pure bulk tungsten, were also made to simplify the problem. For gas-phase
reactions employed in the model, the kinetic scheme by Li et al. [97] was used.
Detailed numerical formulations are referred to the work by Sabourin and Yetter [8].
This 1-D model was verified by comparing the numerical outputs to analytical
solutions for single step molecular desorption and adsorption, and also single step
dissociative adsorption. Results show that all model outputs match the analytical
solutions for multiple kinetic parameters and temperatures.

Figure 5.13 Diagram of open system flow reactor model (modified from Sabourin and
Yetter [8]).

Chemical equilibrium calculations were performed to identify the primary
oxidizing species on tungsten oxidation. Results indicated that H2O and CO2 are the
most important oxidizers, while the most likely product species are WO2, WO3, and
its polymers, WO2(OH)2, and WO2Cl2 if chlorine-containing propellant is used [7].
The energetics of the majority of the surface species are determined using a series of
results completed by Chen et al. at Emory University [57, 98]. These species
energetics, explored using quantum chemical modeling, were determined using higher
surface coverage data, and the most stable configurations. Density functional theory
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(DFT) were used to investigate oxidizing species adsorption on a W(111) idealized
surface.
Based on the calculated energetics results and extensive literature review, a detailed
mechanism proposed by Sabourin and Yetter [8] is presented in Table 5.2 for the
oxidation of tungsten by several oxidizing species at temperatures greater than
1300 o C . Adsorption reactions 1-16 are exothermic in their forward directions. The
kinetic rates calculated by Chen et al. [57, 98] indicated that the adsorption rates are
near the collision frequency. Due to these characteristics, clean W surface can quickly
be covered by adsorbed molecules and atoms, thereby creating a multi-layer process
that will complicate the reaction mechanism. Reversible reactions 17-22, which do
not involve adsorption and/or desorption, stabilize the surface. Reactions 23-28
describe the irreversible desorption of W-containing species, and these reactions are
very endothermic, thereby are expected to be the rate limiting steps under most
conditions.
Several conclusions can be drawn in the study of Sabourin and Yetter: H2O may be
considered to be the most detrimental oxidizing species in terms of nozzle erosions in
most solid rocket motors. Additionally, kinetic limited erosion rates would be strongly
dependent on the surface temperature, but weakly dependent on oxidizing species
concentrations. Adsorption processes of tungsten are fast, highly exothermic, and
have little temperature dependence; while desorption processes display high
temperature sensitivity due to their nature of endothermicity.
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Table 5.2 High temperature heterogeneous reaction mechanism of tungsten and
various oxidizing species (modified from Sabourin and Yetter [8]).
Reaction Number

Surface Reaction Step

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

2W(s) +O 2  2WO(s)

17
18
19
20
21
22

WO 2(s) +W(s)  2WO(s)

23
24
25
26
27
28

W(b) +WO3(s)  WO3  W(s)

WO(s) +O 2  WO3(s)
2WO 2(s) +O 2  2WO3(s)
W(s) +O  WO(s)

WO(s) +O  WO2(s)
WO 2(s) +O  WO3(s)
W(s) +CO 2  WCO 2(s)
WO(s) +CO 2  WO 2(s)  CO
WO 2(s) +CO 2  WO3(s) +CO

W(s) +H 2 O  WH 2 O(s)
WO(s) +H 2 O  WO 2(s)  H 2
WO 2(s) +H 2 O  WO3(s)  H 2
W(s) +OH  WOH (s)

W(s) +CO  WCO(s)
2W(s) +H 2  2WH (s)
2WO(s) +H 2  2WOH (s)
WO3(s) +WO(s)  2WO 2(s)
WCO 2(s) +W(s)  WO(s)  WCO(s)
WCO 2(s) +WO(s)  WO 2(s)  WCO(s)

WH 2 O(s) +W(s)  WOH (s)  WH (s)
WOH (s) +W(s)  WO(s)  WH (s)
W(b) +2WO3(s)  WO3  WO(s)  WO 2(s)
W(b) +WO3(s)  WO 2(s)  WO3  2WO(s)
W(b) +WO3(s)  WO 2  WO(s)
W(b) +WO 2(s)  WO 2  W(s)
W(b) +2WO 2(s)  WO 2  2WO(s)
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Heat of Reaction
(kcal/mol)

-188
-43
-64
-154
-133
-92
-38
-5.4
37
-8.2
-15
26
-86
-38
-66
-2
-21
-41
-26
-5
-58
-32
129
67
108
123
185
164

5.6 Validation of Theoretical Model for Predicting Erosion Rate of Refractory
Metals

Graphite and carbon-carbon material have been widely used as rocket nozzle
materials, may encounter severe erosion process at high chamber pressures and
surface temperatures. Hence different types of materials are required to develop a
more advanced rocket in order to survive in the extreme operating conditions.
Refractory metals such as tungsten, rhenium, and molybdenum then become very
attractive regarding nozzle design aspect because of higher erosion resistance due to
high melting temperatures. Therefore, a well-developed numerical model is highly
desirable to fully understand the erosion process of these refractory metals within the
rocket motors.
An integrated theoretical model is established by Thakre and Yang [9] and
validated to study the chemical recession of the refractory metal (tungsten, rhenium,
and molybdenum) nozzle inserts in rocket motors, with a primary focus on tungsten.
The effect of considering two different tungsten oxides, WO2 or WO3, as the final
product of the surface reaction on erosion rate, was also investigated. Although
graphite/carbon-carbon composites have been widely used in nozzle material, the
erosion level met at ultra-high chamber pressure and temperature conditions is
undesirable and unacceptable. Refractory metals (W, Re, and Mo) and their alloys and
carbides have shown potential to reach zero-erosion performance [56, 99], due to
their high melting temperatures (W at 3695K, Re at 3459 K, Mo at 2896 K),
exhibiting good resistance to chemical attack at high temperatures. However, not only
the melting temperatures of the pure metals need to be taken into account, but also
their oxides, carbides and nitrides, because such compounds can be formed at the
nozzle surface and may affect the chemical kinetics of the reactions occurred.
Nevertheless, there are still some drawbacks such as the material and processing cost
are relatively high, and metal carbides even show poor thermal shock resistance,
leading to formation of cracks [56, 100].
It is concluded that the chemical erosion is the primary cause for surface recession
in non-metallized propellant environments [100-101]. For the case of aluminized
propellants, it is possible that thermite reactions between unoxidized aluminum and
metal
oxides
would
occur
(e.g.,
or
2Al+WO3  Al 2 O3 +W
2Al+MoO3  Al2 O3 +Mo ) [102]. These exothermic reactions may increase the
temperature to a level to melt the nozzle surface. Although the reactivity of metal with
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O2 is significant [55, 61], this effect can be neglected due to fuel-rich AP/HTPB
propellants, which produce negligible amounts of O and O2 in the gas phase.
There exists a disagreement about the form of oxidation product of heterogeneous
reactions of tungsten. Some investigators [56, 103] considered WO3 and the major
oxidation product, whereas others [47, 104] suggested WO2 as the oxidation product.
Greene and Finfrock [52] indicated both oxides may be present because they found
that the tungsten oxide has a stoichiometry of WO2.7. However, in the model
established by Thakre and Yang [9], both WO2 and WO3 were considered individually
as the final oxidation products. In Table 5.3, different sets of tungsten oxidation
kinetics data at high temperatures are summarized.
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Table 5.3 Chemical kinetics data for heterogeneous surface reactions of tungsten (modified after Thakre and Yang [9])

Surface Reaction

E
(kcal/mol)

A


2

(kg/m ·s)

Temperature
(K)

Reference

Tungsten
2

W+3H 2O(g)  WO3(g) +3H 2(g)

8.64 kg/m ·s·atm

22.7

kPH 2 O

1723-1973

Kilpatrick and Lott [50]

W+2H 2O(g)  WO2(g) +2H 2(g)

5.722×104 kg/m2·s·atm

48.13

kPH 2 O

1073-1973

Unal et al. [51]

4

2

W+3CO2(g)  WO3(g) +3CO(g)

1.433×10 kg/m ·s·atm

47.23

kPCO2

1073-1623

Greene and Finfrock [52]

W+2CO2(g)  WO2(g) +2CO(g)

4.026×103 kg/m2·s·atm

79.00

kP 0.88
CO

2

2200-3200

Walsh et al. [47]

kPH 2 O

1373-1973

Kilpatrick and Lott [105]

Molybdenum
Mo+3H 2O(g)  MoO3(g) +3H 2(g)

2

4.48 kg/m ·s·atm

57.5

Rhenium
2

2Re+7H 2O(g)  Re2O7(g) +7H 2(g)

29.85 kg/m ·s·atm

29.8

kPH 2 O

1123-1973

Kilpatrick and Lott [106]

2Re+7H 2O(g)  Re2O7(g) +7H 2(g)

57.97 kg/m2·s·atm

34.9

kPH 2 O

1873-2473

Duriez [107]
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With low melting point and its relatively high ductile-to-brittle transition
temperature [108], the use of molybdenum (Mo) is limited although it serves
satisfactory as the nozzle insert. In order to calculate the kinetically limited reaction
rate, the kinetics data corresponding to the maximum flow rate are adopted. Rhenium
(Re) is also favorable in terms of solid rocket nozzle inserts material due to high
melting temperature, and is used widely in small liquid rocket engines. For
heterogeneous reactions of rhenium, the kinetics data of Kilpartick and Lott [106] are
chosen because the data fit well with that of Thakre and Yang [9] for all the steam
flow rates considered. Kilpartick and Lott [106] also suggested that the oxide formed
is Re2O7.
The formulations of kinetics- and diffusion-limited erosion rate of refractory metals
by oxidizing species are the same as described in Section 5.4 [See Eq. (34) and Eq.
(38), respectively]. The computational domain is also identical to the one employed in
previous study [5] (See Figure 5.6) to compare the erosion rates of different materials.
Results showed that the oxidizing species H2O and CO2 are consumed to form H2 and
CO, and gaseous tungsten oxides (WO2(g) or WO3(g)). As mentioned earlier, several
researchers have suggested that either WO2(g) or WO3(g) as the final oxidation product.
To clarify the effect of choice as the final product species on erosion rate, Figure 5.14
was plotted to compare the predicted nozzle erosion rates by considering WO2(g) and
WO3(g) as the final oxidation product. Results show erosion rate is slightly reduced by
using WO3(g) as the final oxidation product. Kilpatrick and Lott [50] suggested that if
WO2(g) to be the product emerging from the surface, it may react with H2O to form
either WO3(g) or WO2(OH)2(g), thereby reducing the oxidation potential by depleting
the concentration of H2O. Similar reaction could occur if WO3(g) reacts with H2O to
form WO2(OH)2(g). As can be seen from Figure 5.14, the small wiggle ahead of the
nozzle throat is caused by discontinuity in the slope of the nozzle contour. Due to lack
of associated kinetics data for these gas-phase reactions, further calculations were
performed by considering the kinetics data [50] with the following surface reactions:

W+3H 2 O  WO3 +3H 2
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(40)

W+3CO 2  WO3 +3CO

(41)

Figure 5.14 Tungsten nozzle erosion rate using different final oxidation products and
chemical kinetics from Kilpatrick and Lott [50]. (after Thakre and Yang [9])

Figure 5.15 shows the nozzle erosion rates caused by oxidizing species H2O and
CO2. The former demonstrates the erosion rate about three times greater than the
latter. A similar situation can be found in the study of graphite nozzle erosion rate
mentioned earlier [5]. Figure 5.17 shows the entire flow field in terms of temperature,
Mach number and mass fractions of different oxidizing species. Owing to the
endothermic nature of the surface reactions and conductive heat transfer through the
nozzle, the surface temperature is lowered. Figure 5.18 shows the comparison of the
graphite and tungsten erosion rates under same operating conditions ( P  6.9MPa ,
T  3000 K ) and nozzle configuration, indicating the graphite erosion rate is about
2.6 times that of tungsten. This is because the density ratio of tungsten material (19.25
g/cm3) to graphite material (1.9 g/cm3) is approximately 10. Consequently, the
tungsten nozzle suffers less severe chemical erosion. Moreover, the calculated
recession rates decrease slightly with the enhanced heat transfer at the outer boundary,
as shown in Figure 5.16. It is because the temperature of the nozzle inner boundary is
decreased, thereby causing the reduction of heterogeneous oxidation rate of tungsten.
It is straightforward that when adiabatic outer boundary assumption is employed, the
highest erosion rate is obtained.
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Figure 5.15 Tungsten nozzle erosion rate due to individual oxidizing species H2O and
CO2. (after Thakre and Yang [9])

Figure 5.16 Effect of nozzle boundary condition on erosion rate. (after Thakre and
Yang [9])
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Figure 5.17 Distributions of temperature, Mach number and mass fractions of H2O,
CO2, CO, and H2 in the nozzle (T = 3000 K and P = 6:9 MPa, with surface reactions
and conductive wall). (after Thakre and Yang [9])

Figure 5.18 Comparison of erosion rates of graphite and tungsten nozzles. (after
Thakre and Yang [9])
From Figure 5.19, a linear relationship of tungsten and rhenium erosion rates with
chamber pressure can be observed, and it can be attributed to the enhanced convective
heat-transfer rate with increasing pressure. It can be seen that the erosion rates of both
metals are comparable. As a result of lack of kinetic data of rhenium oxidation by
CO2 in the literature, the erosion rate of rhenium is lower than that of tungsten.
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Figure 5.19 Effect of chamber pressure on tungsten and rhenium erosion rates at the
nozzle throat. (after Thakre and Yang [9])
Experimental studies by Johnston et al. [100] and Haugen [101] were simulated to
validate the theoretical model developed by Thakre and Yang [9]. The calculation
results slightly overpredicted the measured ones. This difference between the
calculated rates in the model and measured erosion rates by Haugen and Johnston et al.
may be attributed to the uncertainties of the chemical kinetics data, the neglect of
gas-phase reaction of tungsten oxide with H2O, and the adiabatic outer boundary
condition employed.
Conclusions can be made that the predicted erosion rates match well with measured
erosion rates, and the recession rate is controlled by heterogeneous chemical kinetics
and increases linearly with chamber pressure. H2O was also found to be the most
detrimental oxidizing species in dictating tungsten nozzle erosion. Besides, the
erosion rate for tungsten was found to be much lower than for graphite, but
comparable with that for rhenium. However, to improve the model prediction on
nozzle erosion rate, more accurate chemical properties for heterogeneous reactions of
refractory metals conditions are needed.
5.7 Simulation of High-Pressure Rocket Nozzle Test Firing (ISPM-33)

Objective of this calculation is to provide a simulation on a nozzle piece that is
more similar to a realistic graphite nozzle geometry when the NBLCS is not
employed. In order to input the nozzle geometry into GNEM code for simulation, the
nozzle section has been divided into three parts with different curves. The
corresponding data points, calculated from Figure 5.20, are listed in Table 5.4, where
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x coordinate begins from the entrance face of the nozzle, and r coordinate from the
centerline of the nozzle. Section 1 corresponds to 45 degree section, Section 2
corresponds to 60 degree section, and Section 3 represents mainly the diverging part
of the conical nozzle, as shown in Figure 5.20b.
Each section has been curve-fitted (Section 3) or calculated from trigonometry
(Sections 1 and 2) to get a correlation to represent the overall geometry of the nozzle
piece. The geometry information was incorporated into the GNEM code to run the
simulation, as shown in Eq. (42). The calculated nozzle contour used in this firing is
then shown in Figure 5.21. And the operating parameters and oxidizing species mass
fractions in this firing are listed in Table 5.5. The inlet Mach number of the
compressible flow was determined from ratio of entrance face area to the nozzle
throat area (Aent/A*) using isentropic calculations [109]. By knowing the Mach
number at the nozzle entrance, the stagnation pressure (nominal pressure), and the
specific heat ratio; pressure, temperature, and mass flow rate at the nozzle entrance
can be obtained from isentropic correlation of compressible flow along with ideal gas
law.
0.202  0.01182  x 2
when x  0.083439 in


2
when 0.083439 in  x  0.431172 in
r  0.540  0.362   0.337997  x 

3
2
0.053499x  0.302046x  0.543247x  0.009063 when 0.431172 in  x  1.50 in


(42)

In the simulation, the calculated temperature at the entrance face of 2,688K was
used due to average pressure was adopted instead of nominal chamber pressure.
Several simulated results are shown from Figure 5.22 to Figure 5.28. Figure 5.22
shows the plot of Mach number versus axial location. It is obvious that the subsonic
flow gets choked at the throat region (Ma=1), and then gets accelerated to supersonic
flow by the diverging nozzle geometry. Figure 5.23 shows the calculated pressure
profile in the nozzle. It is straightforward to see that in the converging part of the
nozzle, the increase in velocity cause the pressure to decrease; after passing the throat
region, the flow velocity further increases, causing the pressure continue to drop until
it levels off at the exit section of the nozzle. The boundary-layer thickness profile is
plotted in Figure 5.24. Note that the slope change of the boundary layer thickness
curve near the nozzle entrance can be attributed to the change of radius of curvature
in the converging section of the nozzle (from small rcurv to large rcurv). The calculated
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gas temperature profile and nozzle surface temperature profile are shown in Figure
5.25. The wall temperature reached highest value just ahead of the throat region,
suggesting that the heat-transfer rate is highest near the nozzle throat. The continuous
decreasing gas temperature profile is due to a portion of thermal energy is transferred
to kinetic energy in order to accelerate the flow in nozzle. The highest convective
heat-transfer coefficient was observed at the nozzle throat, as shown in Figure 5.26,
which confirms the calculated temperature results in Figure 5.25. The profiles of
simulated nozzle erosion rate and mass diffusion rate of oxidizing species were
plotted in Figure 5.27. The maximum erosion rate can be seen at the location just
ahead of the throat due to highest heat flux present at that location. The corresponding
peak value of mass diffusion rate near the throat region is also reasonable due to the
fact that higher consumption rate of the oxidizing species close to the throat gives
higher diffusion rate by concentration gradients. Moreover, the twin-peak
characteristic existed in smooth nozzle configuration was not observed in this
simulation. The calculated nozzle erosion rate at the throat is 0.177 mm/s, which is
quite close to the experimental data (0.151± 0.008 mm/s). Figure 5.28 displays the
specific erosion rate of different oxidizing species. Water vapor proved to be most
detrimental oxidizing species, followed by OH and CO2 in terms of nozzle erosion.
All these simulation results showed consistency with the literature on graphite nozzle
behavior.
.
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(a)

(b)
Figure 5.20 Cross-sectional nozzle configuration used in ISPM-33 firing.
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Table 5.4 Axial and radial location data for plotting the nozzle geometry
x (in)

r (in)

0
0.01668772
0.03337544
0.05006316
0.0834386
0.0834386
0.131509524
0.185854467
0.244822185
0.306620974
0.369373109
0.431171898
0.43116
0.52455
0.73631
0.88861065
1.13559
1.500000

0.32
0.318814
0.315182
0.308854
0.285439
0.285442
0.245105
0.213729
0.192267
0.18137
0.18137
0.192267
0.19227
0.21729
0.26674
0.29182
0.314144
0.32500

Table 5.5 Operating parameters, species mass fraction, and erosion rate data of
ISPM-33 test firing
ISPM-33 test firing (C-C nozzle material)
MWprod

26.61

Tthroat

Pc,nominal

Pc,ave

(K)

(MPa)

(MPa)

3033.6

24.60

13.68

YH2O

YOH

YCO2

rth
(in)

0.2927

0.0040

0.2229

0.18
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rave

Error
(mm/s) (+ / ̶ mm/s)
0.151

0.008

Figure 5.21 Calculated nozzle contour.

Figure 5.22 Calculated Mach number profile in the nozzle.
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Figure 5.23 Calculated pressure profile in the nozzle.

Figure 5.24 Calculated boundary-layer thickness profile in the nozzle.
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Figure 5.25 Calculated temperature profile in the nozzle.

Figure 5.26 Calculated convective heat-transfer coefficient profile in the nozzle.
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Figure 5.27 Calculated erosion rate and mass diffusion rate profiles in the nozzle.

Figure 5.28 Calculated species specific erosion rate profile in the nozzle.
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Chapter 6
Summary
The thermochemical erosion rates of nozzle material in rocket motors have been
studied and simulated using different experimental techniques and numerical methods
by several researchers to date.
In the case of graphite nozzle materials, it was found that the recession rate increase
almost linearly with pressure due to higher energy transfer rates, while the rate of
increase depends upon the kinetic scheme chosen and propellant composition used.
When both metallized and non-metallized propellants are used in rocket motors,
recession rates of graphite show highest level if MOS kinetic scheme is employed.
Observation was made that OH species affect the nozzle recession rate substantially
besides H2O. And for the metallized propellant, the concentrations of major oxidizing
species such as H2O, OH, and CO2 are greatly reduced compared to the
non-metallized propellant due to the formation of Al2O3 [6]. Moreover, it has been
verified from extensive literature survey that Cl2 and HCl have negligible effect on
the graphite oxidation since chlorine reacts with graphite only at low temperatures
[22-24]. From numerical analysis, the erosion rate is found to be most severe in the
throat area. The graphite oxidation rate by primary oxidizing species can be ranked as:
H2O > OH > CO2. Also the erosion rate is governed by heterogeneous chemical
kinetics for non-metallized propellants due to surface temperatures are low, whereas
diffusion rates of oxidizing species dictate the erosion rate when metallized
propellants are used. The transition from the kinetics- to diffusion-limited occurs at
temperature around 2,800 K [5]. Another pathway rather than heterogeneous reactions
should be considered in the overall erosion mechanism when graphite nozzle surface
temperature approaches 2,600 K. This alternative mechanism is the ablation of
graphite material. A detailed understanding of the ablative behavior of graphite is
highly desirable to fully understand the drastic increase in nozzle erosion rates [77].
The ablative materials (SA/PVA) based NBLCS injection process has
demonstrated to be an extremely effective method with regard to mitigation of nozzle
erosion rates, with the erosion rates reduced by a factor of 14 [10].
For tungsten based nozzle material, the predicted nozzle erosion rates
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(kinetics-limited) matched well with experimental data and also show linear
relationship with chamber pressure. The erosion rate of tungsten is comparable with
that of rhenium, but much lower than for graphite, exhibiting better erosion resistance
[9]. The bulk tungsten has found to be oxidized faster by O2 than CO2, and H2O still
proved to be most detrimental oxidizing species in terms of tungsten nozzle erosion
(with order of O2 > H2O > CO2). Although CO does not react with tungsten to
produce volatile tungsten oxide, it could alter the concentration of CO2 when added
into the mixture, significantly reducing the overall nozzle erosion rate [7-8].
To conclude, It is shown that overall throat recession rates of graphite and tungsten
nozzle are a function of both species diffusion rate to the nozzle surface and the
heterogeneous reaction rate at the surface [6, 8]. The nozzle surface temperature,
motor operating pressure, and heterogeneous surface reactions kinetics are the three
most important factors in determining the characteristics of the erosion rate.
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Chapter 7
Future Work

Although nozzle erosion process existed in the solid-propellant rocket applications
for quite a long time and has been studied continuously, there are still some
challenging tasks need to be done in order to thoroughly understand and characterize
this mechanism. The anticipated future tasks can be listed as follows:
 The design of NBLCS must be optimized with longer duration for full motor
operation time since the operation time for current NBLCS is relatively short.
Additional space to accommodate the fuel-rich grains then is required; the
contribution of burning these grains on thrust generation should also be
evaluated.
 The graphitic nozzle material can evaporate or sublimate at high temperatures,
thus quantification of mass loss rate and its role in overall nozzle erosion process
should be further examined.
 It is highly desirable to develop new solid propellant grains that can supply
fuel-rich chemical species to flow in the boundary-layer region over the nozzle.
 A brand new anti-ablative material has been developed at PSU with
substitutional Boron (BCx, e.g., BC12) in graphite lattice structure. This material
has shown very stable features at high temperatures. It also adsorbs H2 at its
surface. This feature is highly beneficial for rocket nozzle materials, since
adsorbed H2 can possibly react with H2O, OH, and CO2. It would be very useful
to study this new material as a nozzle material for rocket motors.
 Further investigation of the instrumented solid propellant motor (ISPM) for
characterizing the erosion rates of lanthanated tungsten, copper-infiltrated
tungsten, other refractory metal-based nozzle materials or the newly synthesized
BC12 material
 Extension of graphite nozzle erosion minimization (GNEM) model to metallized
propellants and other nozzle materials for prediction of erosion rates and heat
transfer processes in the nozzle.
 Graphite mass loss was observed in CO2 laser pyrolysis test due to heating.
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Therefore, the ablation behavior should be considered additional mechanism of
material erosion at high surface temperatures. Quantitative measurements of the
mass loss rate are also essential in order to evaluate its role in the overall nozzle
erosion process.
Detailed diagnostics of the flow field inside the ISPM for erosion processes
investigation must be met. These diagnostics include pressure-coupled instability
phenomena in solid rocket motors, particle flow field study for metallized
propellants, slag formation and accumulation processes, and ultra-high pressure
combustion phenomena.
Develop more accurate coupling between mechanical and thermochemical
erosion models.
Detailed reaction mechanism of tungsten extended from rocket nozzle erosion to
tungsten particle combustion, nano-scale tungsten oxide synthesis, and fusion
reactor components.
Oxidation mechanisms of some other refractory materials like molybdenum, and
rhenium should also be studied.
Extend the maximum temperature of the TGA flow reactor (Tmax=1700 °C) to
higher temperature by using induction heater in order to expand the temperature
range at which kinetic data can be obtained for refractory material oxidations.
Theoretical model must be advanced to take into account the effect of structural
heterogeneity in the nozzle material since current models treat nozzle materials
as a homogeneous structure. Micro-scale investigation of detailed
physiochemical processes near the nozzle surface, including both the gas and
condensed phases is also beneficial in order to have a complete understanding of
the erosion phenomena.
Injection refractory metals (e.g., tungsten, rhenium) into the shock tube facility
for studying their reaction rates with potential oxidizing species (e.g., H2O, COx,
HCl, Cl2,and NOx).
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