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Abstract: A rocket uses fuel and oxidizers to generate propulsion by combustion and ejection, and
is used for space exploration aircrafts, weapons, and satellite launches. In particular, the nozzle
generating thrust of solid-propellant rockets is exposed to a high-temperature and high-pressure
environment with erosion occurring from the combustion gas. When erosion occurs on the nozzle
throat of such a rocket, it has a great impact on the flight performance such as reaching distance and
flight speed. Many studies have been conducted to characterize erosion based on the thermochemical
erosion model, since it has become important to choose nozzle materials suitable for such environments
having robustness against combustion gasses of high temperature and high pressure. However,
there is a limit to fully analyze the erosion characteristics only by the thermochemical erosion
model. In this paper, we thus consider the mechanical erosion model with the thermochemical
model for better understanding of erosion characteristics and investigate the thermochemical and
mechanical erosion characteristics of nozzle throat heat-resistant materials made of graphite and
carbon–carbon composites; the main factors affecting erosion are discussed by comparing the results
of the experimental and theoretical models.
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1. Introduction

A rocket is a device that generates thrust through action and reaction forces. It uses fuel and
oxidants to generate propulsion by combustion and emissions, and is mainly used for space exploration
aircrafts, weapons and satellite launches. Examples include liquid-propellant, solid-propellant,
nuclear propulsion, and laser propulsion rockets. Among them, solid-propellant rockets consist
of a motor case, igniter, propellant, nozzle, insulator, and control and drive device. The nozzle
is a very important component that generates thrust. However, since the nozzle is burnt in a
high-temperature/high-pressure environment, it cannot be cooled, unlike the liquid-propellant rocket
that circulates fuel around the nozzle. As a result, solid-propellant rockets experience erosion due to
combustion gas [1].

The nozzle throat of a rocket is a portion where the gas pressure and density are comparatively
high, and the velocity of the gas becomes the speed of sound and the amount of heat transferred to
the nozzle wall is significant. When erosion occurs on the nozzle throat of such a rocket, it affects the
reaching height, reaching distance, and flight speed [1]. Therefore, one of the most important issues in
nozzle design is to select or develop materials suitable for such environments that have durability
against combustion gases of high temperature and pressure. Bulk-type graphite and carbon–carbon
(C–C) composite materials have been mainly used for solid-propellant rocket nozzles. In particular,
C–C composites are made by laminating multiple layers of carbon fibers and have recently been used
because of their relatively strong thermal shock and mechanical strength compared to graphite.

Appl. Sci. 2019, 9, 3323; doi:10.3390/app9163323 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0001-5162-1745
http://www.mdpi.com/2076-3417/9/16/3323?type=check_update&version=1
http://dx.doi.org/10.3390/app9163323
http://www.mdpi.com/journal/applsci


Appl. Sci. 2019, 9, 3323 2 of 12

An oxy-acetylene torch test has been used for basic research and evaluation of erosion materials [2].
Many studies have been performed by Bianchi and Nasuti and other researchers to characterize
erosion based on the thermochemical erosion model previously presented by Kuo and Keswani [3,4].
This model consists of a chemical-controlled recession process and a diffusion-controlled recession
process. However, the thermochemical erosion model alone has limits in fully understanding the
erosion characteristics. In addition, there are few analyses of the improved erosion characteristics
using a mechanical erosion model, including the friction factor, porosity, and characteristic exhaust
velocity proposed by Gowariker [5] in the thermochemical erosion model for graphite and C–C
composite materials.

In this study, the mechanical erosion model is considered with the thermochemical model for better
analysis of erosion characteristics. The parameters required for the thermochemical erosion model of
graphite and C–C composite materials were experimentally measured through the development of
the erosion experimental system, and the main factors influencing the erosion were compared with
the model. Additionally, the characteristics of mechanical erosion of graphite and C–C composite
materials were investigated experimentally; more accurate erosion was predicted, and major factors
influencing the mechanical erosion were analyzed.

2. Materials and Methods

2.1. Theoretical Erosion Model

Figure 1 shows the physical and chemical processes of rocket nozzle erosion in which convection
and radiation heat transfer occurs through combustion gas, and conduction heat transfer occurs in the
nozzle. A heterogeneous reaction occurs at the nozzle surface and gas-phase chemical species diffusion,
pyrolysis, and evaporation occur. Finally, by combustion gas flow, surface deviation occurs and the
nozzle surface is eroded. Thermochemical erosion can be divided into a chemical-controlled recession
process and a diffusion-controlled recession process; the effect depends on the surface temperature [6].
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Figure 1. Physical and chemical processes associated with rocket nozzle erosion.

Surface temperature, surface pressure, reactant and product concentration, and density are the
most influential factors for thermochemical erosion. Density of material has a large effect on erosion,
and the higher the density, the more resistant to erosion. As the combustion chamber pressure increases,
the density of the gas increases and the erosion increases [7]. Additionally, the higher the temperature,
the greater the effect of erosion, which is due more to the diffusion-controlled recession process than the
chemical-controlled recession process [4]. In the effects of chemical species, erosion is proportional to
the concentration of H2O, CO2, and OH, and inversely proportional to the concentration of H2 by the
reaction of H2O and CO2, which are the main causes of erosion, wherein the C–C composite or graphite
produce CO [8,9]. Mechanical erosion is dominated mainly by the characteristic exhaust velocity,
the friction coefficient and porosity. The characteristic exhaust velocity is a measure of combustion
performance and depends on chamber pressure, nozzle cross-sectional area, and mass flow rate [10].
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The coefficient of friction is the shear stress at the surface and the porosity is the measure of the
structural resistance [6].

The chemical-controlled recession process in the thermochemical erosion can be described in
Equation (1) as a heterogeneous chemical reaction, where H2O, CO2, and OH are the main oxide and
H2, CO, and H are the main products [11].

Cs + H2O → CO + H2

Cs + CO2 → 2CO
Cs + OH → CO + H

(1)

Here, Cs is the carbon of the material surface and other species such as O, O2, and NO are ignored
because they have little effect on the chemical reaction. The reaction rate constant (Ki) for species i is
expressed by the Arrhenius equation as follows:

Ki = As,iT
β

i exp
(
−

Ea,s,i

RuTs

)
(2)

Here, A is the pre-exponential factor, β is the temperature exponent, E is the activation energy, Ru

is the universal gas constant, and T is the surface temperature. The chemical dominant erosion rate at
the surface is expressed as Equation (3) [12].

.
rc,ch =

∑
KiP

ni
i /ρc (3)

Here, Pi is the pressure of i chemical species and the reaction rate data for the heterogeneous
reaction are shown in Table 1 [13]. ρc is density of graphite or carbon–carbon composite.

Table 1. Kinetic data for heterogeneous reactions.

Surface Reactions Ai Ei (Kcal/mol) β N Remarks

CS + H2O→ CO + H2 4.8 × 105 (kg/m2 s atm0.5) 68.8 0.0 0.5
CS + CO2 → 2CO 9.0 × 103 (kg/m2 s atm0.5) 68.1 0.0 0.5

CS + OH→ CO + H 3.61 × 102 (kg K0.5/m2 s atm) 0.0 −0.5 1.0 MOS
100 (kg K0.5/m2 s atm) 0.0 −0.62 1.0 MMOS

The diffusion-controlled recession process in thermochemical erosion can be expressed as a surface
mass balance (SMB) [14] at the solid–gas interface, as illustrated in Figure 2 and Equation (4).(

ρν̃Ỹi

)
g
+

ρD
∂Ỹi

∂r


g

=
.
ωi −

1
A

d
dt

x

S1

ρ′ids + ρc
.
rcỸi (4)

The left side of Equation (4) indicates the convective mass flux and the diffusion mass flux of
the species i, and the right side is the rate of generation of species i, the rate of mass accumulation
of species i, and mass flux of species i. Here, S1 is the interfacial surface area, Y is the mass fraction,
A is the area, ρ is the density, and

.
rc is the erosion rate. When the temperature is high at the solid-gas

interface, the reactant reacts with carbon, resulting in a very low concentration. The mass fraction can
be assumed to have no accumulation. So

(
Ỹi

)
� 0 and Equation (4) is reformulated as follows:

.
ωi + ρc

.
rcỸi = 0 (5)

The reaction between the reactant Bi and graphite or the C–C composite Cs is as follows:

νc,iCs + νBiBi =
∑

j

νjProdj (6)
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Consequently, the diffusion-controlled recession rate (̃rc,d) on the surface of graphite or the C–C
composite can be expressed as Equation (7) based on Equations (5) and (6).

.
rc,d =

1
ρc

∑
i

.
ωi
νc,i

νB,i

MWC

MWBi

(7)

Here, MW is the molecular weight and ν is the stoichiometric coefficient.
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The mechanical erosion model is expressed by the porosity of the material, the characteristic
exhaust velocity, and the experimental constant. The Hopf equation is expressed by the relationship
between the friction factor and surface roughness as Equation (8).

f = C1eC2 (8)

Here, f is the friction coefficient, C is a constant, and e is a dimensionless constant. Equation (8) is
again given by Equation (9), taking into account of the porosity that is the measure of the structural
resistance of the material, where a1 is a constant and P is the porosity.

f = a1(log P)2 (9)

The shear flow of the gas causes shear stress in the wall, and mechanical erosion has a linear
relationship with shear stress. The mechanical erosion rate (

.
rm) is expressed as Equation (10), a function

of the characteristic exhaust velocity (c∗) and friction coefficient (f ) related to the shear stress, and is
a constant.

.
rm = a2c∗ f (10)

Substituting Equation (9) into Equation (10), the mechanical erosion rate is summarized as
.
rm = ac∗(log P)2 by the relationship between the porosity and characteristic exhaust velocity, where α
is the final constant [5]. The total erosion rate is obtained using the harmonic mean for thermochemical
chemical-controlled recession rate (

.
rc,ch), thermochemical diffusion-controlled recession rate (

.
rc,d), and

mechanical erosion rate (
.
rm). The harmonic mean is commonly used to obtain the average of the values

with the same relative ratio as the unit [15], and to obtain the average of the change rates, as follows:

.
rtotal erosion =

3(
1.

rc, ch
+ 1.

rc,d
+ 1.

rm

) (11)

2.2. Design of Experiments

An oxy-acetylene torch test setup was used for erosion experiments. The equipment had the
disadvantage of a low-calorie application and a low exposed surface but was still overall advantageous
for evaluating the erosion characteristics because the experiment is convenient, simple and fast [16].
The test apparatus, shown in Figure 3, consists of an oxygen–acetylene control unit, a data measuring
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unit, a data collecting and storing unit, and a specimen-fixing unit. The oxygen–acetylene control
controls the flow rate, pressure, mixing ratio and time of oxygen and acetylene. A torch (Victor model
315FC) and tip (Type 4, No. 7) were used [17,18]. In addition, the correct operation time was set and
controlled using an auto ignition device, a timer, and a solenoid valve. The pressure and temperature
were measured using a pressure transducer (Dacell CMM-50K) and a thermocouple (K-type).
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Figure 3. Oxy-acetylene torch test equipment.

The surface temperature was measured using an infrared thermometer (CHINO IR-AH) [19].
Data collection and storage were performed using the NI USB-6009 [20] and LabVIEW software.
The pressure gauge was DN-50W, and the thermometer was KN-2000W. The cooling method was air,
and compressed air was applied to the specimen fixing part, moving shaft, and sensor contact part
to prevent equipment breakage and error due to the high temperatures. Figure 4 is a configuration
diagram of the testing apparatus.
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Figure 4. Schematic diagram of oxy-acetylene torch test equipment.

The size of the heat-resistant material specimens was 100.5 mm× 100.5 mm and 6.5 mm (thickness).
The graphite used in the experiment was Grade 6520 of Mersen, R4340 of SGL, EX60 and EX70 of
IBIDEN and the composite material was a custom-made 3D C–C composite. The density and porosity
of the graphite and C–C composite are shown in Table 2. The oxygen and acetylene pressures were
set to 0.12 MPa and 0.02 MPa, respectively. The flame was generated with a neutral flame with a 1:1
oxygen-acetylene ratio and the distance between the specimen and torch was set at 60 mm. The erosion
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test duration was set to 120 s and the pressure applied to the specimen was measured in real time using
the NI USB-6009 and LabVIEW, as described in Figure 4. Additionally, the surface temperature was
measured using a radial thermometer from the front. Figure 5 shows the test results after 5, 40, and 100
s in the erosion test procedure for the 3D C–C composite specimen. The results are shown after 120 s,
the end of the experiment. Cooling of the experimental apparatus was directed by air intensity so as
not to affect the experiment.

Table 2. Density and porosity of the graphite and C–C composite.

Graphite C–C

G6520 R4340 EX60 EX70 3D

Density
(kg/m3) 1750 1770 1800 1850 1700

Porosity (%) 17 15 14 10 12
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3. Experimental Results and Discussion

Figure 6 shows the erosion surface of five specimens, Graphite R4340, Graphite G6520, Graphite
EX60, Graphite EX70, and 3D C–C composite, after the flame was injected for 120 s. The upper right
picture in each figure is the one before the flame was applied to the specimen. In the case of graphite
material, erosion occurred most in the center of the flame, and the white dot in the figure shows the
surface groove due to erosion. The roughness of the specimen was increased due to the surface groove
toward the center of the specimen. In the C–C composite material, the surface groove was larger than
that of graphite as the matrix was burned and absent, and the fiber-reinforced composite material
under the laminate was exposed due to erosion, appearing as a circular pattern. It was confirmed that
five fibers were exposed by each 90◦ downward directions, but they were resistant to surface erosion
while the matrix was removed.
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Figure 6. The eroded surface of (a) Graphite R4340, (b) Graphite G6520, (c) Graphite EX60, (d) Graphite
EX70, (e) 3D C–C composite.

Figure 7 is the erosion test of Graphite G6520, and the dotted circle is a representation of the
deviations of surface particles. The erosion intermittently occurred at the beginning of the experiment,
but surface particles at high temperature in red started to be released at 1000 ◦C after 35 s, and the
particles changed in all directions as time passed. In the case of the C–C composite material, the change
in surface particles was observed after 20 s when the surface temperature reached 1000 ◦C. These surface
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particle changes are erosion phenomena and the released particles are in the form of grooves on
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The surface temperatures of the graphite and C–C composite specimens were measured to
investigate the characteristics of the above described particle surface change. As shown in Figure 8,
the 3D C–C composite (thermal conductivity of 18 W/m K) reached a high temperature faster than
Graphite G6520 (thermal conductivity of 160 W/m K).
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The amount of erosion and erosion rate for each material for the erosion test conducted for 120 s
are shown in Table 3, and the erosion cross section for each material is shown in Figure 9. To compare
the measured erosion rates with the theoretical values, the thermochemical erosion rate (

.
rch) described

in Table 4 was calculated using the chemical-controlled recession rate (
.
rc,ch) in Equation (3).
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Table 3. The measured erosion of graphite and the C–C composite and their erosion rates.

Graphite C–C

R4340 G6520 EX60 EX70 3D

Test time (s) 120 120 120 120 120
Total erosion (mm) 1.75 2.10 1.54 1.40 1.90
Erosion rate (mm/s) 0.0146 0.0175 0.0128 0.0117 0.0158
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Table 4. Calculated thermochemical erosion rate of graphite and the C–C composite.

Graphite C–C

R4340 G6520 EX60 EX70 3D
.
rc, ch (mm/s) 0.0305 0.0308 0.0218 0.0251 0.0339
.
rc,d (mm/s) 0.0130 0.0131 0.0092 0.0106 0.0145
.
rth (mm/s) 0.0183 0.0184 0.0130 0.0149 0.0203
Error (%) 25.34 5.14 1.56 27.35 28.48

The diffusion-controlled recession rate (
.
rc,d) in Equation (7) is based on values from Table 1.

Density, one of main factors influencing the erosion, was obtained from material data sheet and
inspection report provided by the manufacturer, the mass fraction of the combustion gas was obtained
by NASA CEA [21], and the pressures were measured at 3.6 bar and 5.0 bar. As shown in Table 3,
a rather large difference between the measured and predicted erosion rates was observed, and it was
found that accurate erosion rate can be predicted only by mechanical erosion considering porosity and
shear stress, which is a measure of structural resistance. Porosity is an important factor affecting the
erosion resistance of heat-resistant materials and should be considered for erosion prediction.

The mechanical erosion rate (
.
rm) was calculated by Equation (10) where the characteristic

exhaust velocity of 1008.83 m/s was applied according to the conditions of this experiment, and the
porosity was 15% for R4340, 17% for G6520, 14% for EX60, 10% for EX70, and 12% for the 3D C–C
composite. Experimental constant (a) was 8.8491 × 10−9 derived by curve fitting the experimental
data. The mechanical erosion rate was thus calculated by Equation (12), and the rates were computed
as 0.01235 mm/s of R4340, 0.01352 mm/s of G6520, 0.01173 mm/s of EX60, 0.00893 mm/s of EX70,
and 0.0104 mm/s of the 3D C–C composite.

.
rm = 8.8491× 10−9c∗(log P)2 (12)

The measured and calculated total erosion rates are shown in Table 5 and Figure 10 where the
errors between the experimental and predicted values was 7.53% for R4340, 6.29% for G6520, 2.34%
for EX60, 4.2% for EX70 and 2.53% for the 3D C–C composite. The overall errors were less than 10%,
confirming that the accurate erosion rate can be predicted by considering mechanical erosion.



Appl. Sci. 2019, 9, 3323 10 of 12

Table 5. The calculated and measured erosion rate of graphite and the C–C composite.

Graphite C–C

R4340 G6520 EX60 EX70 3D

Measured erosion rate (mm/s) 0.0146 0.0175 0.0128 0.0117 0.0158
Calculated erosion rate (mm/s) 0.0157 0.0164 0.0125 0.0122 0.0154

Error (%) 7.53 6.29 2.34 4.27 2.53
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The main causes of erosion are thermochemical and mechanical factors. The surface temperature,
surface pressure, species concentration and density are the main influences on thermochemical erosion,
and porosity [3–5]. Characteristic exhaust velocity and friction are also factors related to mechanical
erosion. Figures 11 and 12 show the comparison of erosion rates in terms of density and porosity of
graphite. The higher the density, the smaller the erosion rate, and the density of the material has a
great effect on the erosion. Additionally, the low porosity slows the erosion rate. When the graphite
and C–C composites had a density similar to that of G6520 (1750 kg/m3, 17%) and 3D (1700 kg/m3,
12%), the lower porosity and lighter C–C composites exhibited stronger resistance to erosion.

As the surface temperature increases, and as the concentration of H2O, CO2, and OH increase,
the erosion rate increases [8,9]. Therefore, a material with small porosity and high density should be
selected or manufactured in order to reduce the erosion of the nozzle heat-resistant material.
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4. Conclusions

To investigate the thermochemical and mechanical erosion characteristics of graphite and C–C
composites used in rocket nozzles, the predicted erosion rate based on the theoretical erosion model
was experimentally compared with the amount of erosion. As a result of the analysis, the calculated
erosion amount of graphite and the C–C composite material using only the thermochemical erosion
model was insufficient due to the large error compared to the experimental results. By considering
the estimated erosion rate using the mechanical erosion model with the thermochemical erosion
rate, the error between the experimental and predicted values was less than 10%. In addition, in the
case of materials with similar properties, C–C composites showed better resistance to erosion than
graphite, and surface temperature, surface pressure, species concentration, density, and porosity were
major factors influencing erosion. Therefore, these factors should be considered when selecting and
manufacturing the nozzle neck material. The results of this analysis can be used as basic data of the air
friction erosion of earth re-entrant vehicles.
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