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Abstract: The heat transfer coefficient, temperature distribution, and stress distribution of 3D carbon/carbon (C/C) composite solid
rocket motor (SRM) throat at the thermal equilibrium state were calculated through the comprehensive thermo-structural simulation,
and SRM used the tri-component propellant of ammonium perchlorate/hydroxyl-terminated polybutadiene/Al under the condition of
6.5 MPa for long run of 20, 60, and 95 s. The analysis of ablation behavior and mechanism of different throat regions was also
conducted according to the simulation results. The results show that the temperature at throat convergent zone is the highest due to the
thermochemical ablation between the oxidation components (H,0, CO,, H,) and the surface carbon. The central throat zone has the
maximum heat transfer coefficient with relatively high temperature. The ablation in the central throat zone is the most severe due to
the stress of inner surface, including the gas thermochemical ablation, high-speed-flow mechanical denudation, and particle erosion.
The central throat surface has small grooves or cracks, and the throat tends to decompose due to the stress and oxidation. The stress
and temperature of throat exit zone are decreased, and the ablation rate is obviously reduced. The throat ablation mechanism is the
combination effect of thermochemical ablation of oxidation components and the carbon influenced by the stress and temperature, flow
mechanical denudation, and Al,O, particle erosion.
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The nozzle throat is a key component for the solid rocket
motor (SRM), because the nozzle throat ablation reduces the
motor specific impulse and changes the motor thrust
profile!”’. For accurate prediction and precious thrust control,
it is necessary to control the ablation of throat material.
However, the throat ablation is usually caused by the complex
interactions under the extremely harsh conditions of high
temperature, high pressure, high-velocity gas flow, chemically
aggressive gas, and the mechanical action by particles. The
common nozzle throat materials are the pyrolytic graphite,
tungsten (or refractory metals), carbon-phenolic, and carbon/
carbon (C/C) composites®”. The C/C composites are a
structural and functional coupling material, which is suitable
for nozzle application due to the superior behavior in high
heat transfer regions™"".,

Predicting the nozzle throat erosion is very important for
SRM nozzle design, which becomes more and more critical
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with increasing the motor scale, because the firing duration is
proportional to the motor size, and the change in the nozzle
throat area at the same regression depth is inversely propor-
tional to the square of the motor size. Thus, the investigation
on the ablation behavior, thermo-structural analysis, and
structural design of throat components are important!>"”". The
C/C throat ablation using the oxyacetylene flame, plasma
torch, electric arc, and other oxyfuel flame has been studied,
but the results cannot be applied under the comprehensive
conditions of high temperature, high pressure, high-velocity
gas, and the gas with fusion particles for the large-scale
SRM"*# 1In this research, the ablation behavior of 3D C/C
composite throat was investigated in full-scale SRM for long
duration. The throat ablation behavior based on the simulation
results was analyzed. The ablation mechanism of 3D C/C
throat at thermomechanical condition was discussed. The
ablation rate of nozzle throat in SRM for long duration was
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obtained. This research may provide guidance for the
modeling of nozzle throat ablation, the throat material
modification, and the nozzle design.

1 Experiment

The C/C composites were made by unidirectional carbon
cloth and polyacrylonitrile-based carbon fiber yarns. The
carbon cloth was piled up layer by layer until it reached the
designed height, and then the carbon fiber yarns penetrated the
layered carbon cloth, as shown in Fig. 1. The C/C composites
were then densified with coal-tar pitch by high isostatic
pressing carbonization. The density and open porosity of C/C
composites were 1.95 g/em’ and 3.2%, respectively. The
degree of graphitization is about 80% through X-ray
diffraction (XRD) analysis. Fig.2 shows the microstructures of
C/C composites. A few voids and cracks exist, and the void
size is less than 50 um. The width and length of cracks are
less than 10 and 100 pm, respectively. It can be seen that the
cracks are blocked by the carbon cloth or the carbon fiber
yarns. The bulk C/C composites were machined to obtain the
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Fig.1 Schematic diagram of 3D C/C composites
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Fig.2 Microstructures of layered carbon cloth (a) and carbon fiber

yarns (b) in 3D C/C composites

throat. The flame was parallel along z direction of each throat.
The throat diameter before and after firing was measured by
the micrometer. The average linear ablation rate of the throat

could be calculated by Eq.(1), as follows:
_ d, —d, 1
= (1)

where 7, is the linear ablation rate; d, and d, are the average

r

diameters of central throat zone before and after ablation,
respectively; ¢ is burning duration.

Fig. 3 shows the schematic diagram of SRM. The
microstructures of different zones in the throat were observed
by a scanning electron microscope (SEM, JSM-6460).

The propellant for SRM tests was 69wt% ammonium
perchlorate/13wt% hydroxyl-terminated polybutadiene/18wt%
aluminum (AP/HTPB/AI). The flame temperature was 3500
K. The gas temperature at the throat was determined through
the equilibrium calculations based on the propellant. The
ablation duration was 20, 60, and 95 s and the stress was 6.5
MPa. The test parameters are shown in Table 1.

2 Results and Discussion

2.1 Thermo-structural simulation

2.1.1 Boundary condition

The convective heat transfer and temperature distribution
were simulated by the computational fluid mechanics in
FLUENT software. The stress distribution was simulated by
the finite element analysis in ANSYS software. The boundary
conditions should be specified to complete the theoretical
model. The solid and gas boundaries connect at the interface.
The mass flux and energy flux of ingress and egress through
the control surface are in equilibrium state during the ablation
process. The mass conservation constructs the correlation of
material loss, material property, and working condition.
Table 2 and Table 3 show the mechanical and thermal
properties of C/C composites, respectively. The energy
conservation indicates the heat transfer during the ablation

Fig.3 Schematic diagram of SRM

Table 1 Parameters of C/C composite throats for SRM tests
Specimen  Ablation duration/s Throat dimension, @_ /P,
1 20 60 mm/20 mm
2 60 300 mm/120 mm
3 95 300 mm/120 mm
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Table 2 Mechanical properties of C/C composites

Parameter Direction Strength/MPa  Modulus/GPa  Strain/%
. X-y 185 72.10 0.11
Tensile
z 131 57.70 0.18
X-y 136 7.31 2.60
Compress
z 195 4.22 6.50
process. The general mass conservation, specimen

conservation, and energy conservation laws at the gas-solid
interface can be expressed as Eq.(2~4), respectively:
Dall, = pore )
B dy, _ _
( - pngmW + ng/c r) = Wy (3)
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g
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where p, is the gas density due to throat ablation; p, is the C/C
density; u, is the gas mass flux; 7 is the linear ablation rate; @,
is the mass production rate of k species; D, and Y, are the
reactant diffusion coefficient and mass fraction of k species,
respectively; 4 is the thermal conductivity; 4 is the constituent
enthalpy; 7 is the temperature; the subscripts g and ¢ represent
the gas and C/C composites, respectively; k is the production
species of gas-phase at the throat surface.

2.1.2  Convective heat transfer coefficient

The convective heat transfer coefficient was calculated by
Bartz equation under the condition of hot gas at 3500 K, and
the radiation heat transfer was negligible. The throat has the
constant profile during the ablation process. Fig.4 shows the
convective heat transfer coefficients of C/C composite throat
surface of different specimens during the ablation process.
The heat transfer coefficient increases gradually from the

convergent zone to the central throat zone until the maximum
convective heat transfer coefficient is achieved at the central
throat zone. Then the heat transfer coefficient gradually
decreases in the throat exit zone. Therefore, the convective
heat transfer is related to the gas pressure, mass flux, and the
throat profile. The high heat transfer results in the high surface
temperature.

2.1.3 Temperature distribution

The throat temperature is a major influencing factor in
ablation, because it directly affects the reactivity between the
throat and the oxidants in the combustion gas. Numerical
simulations were conducted to obtain the temperature
distribution in the throat. The wall temperature was calculated
based on the surface energy equilibrium, which is related to
the gas temperature, convective heat transfer coefficient, and
the thermal properties of C/C composites. The outer adiabatic
wall condition was enforced; therefore the throat contour was
regarded as a constant during the ablation. Fig.5 shows the
simulation of temperature distribution in the interior throat.
Fig. 6 shows the relationship between the axial gas temper-
ature and distance of the throat inner wall surface. The
maximum temperature zone of the throat is the throat
convergent zone. The maximum temperature of Specimen 3 is
about 3360 K at the input region of throat, then the
temperature drops to about 2900 K at the center region, and
finally that at the surface of exit edge decreases to 2500 K.
There is a temperature platform at downstream of the central
throat zone. The external wall of the throat has the lowest
temperature.

2.1.4  Axial stress distribution

Fig. 7 shows the axial stress distributions of the interior
zone in C/C composite throat. The maximum stress of
Specimen 1 is obtained at the input region of throat, because

Table 3 Thermal properties of C/C composites

Parameter Direction RT 1273 K
o . x-y 150 85
Thermal conductivity/W-m™ K~
z 94 63
Specific heat at constant pressure, C /J-kg ™K™' X-ylz 965 2460
_ . Xy -0.595 1.013
Coefficient of thermal expansion/x10™°
z -0.397 1.387
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Fig.4 Convective heat transfer coefficients of C/C composite throat surface of different specimens in ablation: (a) Specimen 1; (b) Specimen 2;

(c) Specimen 3
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Fig.5 Temperature distributions of throat interior zone of Specimen 1 (a), Specimen 2 (b), and Specimen 3 (c)
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Fig.6  Axial gas temperature distributions at inner wall surface of Specimen 1 (a), Specimen 2 (b), and Specimen 3 (c)
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Fig.7 Axial stress distributions of Specimen 1 (a), Specimen 2 (b), and Specimen 3 (c)

there is a sharp tip. The maximum stress of Specimen 2 is
about 30 MPa at central throat zone, which corresponds to the
convective heat transfer and the temperature gradient between
the inner and outer surfaces. The stress distribution of
Specimen 3 is similar to that of Specimen 2, because of their
same sizes and similar simulation conditions. The stress
decreases from the inner surface to the external wall, so the
central throat zone bears the maximum mechanical load
during ablation process.

2.1.5 Gas products calculation

The mole fractions of equilibrium combustion components
were calculated by the chemical
based on the
principle. The content of components in the combustion
products are presented in Table 4, which remains nearly
constant at the pressure of 6.5 MPa for different specimens.
The results show that the combustion products consist of H,O,
CO,, CO, H,, N,, HCI, and Al,0,/Al particles. The oxidizing
components, such as water (H,0), carbon dioxide (CO,), and

equilibrium  with

applications™*" free-energy-minimization

hydrogen (H,), are the primary reactants with the carbon in the
throat ablation process™. The reactions are expressed as
follows:

H,0(g)+C(s)—H,(g)+CO(g) (%)
CO,(g)+C(s)—2CO(g) (6)
H,(g)+C(s)~CH,(g) @)
2.2 Ablation behavior
2.2.1 Ablation rate
The throat surface is equally divided into three zones based
on the contour, temperature distribution, and stress

distribution: convergent zone, central zone, and divergent
zone, as shown in Fig.8. The average linear ablation rate was

Table 4 Components of SRM combustion

ALO,/
Al

Component HO CO, CO H, N, HCI

Mass fraction/wt% 18.12 7.74 30.12 1.69 8.97 22.50 10.86

Mole fraction/mol% 24.29 4.25 2595 20.38 7.72 14.86 2.55
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calculated based on rate of the initial and final throat central
zone diameters.

Fig.9 shows the pressure-time curve of Specimen 1 during
ablation process. The end of combustion process is
determined by the decline in smooth exponential of the
pressure-time curve. The decline point usually lies beyond the
abrupt pressure drop of the quasi-steady portion of the curve.
There is a rapid rise in pressure during the ignition transient
interval. Fig. 10 shows the similar appearances of C/C
composite throats after ablation. It is clear that the inner wall
has smooth surface without grooves or cracks. Specimen 2
and Specimen 3 are dissected. Fig. 11 shows the contours of
C/C composite throats before and after ablation. The linear
ablation rate of the throat is increased from the input zone and
reaches the maximum value at the central throat region, which
exhibits the similar trend with the temperature distribution in
Fig.5. The temperature of the inner throat surface can decide

Fig.8 Different zones of C/C throat
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Fig.9 Relationship of pressure-time of Specimen 1 during ablation

the reaction rate, which has an importance effect on the
ablation behavior. The average linear ablation rate of different
specimens is listed in Table 5, which is 0.063~0.164 mm/s,
and the maximum ablation rate is 0.164 mm/s for Specimen 3.

2.2.2  Ablation morphology

(1) Convergent zone

The morphologies of inner throat surface at different scales
were analyzed by SEM and energy dispersive spectroscopy
(EDS), as shown in Fig.12. Fig.12a shows a relatively smooth
mesh surface with many micro-pits of Specimen 2. The
carbon fiber yarns are ruptured and the matrix remains. The
contour of the C/C composite throat does not change before
and after ablation. The mesh hole is the ablated carbon fiber
yarns, and there are lots of grooves on the surface. Fig. 12b
shows a rough and porous ablated surface. The carbon fiber
yarns (Fig.12c) exhibit “pencil tip” morphology, and they are
severely ablated. The carbon matrix is less ablated than the
carbon fiber yarn. However, the rough surface and pits can
still be found, compared with the original C/C composite
throat. The other two
morphologies of carbon fiber yarn and the carbon matrix.

specimens show the similar
Temperature and the content of oxidation components near
the surface are two important parameters affecting the
chemical ablation. At the transient ignition of SRM, the high
temperature combustion gas mainly heats the throat by
convection heat transfer, and the throat reaches the heat
equilibrium instantaneously”. The calculated temperature of
convergent zone is much higher than that of other zones,
because the combustion gas is assembled in convergent zone.
The higher the temperature rise, the quicker the chemical
reactions. The content of oxidation components near the
surface severely influences the ablation rate. The cross-flow
mass flux is linked with the Reynolds number based on the
throat contour. The thickness of boundary layer is another
important parameter, which refers to the local shear stress at
the throat station. The combustion pressure has little effect on
the gradient distribution of gas®. So the diffusion of oxidants
to the throat surface is the restriction factor of the ablation.
The ablation at the convergent zone is the diffusion-controlled
thermochemical ablation.
(2) Central zone

Fig. 13 shows the morphologies of central throat zone,
which present obviously rougher surface, compared with

Fig.10 Appearances of C/C composite throats of Specimen 1 (a), Specimen 2 (b), and Specimen 3 (c)
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Table 5 Ablation results of C/C composite throats of SRM

Average linear ablation Maximum ablation

Specimen -
rate/mm-s ' depth/mm
1 0.063 1.36
2 0.138 8.64
3 0.164 15.96

those of the original surface. The carbon fiber is ablated to
needle-tip shape. There are lots of voids and grooves on the
surface. The throat surface becomes relaxation, and the
defects are formed by the axial stress (Fig.7). The ablation is
affected by these defects which facilitate the thermochemical
ablation onto the throat with inner structural integrity by
oxidation components (H,O, H,, and CO,). The heterogeneous
reactions of the gaseous components with carbon in the throat
result in fast ablation rate™™.

The high temperature exhaust gas is accelerated by the high
pressure in the central zone, the speed of which may reach the

Contours of Specimen 1 (a), Specimen 2 (b), and Specimen 3 (c) at pre-firing and post-firing states

sonic velocity. The high-speed gas flow produces a swirling
flow through the throat, because the tangential velocity cannot
be neglected. The swirl velocity affects the denudation
ablation in the central zone. The mechanical denudation
occurs in the 3D C/C composite. The mechanical properties of
C/C composite throat decrease during SRM running. The
particle or block denudation results from the defects, so it is
thermal-mechanical coupling ablation. In addition, the content
of high-speed melting Al,O,/Al is the largest in the central

throat zone™”

. The probability of particle collision on the
surface becomes large, which is related to the partial pressure
proportional to the mass fraction of components and the
mixture density. The tip temperature increases when the
particle collision occurs on the surface, because the particles
possess thermal energy and kinetic energy to heat the tip.
Thus, the thermochemical ablation is aggravated at the
particle points. The particle erosion may also be aggravated
due to the impingement of the condensed AlO, particles with
high kinetic energy on the throat surface. Therefore, the C/C

Fig.13  Morphologies of central throat zone at different scales: (a) macro-scale; (b) meso-scale; (c) micro-scale
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composite structure is broken and the mechanical properties
of the throat are reduced. In general, the ablation mechanism
of the central throat zone is the combination effect of
thermochemical ablation, mechanical denudation, and particle
erosion.

(3) Divergent zone

Fig. 14 shows the morphologies of divergent zone of C/C
composite throat surface after ablation. The carbon fiber is
ablated to needle-tip shape. Many cracks appear on the carbon
fiber and the interface between the carbon fiber and matrix
due to the mismatch of thermal expansion between carbon
fiber and matrix. There are lots of pits and grooves on the
surface because of the heterogeneous reactions at high
temperature. The divergent zone is conical with a divergence
cone angle of 30°. The gas axial velocity increases at the
downstream of the central zone, and reaches the supersonic at
the throat exit, due to the flow expansion caused by the
divergent geometry. Both the temperature and content of
oxidation components decrease largely in the divergent zone
near the surface, compared with those at the upstream.
Besides, the surface stress also declines. The reduction in
ablation rate is attributed to the decreased contents of H,O,
CO,, and ALO,/Al and the reduced temperature in the
divergent region. The ablation process may be influenced by
the diffusion of oxidation components through the turbulent
transport from the core region across the boundary layer to the
throat surface. The turbulence level is generally governed by
the Reynolds number at the throat region.

(4) Special morphology

Fig. 15 shows the morphology of Al,O, ball formed in the
divergent region on throat surface after ablation. The elements
of AlL,O, ball were detected by EDS. Lots of balls of 1~3 um
in diameter adhere to the ablated carbon fiber. This specific
morphology is caused by gas at ending part of ablation. The
appearance of ALO, balls is due to the propellant containing
18wt% Al particles. The fused AL, O, droplets were deposited
on cold throat surface, and then they were cooled down,
forming the ALO, ball.

Fig. 16 shows the morphology of pyrolysis carbon layer in
the divergent zone of the throat surface. The pyrolysis carbon
layer covers the ablated carbon fiber due to the combustion
gaseous reactants which contain alkane (carbon precursor). At
the ending part of ablation, the inner chamber of throat

»

Carbon b:ér

X1, 888 18R

Fig.16 Morphology of pyrolysis carbon layer on throat surface

becomes a small tube furnace with appropriate temperature
and proper reactant gas flow. The heating is provided by the
C/C composite throat because of its high heat storage capacity.
The chemical deposition or adsorption of carbon on the throat
surface occurs. No pyrolysis carbon can be found at the
central throat zone, indicating that the deposition does not
occur during the ablation. This phenomenon is beneficial for
the throat ablation, because the deposition vapor may
consume the flame heat.

3 Conclusions

1) The average linear ablation rate of the carbon/carbon
(C/C) composite throat is 0.063~0.164 mm/s for the solid
rocket motor.

2) The temperature reaches the maximum value at the
convergent zone of throat inner surface, and the exhaust gas
oxidation components cause the thermochemical ablation.

3) In the central throat zone, the temperature and stress
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have effect on the ablation behavior of C/C composite throat.
The throat structural integrity is broken due to the thermal
oxidation and stress. Mechanical denudation is the main
ablation mechanism in the central throat zone.

4) The Al,O, drops result in particle erosion. The ablation
rate is decreased with decreasing the temperature and stress in
the divergent zone. The ablation mechanism is the combi-
nation effect of the thermochemical ablation, mechanical
denudation, and particle erosion.
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