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Abstract

Charring ablation materials are widely used for thermal protection systems in a vehicle
during hypersonic reentry. The pyrolysis gases from the charring materials can react with
oxygen in the boundary layer, which makes the surface ablation rate decrease. The problem of
protection of combustion of pyrolysis gases in charring material against surface ablation is
solved by the detached normal shock wave relations and the counterflow diffusion flame
model. The central difference format for the diffusion term and the upwind scheme for the
convection term are used to discretize the mathematical model of the counterflow diffusion
flame. Numerical results indicate that the combustion of pyrolysis gases in the boundary layer
can completely protect the material surface from recession when the velocity of pyrolysis
gases injecting to the boundary layer is higher than the critical velocity. There is an allometric
relationship between the critical velocity and Mach number, and the combustion heat has little
influence on the temperature distribution originating from the aerodynamic heating. This
study will be helpful for the design of the thermal protection system in hypersonic reentry
vehicles.

Keywords: Charring materials, Pyrolysis gases, Counterflow diffusion flame, Surface ablation,
Critical velocity.

1. Introduction

Charring ablation material is the first choice for the thermal protection system of a vehicle
subjected to severe aerodynamic environment during hypersonic reentry [1-3]. The pyrolysis
of charring ablation materials and the flow of pyrolysis gases in the material can bring off
amounts of heat [4-7]. Meanwhile, the char on the material surface usually ablates because it
reacts with the oxygen in the boundary layer behind the shock wave. Based on the thermal
protection mechanism of charring materials, researchers developed three types of physical
and mathematical models for the materials [5, 8-13]. A heat conduction equation combining
with the Arrhenius law was widely used to estimate the pyrolysis of a charring material
avoiding seeking moving interfaces in the material. The other two models - the pyrolysis
interface model and the pyrolysis layer model - were built well, reflecting the materials’
multilayer phenomenon. Regrettably, there are still deficiencies in the three types of models
above, especially the surface ablation rate considered in them as a function of surface
temperature without pyrolysis gases reacting with oxygen. Actually, this surface ablation rate
depends not only on the surface temperature, but also on the combustion of pyrolysis gases.



When pyrolysis gases injected from the inner material meet the oxygen, a diffusion flame is
formed. A starting reaction interface between pyrolysis gases and oxygen is defined as the
position where the mole fraction of oxygen just shifts from a positive value to zero. If the
starting reaction interface reaches or enters the material surface, char on the surface could
react with the oxygen. In this case, combustion of pyrolysis gases partly protects the material
surface. If the starting reaction interface stays outside the material surface, char on the surface
cannot react with the oxygen. As a result, combustion of pyrolysis gases completely protects
the material from surface ablation. Notably, the velocity of pyrolysis gases when the starting
reaction interface just reaches the material surface is significant. We can call this velocity the
‘critical velocity’. Up to now, research on the protection of combustion of pyrolysis gases
from charring materials remains a longstanding challenge because of lack of references to this
problem.

The counterflow diffusion flame model, describing a fundamental combustion
configuration, can be applied for solving combustion problems [14-18]. The mathematical
model of the heat and mass transport processes must take numbers of chemical reactions,
gas-phase multi-component viscosities, thermal conductivities, diffusion coefficients, thermal
diffusion coefficients, thermodynamics and chemical rates into consideration [19-31].
However, the combination of counterflow diffusion flame and surface ablation of charring
materials has never been reported. In this paper, the problem of the protection of pyrolysis
gases combustion against charring materials' surface ablation is solved by numerical methods
on the basis of the counterflow diffusion flame.

2. Models
2.1. Physical model

With charring material of a vehicle subject to severe aerodynamic environment, the heat
transfers to the inner material and the temperature of the material increases from the material
surface to the bondline. When the temperature at the surface reaches the temperature of
commencing pyrolysis for phenolic resin, the material starts appearing in layers, namely, a
virgin layer and a pyrolysis layer. Meanwhile, the pyrolysis gases generated from the material
in the pyrolysis layer flow to the material surface and inject to the boundary layer adjacent to
the material surface. Heating continues and the surface temperature reaches the temperature
of completing pyrolysis for phenolic resin. Three layers: the virgin layer, the pyrolysis layer
and the char layer, are produced in the material. In the range of the high temperature and high
pressure boundary, the pyrolysis gases, which are usually hydrogen, methane, carbon
monoxide, carbon dioxide, water and ethane, can be burnt with the oxygen in the boundary
layer.

A counterflow diffusion flame model can describe the combustion phenomena of pyrolysis
gases in the boundary layer. In the counterflow diffusion flame model, the material surface
can be seen as the fuel nozzle, the detached normal shock wave can be seen as the oxidizer
nozzle, and the region of the boundary layer can be seen as the range of diffusion combustion.
Fig. 1 illustrates a schematic of a counterflow diffusion flame representing the pyrolysis gases
reacting with the oxygen in the boundary layer adjacent to the material surface.
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(a) One-dimensional ablation model  (b) Pyrolysis gases-air counterflow diffusion flame
Fig. 1. Schematic diagram of combustion of pyrolysis gases from charring material in the
boundary layer

In Fig. 1(a), a one-dimensional ablation model of charring material is presented. With the
increasing temperature of the inner material, the pyrolysis gases generate flow through the inner
material and inject to the boundary layer, whose thickness is L. The oxygen flows from the
detached normal shock wave toward the material surface. The bold dashed line in Fig.1
represents the starting reaction interface.

The pyrolysis gases-air counterflow diffusion flame in Fig. 1(b) describes the combustion
phenomena in the boundary layer in detail. If we let x and r denote the independent spatial
coordinates in the axial and the radial directions, respectively, the material surface is located at
x=0 and the detached normal shock wave is located at x=L. At x=0, the pyrolysis gases flow
toward the positive x direction. At x=L, the oxygen flows toward the negative x direction. The
stagnation plane is the position where the velocity of gases is zero.

2.2. Mathematical models
Based on the physical model, the mathematical model for the phenomena of pyrolysis gases
combustion in the boundary layer can be considered as two parts, as follows.

2.2.1. Detached normal shock wave relations

To obtain one of the boundary conditions in the counterflow diffusion flame, the temperature,
pressure, gas density and gas velocity behind the detached normal shock wave, which are seen as
the boundary conditions, should be calculated first. The mass conservation equation, the
momentum conservation equation and the energy conservation equation of the detached normal

shock wave can be written as
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where p, u, p and h are the density, velocity, pressure and specific enthalpy of gas, respectively.
And the subscript f and b, respectively, represent the position before and after the detached
normal shock wave.

The thermodynamic properties of air with real gas effects may be denoted by [32]

h=h(p.p) @

T=T(p.p) )

The specific enthalpy, pressure, gas density and gas velocity behind the detached normal
shock wave can be obtained from Eqgs. (1)-(4). Then the temperature can be expressed by eq. (5).
These results can be seen as the boundary conditions at the oxidizer nozzle in the counterflow
diffusion flame.

2.2.2. Counterflow diffusion flame solutions

The calculation of the critical velocity u,. of pyrolysis gases at the material surface is
significant in the problem. A counterflow diffusion flame is applied to solve the critical velocity,
temperature and main components’ mole fraction in the problem. The simplifying assumptions
of the counterflow diffusion flame are as follows: (a) the temperature and species mass fractions
are functions of x alone; (b) the thermodynamic pressure is constant throughout the flow field in
the axial direction, but the pressure gradient term appears in the momentum equation in the
radial direction [23]. Based on the Navier-Stokes equations in cylindrical coordinates, the
physiochemical processes are expressed by the following conservation equations in the
axisymmetric system [23, 24]
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In these equations, u and v are respectively the axial and radial velocity, ¢ is the dynamic
viscosity which is detailed in ref. [31], 4 is the thermal conductivity, Y is the mass fraction, V is
the diffusion velocity, % is the enthalpy, @ is the chemical reaction rate and W is the molecular
weight. The subscript k is the species index. In addition, H is the eigenvalue for the radial



pressure gradient which is equal to the pressure at the position behind the detached normal shock
wave

_1 P —b = constant (10)
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The parameters ¢, and 4 in eqs. (6)-(9) are respectively given as
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The diffusion velocity can be expressed as
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thermal diffusion coefficients, respectively, which are shown in detail in ref. [33].
The chemical reaction rate is a complicated parameter written as [31]
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where V,'a. and V,;. are the stoichiometric coefficients of the kth reactant and product species in

the ith reaction, k; and k,; are respectively the forward and the reverse rate constant of the ith

reaction, and the molar concentration of the kth species[ X, | = p—.
k

The boundary conditions for the pyrolysis gases and air streams at the material surface (s) and
the position behind the detached normal shock wave (b) are

x=0: F=pu /2, G=0, T=T, puY +pYV,=(puY,) (15)

x=L: F=pu,/2, G=0, T=T,, puY, +pY,V, =(put,), (16)

The boundary conditions above specify the total mass flux, including diffusion and convection,
rather than the species fraction (Y,=Y;). If gradients exist at the boundary, these conditions



allow diffusion into the nozzle.
In addition, the thickness of the boundary layer, which is the distance of the detached normal
shock wave, can be expressed as [34]

L=sp,/(p; +p,) a7

where s is the curvature radius at the stagnation point for a re-entry vehicle.

The counterflow diffusion flame is seen as a two-point boundary value problem for the
dependent variables (F, G, T, Y;, H), which can be solved by the differential egs. (6)-(10) and the
boundary conditions.

3. Numerical methods

The nonlinear mathematical model in Section 2.2.1 can be solved by the Quasi-Newton
methods with our FORTRAN codes. And the mathematical model for the counterflow diffusion
flame is regarded as large-scale nonlinear equations. To obtain the temperatures and mole
fractions of the main component distributions of the counterflow diffusion flame, it is necessary
to discretize the differential equations. We adopt the central difference format for the diffusion
term and the upwind scheme for the convection term. Final discrete formats of egs. (6)-(9) can
be expressed as follows
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where subscript j represents the space point in the x direction from the material surface to the
position behind the detached normal shock wave.

4. Numerical results

Suppose that a vehicle whose curvature radius at the stagnation point is 4.694m re-enters from
an altitude of 55km at hypersonic speed (Ma=5, 6, 7, 8, 9 and 10 respectively for the examples),
and the gases’ temperature (7;) of the material surface is 1400K at this altitude. The flow
conditions of the atmosphere at altitude 55km are given in Table 1.



Table 1 The flow condition of atmosphere at altitude 55km
T; [K] pr [Pa] pr [kg/m’] a [m/s]
265.59 42.752 0.00056075 326.7

where a is the speed of sound at altitude 55km.

4.1. Temperature, pressure, gas density and gas velocity behind the detached normal shock wave

In order to obtain the boundary conditions at x=L in the counterflow diffusion flame, the
relationships in Section 2.2.1 and the expression for L in Section 2.2.2 are used to calculate 7,
Db Pvs Up and L, which are shown in Table 2.

Table 2 The fluid parameters behind the detached normal shock wave
Ma w, (m/s]  pylkg/m’]  p,[Pa T, [K] L [m]
5 298.610  0.003067 1265.5 1429.459  0.725563
6 322.756  0.003406 1842.6 1862.781  0.663556
7 335.861  0.003818 25447  2269.798 0.601121
8
9

334.349  0.004383 3383.2  2579.057 0.532422
330.877  0.004983 4345.1 28227788  0.474798
10 330.627  0.005541 5422.1 3074.322  0.431378

It can be seen in Table 2 that with an increasing Ma, the density, pressure and temperature
behind the detached normal shock wave respectively gets higher, however, the boundary
thickness gets lower, and the velocity behind the detached normal shock wave changes a little.

Using the results shown in Table 2 as the boundary conditions for each Ma, giving different
velocities of pyrolysis gases at the material surface, the temperature and mole fraction
distributions in the counterflow diffusion flame can be calculated.

4.2. Temperature and mole fraction distributions in the counterflow diffusion flame when
u;=50m/s

The hydrocarbons are produced as pyrolysis gases during the pyrolysis of a charring ablation
material. These hydrocarbons flow to the material surface and inject to the boundary layer. Table
3 gives the mole fractions of the main components of the pyrolysis gases which can be seen as
the boundary conditions at x=0 for each Ma [35]. Together with the results in Table 2 as the
boundary conditions for air, which includes O, (21% mass fraction) and N, (79% mass fraction)
at x=L, Egs. (18)-(21) are taken into consideration to obtain the temperature and mole fractions
of main components in the pyrolysis gases-air diffusion flame when u,=50m/s. It is necessary to
pay attention to the fact that the reactions between the components of Table 3 and the oxygen in
the boundary layer can be shown by the detailed mechanisms from GRI-Mech 3.0 [36]. The
straight, dash, dot, dash-dot, dash-dot-dot and short dash lines represent the result curves for
Ma=5, 6,7, 8,9 and 10, respectively, in Figs. 2-4.

Table 3 The components’ mole fractions of the pyrolysis gases at the material surface [35]
H, CH, CcO H,O CO, C,He
59.4% 14.9% 12.7% 12.7% 0.2% 0.1%




Fig. 2 shows the comparisons between the temperature destitutions for different Ma. It can be
seen that the temperature distribution presents as a convex parabola curve for Ma=5, 6 or 7. The
region corresponding to the temperature change is the reaction zone of the pyrolysis gases and
air. With an increasing Ma, the temperature at the position behind the detached normal shock
wave increases and exceeds the beginning reaction temperature of the pyrolysis gases and air.
Furthermore, the convex parabola curve cannot be seen in the temperature distribution. The
phenomena tell us that the combustion heat has little influence on the temperature distribution,
which comes from the aerodynamic heating. And the influence becomes weaker with an
increasing Ma. In the enlarged picture, the combustion reaction zone of the pyrolysis gas is
specified between the two vertical lines. It also can be seen that with increasing Mach number,
this zone becomes narrower.
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Fig. 2. Comparisons between the temperature destitutions for different Ma

In Figs. 3(a)-3(g), the mole fractions of H,, CH,;, CO, H,O, CO,, C,;Hg¢ and O, from
combustion in the boundary layer for different Ma are displayed. In Fig. 3(a), it can be seen that
the mole fraction curve of H, is monotonic in the reaction zone. It demonstrates that the
consumption amount is more than that of the production amount for H, in combustion. Moreover,
with an increasing Ma, the reaction region becomes narrower and the consumption rate for H,
increases. In Figs. 3(b)-3(e), the mole fraction curves of CH,, CO, H,O and CO, are each a
convex parabola in the reaction region. It is clear that the production amounts exceed the
consumption amounts for above four components in the pyrolysis gases-air diffusion flame in
the boundary layer. With an increasing Ma, the production amounts of CH, decrease, however,
the production amount of CO increases. The production amount of H,O increases when the
Mach number increases from 5 to 7, and it decreases when the Mach number increases from 7 to
10. The production amount of CO, increases when the Mach number increases from 5 to 8, and it
decreases when the Mach number increases from 8 to 10. In Fig. 3(f), C,Hgdecreases when it
just comes out of the material surface as consumption. In the reaction region, it functions as
production and increases. And with an increasing Mach number, the amount of C,Hg decreases.
In Fig. 3(g), the starting reaction interface moves further away from the material surface with an
increasing Ma.
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Fig. 3. Mole fractions of main components from combustion in the boundary layer for



4.3. Analysis of the critical velocity of pyrolysis gases at the material surface

To find the law of the complete protection by combustion of pyrolysis gases in the
boundary layer on charring the ablation materials’ surface, it is necessary to know the critical
velocity of pyrolysis gases at the material surface. From the boundary conditions in Section
4.2 for each Ma, the mole fraction distribution of O, can be obtained by using different gases’
velocity at the material surface. In these O, mole fraction results, it is discovered that when
the case in which the starting reaction interface just reaches the material surface, the critical
velocity of pyrolysis gases at the material surface for each Ma is obtained. Table 4 gives the
critical velocity result for each Ma.

Table 4 The critical velocity of pyrolysis gases at the material surface for different Ma
Ma 5 6 7 8 9 10
U, [m/s] 11.00 6.00 3.50 2.17 1.57 1.20

Fig. 4 shows the comparison between the types of main components at the starting reaction
interface when u,=u, . for each Ma. The main components include H,, H,O, N,, CH; and CO
for Ma=5; H,, H, H,0, N,, CH;, CH,and CO for Ma=6; H,, H, H,0, N,, CH;, CH,, CO and
CO, for Ma=7, H,, H, H,0, N,, CH;, CH,4, CO, CO, and C,H, for Ma=8, 9 and 10. It is visible
that with an increasing Ma, the types of combustion components increase, the consumption
rate of H, increases, the production amounts of CHj increases at first then decreases, the
production amount of CH, decreases, the production amount of CO has little difference and
the production amounts of H, CO,, C;H, and H,O increase.
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Fig. 4. Comparison of the types of main components at the starting reaction interface

Fig. 5 shows the relationship between the critical velocity of pyrolysis gases and Mach
number (at 55km). Every square dot represents the calculated critical velocity of pyrolysis
gases at the material surface for each Mach number. The curve fitting results of these data are
shown by the smooth curve. The results show that the injection velocity of pyrolysis gases at
the material surface, which can lead to the starting reaction interface just reaching the material
surface, decreases gradually with an increasing Mach number. Furthermore, by analyzing the
fitted curve, an allometric function relationship between the critical velocity of pyrolysis
gases at the material surface and the Mach number is identified. At the altitude of 55km, this
function can be written as

u,, =2000.78Ma"* (22)



To validate the accuracy of eq. (27), another calculation establishes the critical velocity of
pyrolysis gases at the material surface for Ma=5.5, 6.5, 7.5, 8.5 and 9.5. The round dots in Fig.
5 describe the critical velocities for Ma=5.5, 6.5, 7.5, 8.5 and 9.5. The round dots are in
agreement with the fitted curve. It can be concluded that the allometric function can describe
the relationship between the critical velocity of pyrolysis gases at the material surface and
Mach number at an altitude of 55km.
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Fig. 5. The critical velocities of pyrolysis gases at the material surface and Mach numbers

Another study of the relationship between the critical velocity of pyrolysis gases at the
material surface and the Mach number is developed when the altitude changes. The purpose
of this study is to find whether the allometric function is applicable to the relationship
between the critical velocity of pyrolysis gases at the material surface and the Mach number
at various altitudes. Table 5 shows the functions for the relationships between the critical
velocities and Ma at the altitudes of 40-70km.

Table 5 The functions for the relationships between the critical velocities and Ma at various
altitudes

Altitude [km] T—
’ u,. = 739Ma !
) u,, =21.18Ma™®
N u . =276.47 Ma™>"
) u, . =2000.78 Ma >
; u,. = 1753.19Mqa *™
i u,, =854.66Ma™""”
70 u .= 1441.67Ma™"**

The results in Table 5 show that the relationship between the critical velocity of pyrolysis



gases at the material surface and Mach number at every altitude can be calculated with an
allometric function, which can be written in a general formula

u, = AxMa" (23)

With the altitude increasing, A in eq. (23) increases from 40km to 55km and then decreases,
except the case for the altitude at 65km. And B in eq. (23) decreases from 40km to 55km and
then increases. In spite of the formula for each altitude having different coefficients, the
allometric function can conclude the relationship between the critical velocity of pyrolysis
gases at the material surface and Mach number.

If the injection velocity of pyrolysis gases at the material surface is more than the critical
velocity, the starting reaction interface should not reach the material surface. In other words,
the combustion of pyrolysis gases in the boundary layer can completely protect the material
surface from surface ablation in this situation. The combustion of produced hydrocarbons
from material pyrolysis in the boundary layer can completely protect the char on the material
surface without surface ablation.

5. Conclusions

This paper focuses on the protection of pyrolysis gases combustion against the surface
ablation of charring material in a hypersonic vehicle. By analyzing the temperature,
components of combustion, critical velocity of pyrolysis gases at the material surface and the
position of the starting reaction interface, the results show that
(1) The critical velocity of pyrolysis gases at the material surface is important to the surface
ablation of charring materials. If the velocity of pyrolysis gases injecting to the boundary
layer is higher than the critical velocity, surface ablation would not happen. Otherwise, the
combustion of pyrolysis gases in the boundary layer only partly protects the char on the
material surface.
(2) The relationship between the critical velocity of pyrolysis gases at the material surface and
Mach number obeys an allometric function. At a fixed altitude of a vehicle hypersonic
re-entry, the critical velocity of pyrolysis gases at the material surface, which can lead the
starting reaction interface to just reach the material surface, satisfies an allometric function
with the Mach number. The critical velocity decreases with an increasing Mach number.
(3) The heat from the combustion of pyrolysis gases in the boundary layer has little influence
on the temperature distribution produced from the aerodynamic heat. With an increasing
Mach number, the influence on the temperature distribution becomes weaker.
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Nomenclature

L — thickness of boundary layer [m] u — gas velocity / gas velocity in axial
x — spatial coordinate in axial direction [m] direction [m/s]

r — spatial coordinate in radial direction [m] p — gas pressure [Pa]

p — gas density [kg/m’] h — specific enthalpy [J/kg]



T — gas temperature [K]

¢, — specific heat at constant pressure
kg K]

G — function of density, radial velocity
and radial coordinate [kg-m'3-s'1]

F — function of density and axial
velocity [kgrm™s™]

u — dynamic viscosity [kg'm™+s™]

v — gas velocity in radial direction [m/s]

A — thermal conductivity [W-m'-K"]

Y — mass fraction [-]

V — diffusion velocity [m/s]

o — chemical reaction rate [mol-m™-s™]

W — molecular weight [kg/mol]

W — mean molecular weight [kg/mol]

C,— molar heat capacity at constant
pressure [J -mol'l-K'l]

X — mole fraction [-]

[X] — molar concentration [mol/ m3]

Dj — multicomponent diffusion
coefficients [m?/s]

Dy, — mixture averaged diffusion
coefficients[m?/s]
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DkT — thermal diffusion coefficients

[kg'm™s7']
v~ stoichiometric coefficient of
reactant [-]
v"'— stoichiometric coefficient of
product [-]
s — curvature radius at stagnation point [m]
™ — mass injection rate [kg'm™>s™]
Ma — Mach number [-]
a — speed of sound [m/s]

Subscripts
s — surface
¢ — critical

f— the position before detached normal
shock wave

b — the position behind detached normal
shock wave

k — species index

i — ith reaction

g — pyrolysis gases

J — space point in x direction
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