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Abstract—A mathematical model of the thermochemical destruction of carbon fiber-reinforced plastic in the
presence of surface roughness and composite ablation is refined based on known theoretical results. It is
shown that mass loss through rough surface ambiguously influences the intensity of heat exchange processes

in thermal protective material. Results of numerical calculations are compared with known data.
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INTRODUCTION

In a high-enthalpy flow, one of the factors that
affects heat flux (the heat exchange coefficient) and
finally determines the intensity of heat exchange is the
state of the surface [1—4]. Ablating composite materi-
als consisting of a filler and binder, glass and carbon
fiber-reinforced plastics [4, 5], can have surface

roughness in a wide range of (0.05—0.5) X1 0’ m. This
value of roughness suffices to transform a laminar
boundary layer into a turbulent one [1—-3].

The creation of space applications has shown in
[3, 6—8] that the influence of roughness should be
taken into account for both ablating nozzles of bodies
in the flow and ablating lateral surfaces with a relief
surface structure. A relief surface structure is formed
under ablation in a supersonic turbulent flow, which is
confirmed by results [8].

The surface roughness can imply a considerable
increase in surface friction and growth of the convec-
tive heat flux [6]. The growth of heat flux in a turbu-
lent boundary layer (BL) due to roughness has a sig-
nificant effect on mass loss of the thermal protective
material and on the change of the nozzle shape [6—8].

PROBLEM STATEMENT

Since many experiments [2, 3, 6—8] demonstrate
that the surface friction increases as the roughness height
grows and the heat flux attains a maximum [6, 7], the
Reynolds analogy is not likely to be applicable to
rough surfaces. Let us make use of the results from [7],
where a new approach to engineering calculations of
heat fluxes toward rough surfaces in supersonic flows
has been proposed:
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Here Pr, M_, and St are the Prandtl, Mach, and
Stanton numbers, respectively; Re is the Reynolds
number for roughness; C, is the local coefficient of
friction; 4 is enthalpy; /is body length; U'is speed; ¢,
A, o, and U are the coefficients of specific heat, ther-
mal conduction, heat exchange, and dynamic viscos-
ity, respectively; p is density; r is the recovery factor;
T'is temperature; T is tangential stress; % is the adia-
batic index; M, b,, and b,are constants; and K is the
equivalent roughness height (ERH) [2, 7]. The indices
e and w stand for the outer boundary of the BL and the
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outer heated surface of the body, respectively; T stands
for dynamic velocity; g, for the gas phase; 0, for the
initial condition (the absence of blow-in); oo, for
parameters at infinity; and the asterisk, for a charac-
teristic quantity (smooth surface).

The power law of resistance (the last formula in
equalities (2)) has been obtained in [9] for a steady-
state roughness, when the coefficient of total body
resistance depends not on the Reynolds number but
only on the local relative roughness.

It is assumed that the convective heat flux g,,(¢),
which acts on the thermal protective material (TPM)
for a certain time, is known; then, in view of [4, 7, 9, 10],
from (1) and (2), we have

go = 2SS ),
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where (pv),, is the total mass loss of the TPM and yis
the attenuation factor for the turbulent mode of flow
in the BL.

In the study of convective heat exchange on a
spherically blunted cone or on a hemisphere in a lam-
inar—turbulent BL on a permeable wall, one can
employ the results from [5, 11].

The physics of the process in the condensed phase
(c-phase) is as follows [5, 10, 12]: under the action of a
high-temperature flow, the temperature of the carbon
fiber-reinforced plastic (CFRP) increases up to the
decomposition temperature of the binding material
(resin); thereafter, the reaction of pyrolysis of the ther-
mosetting binder proceeds with the formation of pyra-
zole and carbon residue (coke), which is kept inside
the matrix by reinforcing carbon fiber.

For T, > 800 K, the carbonaceous surface is
destructed as a result of the interaction with components
of dissociated air [10, 12]. Gaseous pyrolysis products
can be filtered toward the interface y = 0 and blown
into the BL; along with carbon oxidation products,
these can reduce the convective heat flux to the body.

We make the following assumptions in problem
statement [10]:

(i) the Reynolds number in the incident hypersonic

air flow is sufficiently large (Re_ > 1), and a BL is
formed in the vicinity of the body surface;

(ii) the air at the outer boundary of the BL is in
thermochemical equilibrium and constitutes a five-

component mixture of O,0,,N,N,, and NO

(iii) at the TPM outer surface, the heterogeneous
reactions
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C+0, »CO,, 2C+0, —»2CO,
C+0—->CO, C+CO, —2CO,
0+0+C - 0,+C,
N+N+C—>N,+C

proceed for 7,, < 2200K.

The largest contribution to mass loss in ablation of
the carbon surface in the temperature range
1000K < 7T £2200K is due to the second reaction
from (4); and, for 7" > 2200 K, to the second and third
reactions.

For higher temperatures 7" > 2200 K, we can apply
the results from [13], where basic peculiarities of the
mechanism of mass loss of the carbon material are
determined; these have been obtained using a com-
plete thermochemical model.

Hereinafter, serial numbers are assigned to the com-
ponents O, O,, N, N,, CO, and CO,, which enter (4).
Molar and mass rates of chemical reactions (4) are

described in detail in [10, 12]; the expression for the
mass loss rate

4

(p V)ZW = ((p4p)w

RT,
P 6
My -1 c(xw
w = ’ mw -
P RT,

is given in [10].

We note that, from the experimental data [14], a
turbulent flow past the TPM was observed in the BL;
the corresponding attenuation factor y in heat flux (3)
can be obtained in accordance with the Mugalev mod-
ification [4].

We write balance relations for mass concentrations
of the components c,, using the analogy of the pro-
cesses of heat and mass exchange for diffusive fluxes
[4, 12] to obtain

Jog +(PV), Cow = Ry 1 =1-06,
i = B(Ciw _Cie)a B = (X‘/Cpa
where the total mass loss rate is as follows:
Pev), =Pv) + (PV)y: (PV),, is the mass loss rate
due to pyrolysis; (pVv),, is the mass loss rate due to
heterogeneous chemical reactions (4); P, is pressure;

Y= 0.19(m,/m,)"* [4], m;' = c,/m; B is the
coefficient of mass exchange; m; (i = 1-6) are molec-
ular weights of the components; E,, and k;,, i = 1,_4,

w?
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are activation energies and pre-exponential factors in (5)
for the reactions from (4), respectively; and the

expressions for R,, are given in [10].

It is believed that, for 7,, < 2200 K, destruction
products weakly dilute the air mixture in the BL. This
allows us to accept assumptions (i)—(iii) in the BL.

In the mathematical statement of the problem, in
the c-phase, we take into account the following:

(iv) the process of CFRP thermochemical destruc-
tion is one-dimensional;

(v) the filtered gas is homogeneous with a molecu-
lar mass close to that of the air mixture;

(vi) the porous medium is one-temperature; and

(vii) the gas flow inside burning pores is laminar
and described by linear Darcy’s law [4, 12].

The fourth assumption is sufficiently justified,
since the size of the reaction zone for 7> 600 K is of

an order of 2.5x10° m and the thickness of the
heated layer at 7, = 10 s (see Fig. 2 in [10]) is less than

4x107° m, which is considerably thinner than the ini-

tial TPM thickness L, = 107> m.

The fifth assumption is employed to simplify the
model, since the chemical composition of products of
the filtered gas in the considered carbon-phenolic
material (P5-13N) [14] under thermochemical
destruction is unknown.

As arule, the volumetric heat exchange coefficient

A,in a model of a two-temperature medium [15]
(unlike an inert medium [4]) is determined with a sig-
nificant error. According to [15], the temperature dif-
ference between a solid and gas phase for the most

realistic values 4, = 10° —10® W/(K m?) does not
exceed 323—373 K, if the coke residue temperature is
1273—-2273 K.

Finally, the transient and turbulent modes of gas
filtering in pores do occur under CFRP thermochem-
ical destruction [14]; these are described by nonlinear
Darcy’s law [4, 12]. However, for the material consid-
ered below [14], the viscosity and inertia coefficients
in the case of a chemically reacting medium are
unknown to the authors.

Mathematically, the problem reduces to solving a sys-
tem of equations written in a moving system of coordi-
nates [10, 12] that is related to the thermochemical
destruction front. This system of equations is as follows:
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The system of equations (6)—(11) should be solved
with consideration for the following initial and bound-
ary conditions
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where ¢ is time; y is the spatial coordinate; E; is activa-
tion energy; k;, i =1,2, is the pre-exponential factor;
M sis the molecular weight of gaseous pyrolysis prod-
ucts; Pisthe pressure in pores; g; (i =1, 2) are the heat
effects of binder and pyrazole decomposition, respec-
tively; R is the universal gas constant; s(¢) is the burn-
up depth; v is the speed of gaseous products of binder
decomposition; z is the coefficient of permeability of
the CFRP; o,and o, are the reduced stoichiometric
coefficients [12] from the kinetic pyrolysis scheme [10];

eis the integral coefficient of radiation; @,,i = 1,4, are

volumetric fractions; @5 is porosity; © is the Stefan—
Boltzmann constant; and ® is the linear rate of CFRP
thermochemical destruction. The index ¢ stands for
the carbon surface; the indices 1—5 in the c-phase cor-
respond to the binder, pyrazole, coke, filler, and gas,
respectively; and the index p marks the time moment
of heat action termination.

CALCULATION METHODS, TESTING,
AND INITIAL DATA

The system of equations (6)—(11) with initial and
boundary conditions (14)—(17) was numerically
solved using an implicit absolutely stable monotonic
difference scheme [16]. The results from [10] were
repeated to test the calculation program. The numeri-
cal method was tested for the basic variant (combined
heat exchange regime). All other initial data being
equal, the calculation was performed for different spa-

tial steps H,=2xH, H,=H, Hy=H/2, and

H,=H/4, where H = 10" m. The TPM tempera-
ture and gas density ps along the body depth were reg-
istered at different time moments. In all the variants,
the problem was solved with a varying time step that
was chosen from a given accuracy identical for all the
spatial steps. The difference in errors of the material
temperature and gas density in the TPM (& = max
[87,8,.]) decreased: §, = 11.2%, &, = 6.3%, and &; =
2.4%. The below results were obtained for the spatial

step H = 0.5 X 107" m.

The thermokinetic constants k;, and £, in (5) for
reactions (4) are given in [12]; and, for k; and E,,i=1, 2,
in [5, 14]. The enthalpy of the carbon material in the
condensed state 4.is calculated by the formulas from
[17]. For the carbon-phenolic composite, the thermo-
physical coefficients c,, and A, are taken from [18];
and the Reynolds number Re ; forthe ERH is given in
[7]. The coefficient of specific heat of the air at a con-
stant pressure ¢ ,,and c ,; from (2) and (13) is obtained by
the interpolation formula from [19]. The permeability z

of the ideal porous medium in Darcy’s law from (12) is
determined by the known Kozeny formula [12].
HIGH TEMPERATURE Vol. 55
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The below results are obtained with 7, = 7;, = 293 K,
(a/c,)y = 0.132 kg/(m?s), o = 1.81 x 107> kg/(m s),
Pso=1.29 kg/m3, ks , =0.0257 W/(m K), T, = 3600 K,
h, = 1.449 x 10’ J/kg, p, = 0.088 kg/m>, u, = 1.74 x
10~ kg/(ms), A, =0.782 W/(m K), ¢ ,, = 4024 J/(kg K),
¢,i= ¢, = 1700 J/(kg K), ¢,5= 1020 J/(kg K), p, =
1200 kg/m3, p, = 1100 kg/m?, p, = 1300 kg/m?, p, =
1400 kg/m3, A, = A, = 021 W/(m K), A, =
0.041 W/(m K), R=28.314J/(mol K), M 5 =29 kg/kmol,
2 =5x10"""m?, L, =107 m, E, = 28783 J/mol,
E, =93990J/mol, k, =9.6 x 10* s, k, = 1.2 %10’ s,
g, =2 %10 J/kg, ¢, =10 J/kg, m, = 16 kg/kmol,
m, = 32 kg/kmol, m; = 14 kg/kmol, m, = 28 kg/kmol,
ms = 28 kg/kmol, m, = 44 kg/kmol, K = (0.127—
0.508) x 107 m, ¢, = 10's, Pr = 0.9, Re, = 15-65,
M. =5,06=5.67 %10 W/(m2K*, x = 1.4, r=0.9,
o, =05, 0,=05¢e=0.9, ¢, = 0.3, ¢,, = 0.01,

030 = 0.01, @, = 0.6, b, = 965.5, b, = 0.0735, and
n =0.52.

RESULTS OF NUMERICAL SOLUTION
AND THEIR ANALYSES

First, a flow past the CFRP with no pyrolysis and
only accounting for heterogeneous reactions (4) is
considered to obtain (pv),, = (pV),,,. Figure 1 depicts

time-dependences of the surface temperature 7, for
various values of the ERH friction coefficient.

Figure 2 displays ERH-dependences of the friction
coefficient and Stanton numberat 7 = ¢,,.

T, K

wo

2400
2000
1600

1200

800

400 -
001 05 1.0 15 20 6

Fig. 1. Time-dependence of the surface temperature at dif-
ferent values of the ERH. Curves 1, 2, 3, and 4 correspond

to K=127x10"*m, 2.54 x 10™* m, 3.81 x 10~ m, and

5.08 x 107 m, respectively. The dashed line stands for
K= 0 with PV)w =PV
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Fig. 2. ERH-dependence of (/) the friction coefficient and
(2) the Stanton number at 7 = ¢ ,.

From an analysis of the results, it follows that the
Stanton number from (1) and, correspondingly, the
convective heat flux from (3) and the TMP surface
temperature increase with growing ERH (friction
coefficient). Qualitatively, this result is in agreement
with experimental data [2, 7].

Let us consider the TPM heating (see Fig. 3) in a
combined destruction mode, to be precise, pyrolysis
of the CFRP accounting for surface reactions (4), to

obtain (p v)w = (p v)lw + (p v)2w'
As expected, the TPM surface temperature

increases as the ERH grows, which is qualitatively
confirmed by experiments [20, 21]. In [20] the effect

of roughness is insignificant for K < 10~ m; that is,
the heat exchange is almost similar to that on a smooth

surface. For K >5x107* m, individual elements of
developed roughness are broken off (chemico-
mechanical chipping) under the action of a high-tem-
perature gas flow and carried out into the latter. Since
the CFRP components are not identically subject to
mass loss, the BL can be destructed in individual
places; consequently, the efficiency of thermal protec-
tion can reduce.

Of interest is to compare models in the combined
destruction regime in the presence and absence of rough-
ness. Figure 4 displays time-dependences of (b) surface
temperature and (a) mass loss at K= 0 (curves /) and K=

1.27 x 10~ m (curves 2). The reduction of surface tem-
perature for K # 0 at the initial step of CFRP heating is
due to a higher blow-in (see Fig. 4a, curve 2) of gaseous
thermochemical destruction products.

A decrease in surface temperature in the combined
destruction regime under CFRP heating was observed
in experiment [20]. This result of [20] is related to the
growth of the contact surface due to roughness and to
the corresponding growth in yield of volatile gaseous

OVCHINNIKOV, YAKIMOV
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Fig. 3. Time-dependence of the surface temperature under
total mass loss. Notations are the same as in Fig. 1.

(PV)y» KT/(M ©)

0.4 /
0.2
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T,, K
2
1600 L "]:;—/
1
1200 - 2
800
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0.01 0.5 1.0 1.5 4 6 8

Fig. 4. Time-dependence of (a) the mass loss and (b) the
surface temperature under total mass loss. Curves /, 2, and
3 correspond to the smooth surface, rough surface, and
Stanton number for the rough surface, respectively.

products formed under pyrolysis and chemical reac-
tions of volatile components of the binder and filler.

The efficiency of pyrolysis as a heat barrier at the
initial step of TPM destruction manifests itself
through a considerable blocking of the convective heat
flux from the gas phase. Thereafter, as the process of
heat exchange is settled for # > 0.5 s, the hydrodynam-
ical resistance due to the growth of the thickness of the
CFRP coked layer [10, 18] and to the reduction of the
gradient of gas pressure in pores [ 18] increases, and the
value of mass loss stabilizes. As a result, the Stanton
number from (1) starts growing for 7 > 3 s (see curve 3
in Fig. 4b), and, along with it, the value of the convec-
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tive heat flux also increases in accordance with (3).
This leads to an increase in heating and a rise in tem-
perature of the CFRP rough surface as compared to a
smooth one.

CONCLUSION

Relying on the proven results of [2, 5, 7, 10], a
refined statement of the problem on the influence of
surface roughness and mass loss on the heat exchange
under CFRP heating is given. If the blow-in through
rough surface is taken into account, the heat exchange in
the TPM can both weaken and intensify. The calculation
results qualitatively agree with experiments [7, 20, 21].
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