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Abstract-The paper is concerned with the analysis of radiative-convective heat transfer of an ~isymmet~~ 
blunt body in a hypersonic air flow. The results of calculation of radiative and convective heat fluxes to the 
ablating graphite surface are presented. The effect of allowance for radiation transfer on the predicted 
radiative heat flux is shown. 

A quantitative assessment is made of the tendency of heat fluxes directed to a reflecting surface to increase 
due to absorption of reflected radiation in a compressed layer. 

NOMENCLATURE 

Planck function ; 
binary diffusion coefficient of com- 
ponents i and j; 
electron charge, electron index; 
mass flow rate of blowing through body 
surface ; 
diffusional mass flux of the chemical 
component j of gas mixture; 
gas enthalpy ; 
specific enthalpy of component i; 
enthalpy of coating material in the initial 
state ; 
Boltzmann constant ; 
optical absorption coefficient; 
molecular mass of component i; 
volumetric density of j component 
particles ; 
gas pressure ; 
saturated vapour pressure of the kth 
species and its partial pressure, 
respectively ; 
reflectivity; 
blunt body radius; universal gas 
constant ; 
convective heat flux; 
integral radiative heat flux; 
spectral radiative heat flux; 
radiative heat flux components: (+) pos- 
itive and (-) negative directions along 
the y-axis ; 
longitudinal and transverse gas 
velocities; 
incident flow velocity; 
longitudinal and transverse coordinates 
of compressed layer ; 
mole fraction of component i in gas 
mixture ; 

Ykj* 

V, 
0 Yf 

zi7 

P, P, I,, 

Subscripts 
s, 
W 
=, 
0, 

mass fraction of kth species in gas mix- 
ture; accommodation coefficient in the 
Langmuir-Knudsen zone for kth species ; 
mass fraction of kth species in chemical 
component j of gas mixture; 
frequency (wavenumber) of radiation ; 
optical absorption cross-section; 
multip~city of the charge of component i 
particles; 

density, viscosity and thermal conduc- 
tivity of gas, respectively. 

conditions right behind the shock ; 
conditions on the surface; 
conditions in incident flow; 
conditions deep in the material. 

THE SURFACE of space vehicles that re-enter the Earth’s 
atmosphere, or enter the atmospheres of other planets, 
isexposed to thermal radiation from acompressed and 
shock-heated gas layer. Since emission of radiation is 
coupled with gas-dynamic processes, heat conduction 
and diffusion effects, the heat transport under these 
conditions is referred to as radiative-convective heat 
transfer in hypersonic flow. Strong radiative-con- 
vective heating may bring about decompositions of 
the body heat shield attended by blowing of the 
ablation gas products into the compressed layer. The 
blowing, in its turn, can have an effect on radiative and 
convective heat fluxes to the surface. A reduction in 
this heating can be achieved by the use of highly 
reflective coatings. But an important face here is that 
the reflected radiation can be absorbed in the compres- 
sed layer thus increasing its temperature. As a con- 
sequence, radiative-convective heat fluxes to a reflect- 
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ing surface can exceed those directed to the surface 
which completely absorbs the incident radiation. 

A quantitative evaluation of the effect exerted by 
ablation products and radiation reflected from the 
surface on radiative-convective heat transfer charac- 
teristics is essential for the design of systems which can 

provide reliable thermal protection against aerody- 

namic heating at hypersonic velocities. 
Experimental simulation of radiativeeconvective 

heat transfer conditions is found to be difficult because 

of the requirement for reproducibility of actual geo- 
metric dimensions which is bound with large energy 
expenditures. At present, theoretical studies provide 

the major source of information on radiative-con- 

vective heat transfer. These are based on numerical 
modelling of the process with the use of electronic 
computers. 

The present situation with regard to the study of 

radiative- convective heat transfer at hypersonic velo- 
cities can be inferred from [l -~71. Paper [I] presents 

the results ofcalculations of radiativeeconvective heat 

transfer of a blunt impermeable-surface body in a 
hypersonic flow. Besides continuum contribution. 

these calculations allow for the line contributions of 

atoms and ions-an operation which presents great 
computing difficulties. The importance of line trans- 

port for the radiative heat transfer in a compressed 
layer is shown. This effect has also been accounted for 
in calculations of radiative heat transfer in flows 

behind shock waves presented in [Z]. 
Detailed studies of the effect of blowing of graphite 

ablation products on heat transfer have been carried 
out in [3,4]. but the calculations presented were made 

without regard for the line transport. In addition, most 
of these has been carried out on the assumption of no 
chemical reactions, i.e. in the “frozen” boundary layer 

approximation, and only a few. on the assumption of 

chemical equilibrium in the boundary layer. 
A simultaneous account for the blowing of ablation 

products and line transport was made in [5- 71. In [5], 
a wide range of flow conditions is considered, but the 
compressed layer is assumed to be inviscid and non- 

conductive. Air and ablation products are assumed to 
be separated by a discontinuity surface. In [6,7], both 
viscosity and thermal conductivity effects have been 
taken into consideration, but the body of data on heat 

transfer under different flow conditions is insufficient. 

Radiative ~convective heat transfer in hypersonic 
flow is generally calculated with the aid of simplified 
diffusion models. In [5,6], diffusion of ablation pro- 
ducts has not been accounted for at all. The authors of 
[3,4] have employed the model of binary diffusion. An 
attempt to allow for a multi-component diffusion has 

been made in [7], but here ionization of the com- 

pressed layer has been ignored. 
A quantitative evaluation of the effect of radiation 

reflected from the surface and absorbed in the com- 
pressed layer was made only in [S], where an imperme- 
able surface with the reflection coefficient independent 
of frequency was considered. 

In the present work czlculations have been made of 

radiative~ convective heat transfer on a permeable 
surface weth regard for both the line transport and 
behaviour of collisional transfer due to ionization in 

the compressed layer and multi-component nature of 
diffusion. The extent of calculations IS sufficient for- 
establishing the effect of variations in the independent 

parameters of the problem. such as velocity of Right, 

pressure in the compressed layer and body dimensionb. 
on radiative convective heat transfer for permeable 

and impermeable reflecting surfaces. Here. both the 
surfaces with ideal optical properties and made pi 

actual material (tungsten, silicon) are considered. The 
ambient medium is air and the ablative material $3 
graphite the choice of which has been dictated hy its 

efficiency as a heat shield and by a sufficient body of 
data available on the optical properties of its ablatmn 
products. A model problem of heat transfer on the 
surface with ideal reflecting properties. through which 
the graphite ablation products XL‘ injected. is also 
considered. 

PHYSICAL SCHEME OF PROCESSES OCCURRING 
IS A COMPRESSIBLE LAYER. GOVERNING 
EQUATIONS AND PREDICTION METHODS 

Since minute details of physical processes occurrmg 
in a compressed layer will be accounted for in what 
follows, it would be advisable to limit consideration by 
the vicinity of the stagnation point of an axisymmetric 
blunt body. This enables one to simplify the mdth- 

ematical description of the problem and carry out 
calculations with the quantity of versions sufficient for 

the results to be analyzed. 
A hypothetical local thermodynamic equilibrium m 

the compressed layer is adopted. The validity of this is 

discussed elsewhere [ 11. 
The flow in the vicinity of the stagnation line IS 

described with the aid of asymptotic approximations 

to the Navier-Stokes equations for high Mach and 
Reynolds numbers [6,8]. In the coordinate system 
shown in Fig. I the set of conservation equations is: 

FIG I 
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continuity 

2p 2 +&u)=O. 
0 

(1) 

momentum 

s2p a a au =- pfy Pz;;- - ._ / i!l “y ax ’ (2) 

energy 

pv’H= -$ 
dY ( -i.E+CJjHj+ff 

aY j ) q (4) 

PC2 - -a c YkjJj , ( 1 aY j 

In equations (4) and (5), summation is performed 
over all of the gas mixture components which are taken 
into account, i.e. atoms, ions, molecules, free electrons 
inclusive. The subscript k in (5) refers to the chemical 
elements present in the mixture, i.e. nitrogen, oxygen, 
carbon. The quantity (auJ8x) is considered to be a 
function of the coordinate y. 

The boundary conditions at the shock derive from 
the generalized Rankin-Hugoniot relations [8] : 

PXV, = -PsVs, 

The gas in the incident Bow is assumed to be non- 
absorbing, i.e. cold. At the surface we assign the 
conditions of zero velocity, mass flux continuity, equal 
gas and wall temperatures and mass balance of 
species : 

= 0, p,V,,, = G,, T, = T’,, 

, (7) 
W 

where Q is the mass fraction of the kth species in the 
injected gas, T:, is the wall temperature. 

Closure of equations (l-5) is achieved through the 

formula for the pressure gradient derived from modi- 
fied Newton’s theory [9] 

85 V2 
_-= 
ad 

- $,j$ 

The radiative heat flux is calculated in the approxi- 
mation of a locally one-dimensional infinite planar 
layer [i]. The optical properties of the surface are 
assumed to be isotropic, i.e. inde~ndent of direction. 
The cases of specular and diffuse reflection are con- 
sidered. In conformity with this 

q’=: x 
s 

q: . dv, 
0 

q:(2) = 2n 
s 

1, 
B,,(z’)E& - 2’1) 

0 

x sign (z - r’)dr’ + Aq:,,(r), (8) 

where Aq;,,, is the radiative Rux component due to 
reflection and emission from the surface, z is the optical 
thickness reckoned from the surface which is 

9 

r= 

.I 
k(yfdy. 

0 

For the surface with diffuse and specular reflection 
we have respectively 

Aq$’ = 27rU - r,.)&+&(r) 

?^ 

7s 
+ 27rr,E&) B,(z’)E,(z’) dr’, 

0 

A&r = 2x(1 - r$L&(r) 

s 

5 
+ 2nr, B,(T’)E,(~ + 7’) dz’. (9) 

Formulae (8) and (9) c&tain integro-exponential 
functions defined by 

E,(r) = 
i 

* e--V 
- dp. 

1 P” 

The absorption coefficient is determined by the 
formula 

k, = C Nj(gt + Gtj . NC), 
j 

the summation in which is carried out over all of the 
mixture components taken into account, with the 
exception of electrons. The absorption cross-section 
c:j refers to bound-bound and bound-free transitions 
in the field of a given particle. The calculation tech- 
nique for radiative heat fluxes is described in [ 123. The 
gaseous medium of the compressed layer injected by 
graphite ablation products was assumed to involve the 
following components : 

N,, O,, NO, C,, CO, CN, C,, COz, N, 0, C, NO+, 
CO+, N+, O’, C+, N-, O-, C-, e. 

The coefficients of optical absorption were de- 
termined with the use of the absorption cross-sections 
for air comnonents borrowed from the absorn- 



tion cross-sections for graphite ablation products, 
from [I 1, 131. The lacking cross-sections for photo- 
ionization of molecular graphite ablation products 
were adopted in the same manner as in [3 5J. An 
additional account was made of the C, molecule 
fringes, the absorption cross-sections for which were 
taken from [14]. The fringes of C, at ~8 = 
(20.-50) ~20~ cm-’ were taken into account following 
the model suggested in [15]. When carrying out 
calculations, the entire spectral range 1’ = (lo- 2 I 10’) 
cm-’ was partitioned into 96 parts in each of which the 
continuum contribution absorption coefficients were 
replaced by the averaged ones. One hundred and forty 
strong multiplets of atoms and ions of nitrogen, 
oxygen and carbon were taken into account sep- 
arately. These comprised the first items of band 
sequences. The occurrence of a great number of weak 
spectral lines of band sequences coming to photo- 
ionization thresholds of the energy states associated 
with the basic electronic configuration of atoms were 
taken into account with the aid of the band model [ 123. 
For the excited electronic configurations a shift in 
photoionization thresholds was introduced according 
to [lo], 

The diffusion fluxes were determined frotn the 
Stefan--Maxwell equations written out with account 
for ionization in the compressed layer [16] 

1 Jj = 0, (iI) 

where E is the strength of the electric field induced by 
diffusive separation of charges. Summation in these 
formulae is carried out over all of the gas mixture 
components taken into account. As shown in [16], the 
gas in the compressed layer can be considered to be a 
quasi-neutral one which engenders 

c .X,2, = 0. 

Moreover, it is assumed that there is no electric 
current to the wal1 and thereby, according to [ 161, over 
the entire compressed layer. Thus 

The system of equations (l&12) is closed with 
respect to Jj and E. It is solved with the use of an 
approximate procedure described in [ 171. 

The coefficients R and p are calculated following the 
method described in [ 181. The system of conservation 
equations (1. 7) is solved numerically [ 191. 

For checking the results, calculations of radiative- 
convective heat transfer on an impermeable surface 
have been carried out under the conditions for which 
the data are available in literature. The comparison 
between the predicted and reported values of q1J is 
given in Table 1. The agreement observed can be 

. 
regarded as good. 
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EFFECT OF BLOWlNG OF CRAPHITC: ABLA 1’103 
PRODUCTS ON HEAT TRANSFER. ARI,ATIO\I 

PARAMETERS 

Under the conditions of strong heating. ablauon <,! 
graphite is dominated by sublimation 120). We assume 
that C, C,. C, are the products of evaporation. The 
rateofdecomposition iscontrolled by the evaporation 
kinetics. i.c. by the Langmuir Knudsen law 

Here summation is carried out over the evaporation 
products. 

This equation relates the suri:dct: temperature and 
concentration of species on it to the evaporation rate. 
The concentration ofspecies is determined by both the 
surface temperature and the mass transfer processes in 
the compressed layer and therefore is the function of 
I;,,,. The temperature of the body surface. on the other 
hand, is governed by the heating prehistory and can be 
considered as an independent parameter. For this 
temperature to be determined. the problem of internal 
heat conduction in heat shield should be solved. The 
input data for its solution are the magnitudes of heat 
fluxes to the surface. Due to a great variety of possible 
heating regimes it is more expedient to have an 
independent solution to the problem of heat transfer in 
the compressed layer in which the surface temperature 
or the rate of ablation is specified as a parameter. Then 
each version may correspond to a certain instant in the 
process of unsteady-state decomposition. When the 
tlow conditions vary rather slowly with time, a quasi.. 
steady mode of decomposition is established [20]. In 
this case the condition of heat balance on the body 
surface is fulfilled 

4: + q’, = C,.(H,, I-l,,). 

This condition can be used to close the system of 

equations for G, and T,,. 
The calculations have shown that variation of 7’,, at 

a fixed G, has a relatively weak effect on the heat 
fluxes. On the other hand, the dependence of G, on T,, 
is very strong. For this reason it is convenient to use G,, 
rather than T,,, as an independent parameter. 

It is practical to represent the results of calculations 
in the form of the dimensionless parameters 

where qk; and q’,, are heat fluxes to an impermeable 
surface. 

With the object of comparing the results, calcu- 
lations of heat transfer were carried out without regard 
for line transport for three versions of the problem 
given in [4]. The values of y’ obtained are given in 

Table 2. 
The coincidence between the results can be con- 

sidered as satisfactorv. The disagreement available can 
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Table 1. C5mpa~~n of the heat transfer calculations 

4’,- 
~kW/cm’) 

y, P, 
(km/s) (atm) 

Present 
work 

Published 
data Reference 

12 0.3 1 0.45 
12 I 2.0 

12 f 12 10 : 3::: 
14 0.3 1 0.92 
I4 1 1 3.9 
14 3 14.1 
14 10 : 56.3 
18 0.3 1.7 
18 1 : 6.9 
15.3 0.6 2.75 3.7 
15.3 1.0 2.75 6.6 

0.44 

E 
29:s 
1.0 
4.4 

15.9 
62.0 

1.6 
6.5 
3.6 
6.4 

Table 2. Comparison between the results of calculation of 
heat transfer on an ablating graphite surface carried out with 
account for continuum cantribution alone, p = 1 atm, R = 1 m 

? 
7-3 

fm f, 
-- 

Present work Data from [4] 

12aOo 0.1 0.83 0.75 
18000 0.012 0.79 0.77 

0.1 0.53 0.50 

be attributed to the use of di&rent data on optical 
properties of gases. 

Calculations of radiative-convective heat transfer 
on the surface of an ablating graphite with account for 
the line transport were carried out over the following 
ranges of parameters: Ycr = (12-1x) km/s, p = 
(0.3-10) atm, R = (0.3-3)m. 

The heat transfer results obtained for an imperme- 
able surface are listed in Table 3. 

Figure 2 shows the dependence of Q on SW under 
these conditions. The numbers of the curves cor- 

respond to the numbers of the rows in Table 3; the 
appropriate data for 4’ are given in Fig. 3. Figure 4 
shows the dependence off, on the surface temperature. 
It is seen that in al1 the cases the injection of ablation 
products leads to a monotonic reduction of the 
radiative heat flux to the surface. Under massive 
blowing conditions a”s approach ‘certain limiting 
values. These minimum vahtes of $ decrease with an 
increase in the indicent flow vefocity. 

I 1 I 

I 
/ 

! i I 
cm5 aus QU75 am as25 f, 

FIG. 2. 

Table 3. Specific conditiotts of flow over a body 

NO‘ 

1 

: 

5 
6 
7 

t’, P 
&m/s) tatm) 

t: I I 

18 1s 1 1 

15 1 
15 0.3 
15 IO 

P,~, 4’ 4co 
(kg/m* st tkW~mz~ ~kW/~‘~ 

8.88 6.24 4.7 2.0 1.5 I.0 

6.24 5.91 E 

6.24 6:6 

2.7 2.1 

0.81 
2.12 f.1 0.78 

71.2 66.0 4.5 
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FL 3. 

FKi. 4 

When the levels of blowing are high, convective heat 
fluxes to the surface become blocked completely. At 

relatively small pressures and body nose radii a 
monotonic decrease in &, is observed with increasing 
f,. At large p’s or R’s in the region of small levels of 

blowing an increase can occur in the convective heat 
flux to a permeable surface. as compared with y’,,. 
Especially noteworthy is the fact that at equal values of 

the product p R the curves of q’ vs.,f, are very close 
and some of them can even merge as is seen in Fig. 3. 
The mass flow rate of blowing is characterized by a 
strong dependence on the surface temperature. In this 

case for each stagnation pressure there is such a 
temperature at which the plots shown in Fig. 4 have 
nearly vertical segments. An explanation is that, until 
the pressure of saturated carbon vapour is less than the 
pressure in the compressed layer, the partial vapour 
pressure is close to pf’ and, according to (13) an 

increase in the rate of evaporation is small. With the 

temperature becoming high enough, the vapour press- 
ure attains its limiting value, i.e. p, while $’ con- 
tinues its rapid growth. An increase in the convective 
heat flux to the surface is observed when 4’. >> 4:. 

The appearance of strongly absorbing graphite 
ablation products in the compressed layer leads to a 

sharp increase of the temperature gradient in the wall 
region where thermal conductivity effects are appreci- 
able. This increase in the temperature gradient is not 

completely balanced out by injection which reduces 
the convective heat flux [20], since the blowing level is 

small. As a result, q: becomes larger. It should be noted 
that in all of the cases the net heat flux to the surface 

decreases with an increase in the blowing mass flow 
rate. 

Within the whole region of flow conditions studied 
an increase in 41; due to blowing has not been 
detected. while the authors of [3.4] observed this 
effect. The calculations of radiative convective heat 
transfer. in which a rise in 4:: showed itself up. vvere 

carried out on the assumption of a chemically frozen 
flow in the layer of ablation products. Because of the 
high temperature there occurs re-radiation to the 
surface in the layer of ablation products with IKS 

magnitude exceeding that by which the radiative flux 
from the outer portion of the compressed layer is 
reduced. In the present work, the reactions in the layer 

of ablation products were assumed to be at equihb- 
rium. Endothermic reactions of dissociation of C, and 

C, substantially decrease the temperature of the layer 

and weaken re-radiation. 
Consider now the effect of the account of line 

contribution on the predicted radiative heat fluxes to 

the surface. For this purpose it is convenient to use the 
parameter. which is equal to the ratio between the 

radiative heat flux to the surface. obtained with 
account for the continuum transport alone. and y:,, 
obtained with account for both the continuum and line 

transport. Denote it by $. Figure j shows the plot of li/ 
IJS. /i. for the typical flow conditions. It is quite evident 

that I,!! c: 1 It is particularly noteworthy that this 
parameter decreases with increasing blowing level 

which is indicative of the increase in the effect of line 

contribution on radiative heat transfer- withf;. Thus. 
the errors in calculations of radiative heating due to a 
neglect of line transport in the presence of blowing turn 
to be more substantial than in its absence. 

0.8 1\;, 

07 

lib 

Frc,. 5 
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In order to klarify the causes for this behaviour of 
4,- let us consider the effect of blowing on separate 
spectral components. Denote these components by 
&;, where i is the number of the range. The ranges are 
selected as follows: (1) v < 10 * 103cm-* ; (2) v = 
(10-20) 1 lo3 cm-’ ; (c) v = (20-60) * lo3 cm-’ ; (4) v 
= (6087.9). lo3 cm-‘; (5) v > 87.9 - 103cm-‘. 

Figure 6 (a, b) shows the dependence of qki on,f, foi 
two versions of Aow conditions: (a) Vm = 18 km/s, p 
= 1 atm, R = 1 m;(b)V= = ISkm/s,p = lOatm,R 
= 1 m. The solid lines refer to calculations carried out 
with account for the line transport, while the dash- 
dotted ones, with account for the continuum contri- 
bution alone. 

When p = 1 atm, reduction in the radiative heat flux 
to the surface is observed mainly within range 5. 
Calculations carried out without regard for the line 
transport show that the radiative flux in this region 
turns to be high. The explanation of this result lies in 
the fact that the role of lines within range 5 is small, 
while extra radiative cooling of the compressed layer 
due to line transport leads to temperature reduction 
which is most prominent over the short-wave interval. 
Range 5 lies within the region of photoionization 
where the absorption coefficients are large. It is within 
this region, therefore, that attenuation of the radiative 
flux to the wall is observed. The absorption coefficients 
in the remainder ranges turn to be insufficient for 
causing a decrease in q;? At p = 10 atm, radiation in 
range 5 becomes blocked completely even in the 
boundary layer on an impermeable surface. In this case 
blowing causes attenuation of the radiative heat flux 
mainly in ranges 3 and 4. At~nuation here is approx- 

ct.02 QQ4 0.06 f- 

a&? ciu4 0.06 f" 
6) 

imately proportional to contribution of these ranges 
into the radiative flux. At the same time, in range 2, 
where the role ofline transport is great, the attenuation 
due to small absorption coefficients is insignificant. 
This explains the observed non-monotonic behaviour 
of the parameter li/. 

The effect of blowing on radiative-convective heat 
transfer at high pressures has received very little 
attention in the literature, therefore, it would be 
worthwhile to consider it in more detail. Figure 7 
shows spectral distributions of radiative flux to the 
surface for V, = 15 km/s, p = 10 atm, R = 1 m. 
Broken line 1 refers tof, = 0, line 2, to&, = 0.08. In 
graphing the curves, the line contribution was accoun- 
ted for in those portions of the spectrum within which 
they fell on subdividing the latter. It is seen that 
attenuation occurs mainly at v = (I 8-50) lo3 cm and 
v > 60 . lo3 cm- ’ due, in the first case, to electronic- 
vibrational bands of molecules C2 and C3 and, in the 
second, to photoionization of the ground and excited 
states of the basic electronic ~on~guration of the C 
atom. Figure 8 (a, b) shows the profiles of the spectral 
components of radiative flux to the surface (a) and the 
profiles of temperature, enthalpy and molar fractions 
of components across the compressed layer. As a 
coordinate which stretches the picture in the wall 
region we use 

P W. 

To increase clarity, Fig. 8(b) shows the dependence 
of~on~.In~is~~y~=4.5cm,~~=li2.5MJ~gT~= 
17200 K. Figure 8(a) depicts the spatial region in 
which attenuation of radiative fluxes occurs. It should 
be noted that appreciable absorption in zone 4 occurs 
in the region of the mixing layer despite its shortness. 

FIG. 6(a, b). FIG. 7. 
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FK,. 8(a). 

FIG. 8(b). 

Attenuation of radiation within ranges 3 and 2 occurs 
in the region where the amount of graphite ablation 

products is substantial. Attention attaches to a clearly 
defined “hump” on the enthalpy profile. It originates 
due to dissociation of the molecules C, and C, as a 

result of radiation absorption. Moreover, ionization of 
the C atom occurs. This maximum of enthalpy gives 
rise to the mechanism of diffusive cooling of the layer 

of ablation products by diffusive heat conduction. 
Substantial temperature and concentration gradients 
in the layer of ablation products are responsible for 

heat conduction and diffusion exerting an appreciable 

effect on its structure. This may well be an explanation 
for the difference between the results of the present 
work and of [5] where the compressed layer was 
assumed to be non-conducting and no radiation 
attenuation was detected in the spectrum region r < 
60.103cm-‘. 

On the practical side, it is of great interest to 

determine the mass loss rate under steady-state con- 
ditions. Figure 9 shows dependence of /k on the 
incident flow velocity. Curve 1 refers top = 1 atm, R = 
lm;curve2,top = 1atm.R = 0.3m;curve3,p = 
1 atm,R = 3m;curve4.p = 0.3atm,R = 1 m;curve 
5.p = 3atm.R = Imandcurve6.p = 1Oatm.R = 

FL. 9. 

1 m. Dash- dotted curve I has been obtained from 
calculations where the continuum contribution alone 

was taken into account. It underestimates the mass 
loss rate by about a factor of two. 

RADIATIVE-CONVECTIVE HEAT TRANSFER ON 
REFLECTING SURFACES 

Radiation reflected from the surface re-enters the 

compressed layer where it becomes partially absorbed. 

The U.V. portion of the reflected radiation is absorbed 
in a relatively cold region of the compressed layer 

adjacent to the surface. This is due to photo- 
dissociation of molecular oxygen and photoionization 

of this and other molecules and also of atoms. The 
long-wave component can be absorbed only in a high- 
temperature region of the compressed layer as a result 

of free-bound and free-free transitions. Moreover. a 
certain effect can be exerted by line self-absorption. 
Absorption can bring about a rise in temperature and 

enthalpy in the outer portion of the compressed layer 
thus increasing its luminosity. Temperature and en- 

thalpy gradients in the wall region should also become 
higher as well as the convective heat flux to the surface. 
The wall region will be less efficient in screening 
radiation in the vacuum U.V. region, which is also 
confirmed by the results of numerical calculations. 

Figures 10(a). I l(a) give the enthalpy profiles in a 
compressed layer. The variable ‘1, introduced above, 
has been used as a coordinate. Also shown is the 
dependence of the physical coordinate y on ~7. Curves 1 
(solid) refer to the reflection coefficient r = 0. curves 2 
(dashed), to I’ = 1. Figure 10 shows the version with 
c’ , =: 18 km/s. p = 1 atm. R = I m, while Fig. i I, with 

I’, = 15km;s,p = lOatm,R = I m.lnthefirstcase. 

?‘,I = 3.2cm. ysZ = 3.3cm. in the second cast J,. --= 

3.7 cm, Y,~ = 3.8 cm. When p = I atm. it is seen that 
reflection causes a noticeable reduction of the thermal 
boundary layer thickness (gas layer where the effects of 
heat conduction are appreciable). At p = IOatm. a 
more pronounced feature is an increase in the enthalpy 
in that portion of the compressed layer where the 
temperatures are high and from which radiation 
originates, Figures I O(b) and 1 I(b) give distributions of 

A& for the components of radiative flux reflected 
from the surface in separate spectral ranges that have 
been introduced above. At n -- I arm. absorptit)ri 
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FIG. IO(b). 

occurs mainly in ranges 4 and 5. Radiation in range 5 is 
absorbed for the most part in the region of the 
boundary layer. Absorption in range 4 occurs almost 
entirely due to line self-absorption, The coefficients k, 
for the continuum contribution are small in this range, 
but there are lines here which have strong reabsorption 
(self-absorption). The radiant energy AqL4 is mostly 
absorbed in the high-temperature region of the com- 
pressed layer where the lower levels of corresponding 
transitions are populated. 

a2 a* 06 aa 2 

FIG. 1 l(a, b). 

At p = 10 atm, the reflected radiation is absorbed in 
all spectral ranges and over the entire compressed 
layer. The boundary layer absorption does not play 
here any substantial role. 

Quantitatively, an increase in radiative and con- 
vective fluxes to the surface, in the case when r is 

Table 4. Heat fluxes to the surface and coefficients a’ and a’ at r = 0. Diffuse 
reflection. T, = 3000K 

(kvmjs, (afm) (P) 
4:, 4: 

(kW/cm’) (kW/cm’) a’ a’ 

12 1 1 2.0 0.99 0.055 0.14 
15 1 1 4.7 1.5 0.089 0.30 
18 1 1 6.9 2.1 0.103 0.37 
15 1 0.3 3.2 2.7 0.056 0.16 
15 1 3 6.6 0.81 0.098 0.42 
15 0.3 1 1.15 0.78 0.052 0.18 
15 0.3 3 1.61 0.47 0.087 0.31 
15 3 0.3 11.5 4.8 0.085 0.26 
15 3 1 16.9 2.5 0.100 0.40 
15 10 0.3 43.9 8.4 0.095 0.37 
15 10 1 66.1 4.5 0.116 0.52 
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inde~ndent of I*. can be characterized by the 
coefficients U’ and tf that can be determined from 

The calculations show that actually a’ and a’ do not 
depend on r. Table 4 lists the predicted values of these 
coefficients for the conditions chosen. 

It can be seen that u’ and a’ vary with the incident 
flow velocity. At I’, fixed, these coefficients increase 
with p and R. When the values of the combination p K 
are close. so are the values of LI’ and (I”. Similar 
behaviour can be observed also at other values of I’, 
This made it possible to derive generalized relation- 
ships for the coefficients of heat flux ampli~cation in 
the form of functions of the complex p . R. Figure I2 
(a, b) presents approximation of the values of II’ and (ii 
obtained from numerical calculation with the use of 
the functions of the parameter log@ . R). In this figure, 
1 corresponds to I‘, = 12 km:s; 2. t’, = IL kmis: 3. 
I’ I = 18 km/s. The quantity uc has been approximated 
by linear relationship, whiled. by quadratic paraboles. 
The deviations are less than 20”,,. 

Calculations have been also carried out to estimate 
the effect of accounting for the reflection from real 
surfaces. Figure 13 shows the reflection coefficient for 
tungsten (curve 1) as a function of v. The data on r; 
were taken from 121.221. This figure also contains Y’S 
for a volumetrically reflecting heat shield based on 
especially pure silicon whose description is given 
elsewhere ]23]. Of special interest is tungsten which 
has high values of r, in the vacuum U.V. region. The 
importance of accounting for absorption of the reflected 
radiation in the compressed layer can be characterized 
by the factor ;: which shows the amount by which the 
heat flux calculated, taking into account the reflected 
radiation absorption. exceeds that obtained at A?ry:, 
= 0. 

Besides Y for 4:. and 1:’ for qC, we can consider c~” 
which is the coefficient that describes an increase in the 
heat flux directed into the body. 4:. This heat flux is 
determined as 

It is by q: that heating of the body is determined. Table 
5 gives the values of I: for the extreme flow conditions. 

For tungsten, the reflection was assumed to be 
specular and T, = 2000 K, for silicon, to be diffuse and 
T, =: 1500 K. For the silicon coating at p = 0.3 and 
1 atm the values of :: are very small and are therefore 
ignored. 

Graphite ablation products seem by their properties 
to be media typical for other materials that can be used 
as protective coatings. This allows one to consider the 
effect of reflection on heat transfer with carbon vapour 
blowing as a model problem. Figure 14 shows the 
dependence of q; (1) and & (2) on .1, at I’, = 
1.5 km/s, p = IOatm. R = I m. The statement of the 

(!r 

lilf 

(I 0: i- 

Fit;. l&a. hl 

problem is similar to that used for graphite. Dashed 
lines refer to r = 0. solid lines, to r = 1. It can be 
seen that in this case absorption of the reflected 
radiation affects qC, to a greater extent than in the 
absence of blowing. A complete blockage of the 
convective heat flux is detained. It is the effect of the 
convective heat flux which governs ablation of heat 
shields having high reflectivities. Thus, an increase in 
the convective heat flux in the presence of reflection 
should be allowed for when designing the heat shield- 
ing systems. 
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Table 5. Coefficients showing increase in heat fluxes to real surfaces 

Tungsten Silicon 

18 1 3 4.4 15.2 7.5 3.7 11.2 3.6 
18 3 1 4.8 17.4 8.1 4.4 10.0 8.0 
18 0.3 3 3.6 11.4 6.4 - 
18 1 1 3.6 12.0 7.4 - - 
15 10 1 5.2 19.8 8.7 7.0 13.0 11.4 

_--- -“.” _..... -. 

25 5 

am m4 0.06 j,., 

FIG. 14. 
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TRANSFERT DE CHALEUR ET DE MASSE DANS UNE COUCHE CPMPRIMEE ET 
EMETTRICE, AVEC UNE REFLEXION DEPUIS LA SURFACE DU CORPS ET DES 

PRODUITS INJECTES OU ABLATES 

Resume--On analyse le transfert thermique par rayonnement et convection pour un corps axlsymetrique 

Cmousst dans un tcoulement d’air hypersonique. On presente les rtsultats du calcul des flux thermiques par 
rayonnement et par convection sur la surface de graphite en ablation. On d&age I’effet de reduction du 
transfert radiatif par rapport au flux radiatif calcule. 

Une evaluation quantitative est faite de la tendance a I’accroissement des flux thermiques diriges sur une 
surface refltchissante a cause de I’absorption du rayonnement rtflechi dans la couche comprimee. 

WARME- UND STOFFUBERTRAGUNG IN EINER EMITTIERENDEN KOMPRIMIERTEN 
SCHICHT MIT REFLEXION VON DER KORPEROBERFLACHE UND INJEKTlON VON 

ABLATIONSPRODUKTEN 

Zllssmmenfassung-Dieser Aufsatz befabt sich mit der Analyse des Warmeubergangs durch Strahlung und 
Konvektion an einem stumpfen Korper, der sich in einer Uberschall-Luftstromung befindet. 
Berechnungsergebnisse werden dargestellt, die sich fiir den auf eine verdampfende Graphit-Oberfllche 
gerichteten Wlrmestrom infolge von Strahlung und Konvektion ergeben. Der Einflug der Berticksichtigung 
des Strahlungswarmeaustausches wird aufgezeigt. Die Tendenz des auf eine reflektierende Oberflache 
gerichteten Warmestroms, durch Absorption von reflektierter Strahlung in einer komprimierten Schicht 

zuzunehmen, wird qualitativ abgeschatzt. 

TEILJIO- M MACCOOBMEH B M3JIYqAIOIIlEM CXATOM CJIOE HPM HAJIMYMM 
OTPAKEHMFI OT IIOBEPXHOCTM TEJIA M BAYBA IIPOfiYKTOB PA3PYUIEHMII 

AwoTauHR -~ PaccMaTpeaaeTcn pannau~otiHo-Kotise~ruenblii rennoo6MeH ripe o6rekanun oCeCMM- 
MeTpHHHOrO 3aTynneHHOrO Tena rHnep?ByKOBLIM nOTOKOM BO3nyXa. npABOAaTCa pe?yltL’rarLI paCHeTOB 
panHauHOHHOr0 H KOHBeKTHBHOrO Ten.!!OBLlX nOTOKOB K IlOBepXHOCTH pa3pymammerOCa rpai$HTa. 
nOKa3aHO BnHaHHe ywra nepeHoca ki3JIy'lewia Ila pacvertrbre 3Haqewa pdn~au5iomIoro Ten_~o8oro 

"OTOKa. 

npOBeneHa KonHHecrBeHHaa 0ueHKa +$eKra yBenaHeHHfl ~tennoBbix noroKoB K noBepxHocrH, 
06nanatomeit oTpaXeweM,s pe3ynbTaTe nornoqewia oTpamemtor0 M3nyvemffl a cXa~oM cnoe 


