ABSORPTION OF MONOCHROMATIC RADIATION BY A GAS INJECTED IN THE
VICINITY OF THE STAGNATION POINT OF A BODY IN SUPERSONIC FLIGHT

V. A. Levin and V. P. Markov UDC 533.6.011

The authors theoretically investigate the absorption of radiation in a blown
layer.

References [1-6] investigated the screening of surfaces of bodies washed by a gas flow
from external radiation with the aid of blowing of a foreign gas from their surfaces. Re-
ferences [1-4] studied flow over a flat plate at zero angle of attack of near supersonic
gas, with low-level blowing of gaseous SFy into the boundary layer (radiation at A = 10.6 um
falls normally on the plate). Reference [4] presented results of solving a model problem
associated with hypersonic flow over a wedge. Reference [6] investigated the interaction
of monochromatic radiation with the layer of absorbing gas blown from the surface of a blun-
ted body.

The present paper considers screening of the surface of a blunt body from monochromatic
radiation of A = 10.6 um with the aid of strong blowing of SF.. We seek a solution in the
vicinity of the stagnation stream line about an axisymmetric body where, as shown in [6],
the radiative flux distribution at the wall has a maximum. We give the appropriate equatioms,
describe the numerical solution, show the results, and propose an approximate method of
solving this problem.

1. We consider axisymmetric flow about a blunt body of revolution washed by hypersonic
flow of a gas, with strong blowing of a foreign gas from its surface [6-8]. On the shock
wave surface falls monochromatic radiation parallel to the body symmetry axis of such a
wavelength that the shock layer is optically transparent and, conversely, the blown gas is
a good absorber.

The thermal radiation from the hot part of the shock layer is small compared with the
monochromatic radiation. In the mathematical description of the flow the boundary layer be-
tween the blown gas and the external flow is replaced by a contact surface. The flow in
the blown layer is equilibrium and inviscid. We consider that the gas temperature increase
in the blown layer due to radiation absorption is moderate, and therefore all the flow para-
meters [6] are of the same order as in the absence of radiation [6-9].

We investigate the flow region near the stagnation line x?/w « 1 (x = 0 corresponds to
the body stagnation point). From the fact that the radiation is parallel to V., that there
is no reradiation or reflection from the wall, and bearing in mind the considerations pre-
sented in [6] and the fact that both terms of the continuity equation are of the same order,
we can write a system of equations for the flow in the blown layer:
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Fig. 1. Distribution of the parameters in the blown layer for
{qw| = 1.908-10% W/m?, pw = 0.74 kg/m?®, Ve, = 2-10°% m/sec, W = 1,
RC = 0.1 my T, = 300°K: 1) IO(C); 2) TQ(C); 3) ul(C); 4) fo((:)-

Fig. 2. Standoff distance of the contact surface and location of
the absorption zone: 1) § (numerical computation); 2) A/§ (nu-
merical computation); 3) § (approximate method). The quantity
[q*] = W/m?.

TABLE 1. Influence of Ty and W on the Radiant Flux
at the Body Surface (po = 0.74 kg/m3, Vi, = 2-10% m/
sec, Ro = 0.1 m, [qe| = 1.908-10° W/m?)

7= Guw/1Gu,] ' 0,9 0,8 0,7 0,6
W, Tu=300K 0,5 1,0 1,45 2,0
Tw/300K, W =1 1,3 1,0 0,83 075

Taking into account that p % poV2 (1 — x2 + ...), x = x/R¢, setting the coordinate y =
0 to be the corresponding body surface, and following reasoning analogous to that in [10],
we seek a solution of the system (1) in the form

=L O+ RDa @+ ), 0= s (@ +VRLO )

r=R,(x+..), I=—I(+..), h=h"(H+..), (2)
= 0Var (@) + .. ) L= UbR, p=paVe(po(Q) — 2P Q) + - . )-

Here 8R. is the displacement thickness at the stagnation line. Since the form of the solu-
tion of Eq. (2) was chosen in accordance with the boundary conditions on the body pV|w =

o (X)Ve(x), Tlyw = Tu(x), uly = 0 and at the contact surface I|c = Io(x), plc = pc(x), then,
taking_into account that the distribution of Ty(x) and py(x)Vy(x) is such that R(x) « x?
and_V(x) « x2?, substituting Eq. (2) into Eq. (1) and equating terms with the same powers

of x, we obtain:
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The spreading out of the blown gas occurs near the contact surface, and therefore the
constant describing the pressure drop along the body surface may be taken equal to § = po(1).
In turn p,(1) is equal to the analogous quantity on the other side of the contact surface
[10]: 8 = (v + 2)/(v + 1).

The boundary conditions convert to the following:

CZO’ u1:0a TO‘—‘ls pofDZW; C:L Pozl—‘;‘v & = Poo/Pg, fﬂzor 10= I. (A)

We note that for-the five differential equations of the system (2) we have the six con-
ditions (4), so that we can determine the unknown thickness of the blown layer.

2. In the radiation absent case the flow into the blown layer is described by the sys-
tem of equations (3) in which we must replace the equations of radiative transfer and of
energy by the conditions I, =0, To = 1. In addition, in Eq. (4) we omit the corresponding
boundary conditions. Estimates show that for M? « 1 (M is the Mach number) we may assume,
as was done in [7, 8, 10], that p = const. Then for v = 2, taking into account that f, (1) =
0, we write

2
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In determining & and c, we obtain two solutions. One of these has no physical meaning
(8§ » », u,(0) » A), and the other is expressed in the form

Uy (O) 6 — (’)fO (0) : (6)
u (0)—A’ A+ u(0)
Here we used the boundary conditions u1| =g = uy(0), £l = W/p,. We note that the solu-

tion of Egqs. (5) and (6) coincides with the results of {%] for u,(0) = 0 and of [8] for
u,(0) > 0.

3. To calculate the influence of radiation on the flow in the blown layer we must nu-
merically solve the system of equations (3), which is complicated by the presence of condi-
tions (4) at opposite ends of the interval { = [0, 1]. In this paper we use [ = 0 at one
end of the interval of integration, besides the boundary conditions assigned there u, = 0,
T, = 1, pof, = W, the approximate values py,(0), I,(0), and also § with subsequent improve-
ment by iterations. Because of the strong influence of the quantities p,(0), I,(0), & on
the solution we had to arrange three iterations of the process, embedded one within the
other, in which we first determined §, then p, and finally I,. We should emphasize that
without embedding the iteration processes there was no convergence.

Cy =

4. As was shown in [6], gaseous SF, satisfies all the conditions used in Sec. 1 in
deriving the equations. In addition, the absorption coefficient has the form [1]:

k=Fk*E, k* = pVEIT*C*, C* =105 sec?/(kg-K),
E=apb—T), a =0,9653, b=>5,64-10%0,9857*.

For T > b the absorption is curtailed and the gas becomes transparent for radiation
of wavelength A = 10.6 pum, and this means that the blown layer can be divided into two sub-

layers, a contact surface (I), where T = b and there is no absorption, and a sublayer (11),
where the radiation is absorbed.

We can solve the problem, as described in Sec. 3, without dividing the blown region
into two sublayers (as is done also with weak radiation, when the transparent region I is
practically absent). However, we can accelerate the solution and improve the convergence
if we carry out the numerical solution only up to T = b, and then use the analytical solu-
tion given in Sec. 2. Here as boundary conditions for the analytical solution we take the
values of the quantities u;(a), £,(a), T,(a) = b, where 4 is determined from the condition
To(A) = b during the solution process.

The results of the numerical calculation are presented in Fig. 1. The increase of f,(Z)
in the absorption zone is reminiscent of acceleration of a gas in a flame front. It can be
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Fig. 3. Distribution of the parameters in the blown layer, ob-
tained numerically [1) u,(Z); 2) £,(¢)] and by the approximate
method [3) u,(g); 4) £,(0)].

Fig. 4. Position and thickness of the absorption zone (inter-
cept).

seen that the radiation is absorbed in a relatively narrow zoné. The solutions on the left
and right of this absorption zone behave analogously to the solutions of Sec. 2. Upon the
increase of Iqw| for some time I,(0) = 0, after which it begins to increase sharply. Because
of this the solutions presented in [6] can be used only for estimates. The calculations
performed confirm the validity of the estimates of [6].

By varying |qe| with the other parameters held constant (see Fig. 1), we obtain §(|qw|)
and A/8(|aw|) (Fig. 2).

By varying T, and W for the above parameters we obtain the result that qy increases with
increase of T, and decreases with increase of W. By lowering the temperature of the blown
gas we can substantially affect the screening process (see Table 1).

5. Analysis of a series of calculations (see, e.g., Fig. 1) indicates a relatively small
thickness §,pg compared with 1 of the part of the blown layer in which the temperature and
the radiative flux vary respectively from 1 to b and from O to 1. Here in part of the blown
layer we have T, = b, I, = 1 and the radiation is not absorbed, and in part T, = 1, I, = 0.

We shall find an approximate solution of the problem investigated, taking into account
that &, = 0, and considering the blown layer to consist of two sublayers.

At the absorption front the energy release rate is g*. We assume that the pressure is
constant across the blown layer, pl = pll = p v2(1 ~ €/2).

The balance relations at the absorption front have the form

q* 1418 )
pIVI = plIyV1L, pl :pn, _V__+h1 + IVI :_2___{_;11[’ (7)
where VI, VII are the gas velocities normal to the absorption front. The system of equa-
tions (7) reduces to an equation for m:

m4-dm—+4e=0, m=p'Vl=plyl

8
g _ Creer® o q*p* ®)
Rzg(TI + TII) RZg(Tl -—-—Tll )
In Eq. (8) we use the relation [6]
. Bl— Rl = Cp  (TT—T1),
Equation (8) has one real root
3 s
m= A+ Ay Ars =V —ef2 V(A3 + (c/2)- (9)

Thus, from Eqs. (8) and (9) with the unknowns I, TII, and p we determine the velocities
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VI=mlp!l = mRgT! ’ Vi = mjplt = M,

T' =Ty, TU=0bT,, p=p-Voi{l—g?2). (10)

The flow in sublayers I and II is described by the system of equations (3) with T, = const
and I, = const and with boundary conditions for sublayer 1

Cl =0: u{ (0) =0, Pé fé =W = pler/pchc; (11)
g = fo(1) =V, = V' Vs
and for sublayer II
=00 0) = ui (1), Q) =Vo=VVue [ =1:/5{1)=0. (12)

The solution is described by Eq. (5), and here the boundary conditions (11) and (12)
give:

a) for sublayer I

S \2
PR S

® 14 (13)
9p 172
o= VRO, = (27
0
b) for sublayer II
11 !
ol = "'r12 2 Al Célx—l aill) u -’
co—1 u(l)—A (14
81 — ,.___(”K%____., All (_.gﬁ_>l/2_
AT ui (1) o0

Thus, having |gw| = g%, Ty, Dws Ves PyVis R, and using Egs. (5), (8), (9), (13), and (14),
we can obtain an approximate analytical solution of the problem.

The results of numerical solution and approximate theory are compared in Fig. 2 (8(g*))
and Fig. (3) (u,, f,).

The solid curve of Fig. 4 shows the position of the discontinuity, obtained approxi-
mately.

It is clear that the less is §,pg, the better will the approximate results agree with
the exact. Nevertheless, for 8,5 < 0.2 the results of the numerical and the approximate
calculations agree not only qualitatively, but also quantitatively (in position of the

absorption layer the discrepancy is less than 15%, and in displacement thickness it is less
than 30%Z).

The above approximate method is based on the premise that the blown layer consists of
two sublayers with T, = const, p = const, I = const and that the quantity 8,1g the absorp-
tion zone thickness, is small. After obtaining the approximate solution one should check
that the assumptions made correspond to the solution obtained.

To do this, starting from the approximate solution, one must calculate §,pg. If $,ps is

small and the absorption front lies within the blown layer, the sclution can be considered
acceptable.

To determine §,p,5 We assume that between To= 1 and T, = b the temperature varies linearly
(see Fig. 1). Let the absorption zone coincide with the intercept {Cis Z,]. Then from the
radiative transfer equation and the linearity of T, it follows that:

b—1

=27 bl

Iy=cexplty [ k{p, To)dt), To= C—&)+ L
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Taking into account that Io(Cz) = 1, we have:

o—oele H=g el ) -2

2 ¥
6abs =L—04
From the condition I,(Z;) € 1 we determine 8g45. For example, let I, (Z,) = 1077, then

n 2Inl10 n 21n10

6 = == ,

as 1 po—1) 8k*Re  p(b—1)
where § is the displacement thickness. For example, a comparison of §zphg, nums the thick-
ness of the absorption layer calculated numerically, and $zpg app Obtained by the above
method (for the series of parameters see Fig. 3) gives (n = 2):

*, W/n? Sabs, mm| Oabs, app
2,385-107 0,12 0,166
7,155-107 0,16 0,176
1,908.108 0,17 0,193

The satisfactory agreement of Sihg num and Sgpg,app shows the validity of the approximate
method for the region of variation of the parameters examined. We note that the approximate
method described above can also be applied in the case of a different dependence of the ab-
sorption coefficient on pressure and temperature, and it is necessary only that k(p, T) be a
monotonically decreasing function of temperature, that the radiative absorption occur in a
narrow band and that the absorption cease after the gas reaches the critical temperature Tgy.

NOTATION

A, wavelength of the external radiation; p, v, p, h, T, density, velocity, pressure,
enthalpy and temperature of the gas; X, y, coordinates respectively along the body surface
and normal to it; w = Vi*/ Ve (py*/pw)’2, € = pwl/pg, small parameters; Rq, radius of body
curvature at the stagnation point; r, distance from the axis of symmetry; v = 1, 2, corres-
ponds to planar and axisymmetric flow; q, radiant energy flux density; I, radiative inten-
sity; a, angle between the axis of symmetry and the tangent to the body; Ry, gas constant;
k, absorption coefficient; 8R., thickness of the blown layer on the axis of symmetry; T,
optical thickness; Cp> specific heat at constant pressure. Subscripts: e, % s, and w,
parameters respectively in the incident flow, characteristic, behind the shock wave, and at
the body.
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