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An interesting special case of such a discontinuity is that
in which there is moving gas on one side and radiation on the
other side. The flow pattern in this case is the following:
In moving, the gas flows around a certain void occupied by
radiation. It is easy to plot a flow past a wedge-shaped or
cone-shaped void occupied by radiation.

If W is small but finite, the tangential discontinuity occu-
pies, obviously, a region having the thickness

5 ~ L\/W (12.4)

In this case we are dealing with a radiation boundary-layer,
a theory for which easily can be constructed, and the equa-
tions for which assume a class of similarity solutions having
the form:

(12.5)
P =
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If in Eqs. (12.1) the absorption coefficient k = C-pnTm, then

5 = 3(2v +1)
- r) - i 7 = 4(2?

/z = 2v + 1

= OLT = a(m + 3n )

The forementioned singularities in the case TF <$c 1 follow
directly from the circumstance that nearly black-body radi-
ation exhibits a diffusion character, and for this reason the
same phenomena occur that are found when we examine the
dissipation processes both in ordinary fluid-dynamics and
in magnetohydrodynamics (boundary layer, the "squeezing-
out" phenomenon, etc.). In the case where W is small and
pf <<C p the radiation boundary-layer is transformed into a
thermal layer caused by the radiation flux. In this case the
quantity 1/W can be regarded as the Peclet number, linked
to the radiation's thermal conductivity, i.e., 1/W = Pe* =
Pr*Re, where Pr* is the Prandtl number for the radiation, Re
the ordinary Reynolds number. Since we have determined
the parameter W in the case co ^> 1, we have

Pe* = %-v
ITc (12.6)

where i is the enthalpy of the radiating gas per unit volume,
and U is the energy density of the radiation field.

Assuming the presence of recombination radiation, we
evaluated the Pe* numbers for sets of flight conditions analo-
gous to the sets of conditions in the examples of Sec. 6—
namely, for altitudes H = 30 km and H = 40 km, both with
velocity v = 1.5 X 106 cm/sec, and then for H = 30 km with
velocity v = 106 cm/sec—and we arrived at the values Pe* =
1350, 25, and 320, respectively.

The Reynolds numbers here range from 107 to 109 (the

characteristic dimension is L = 102 cm). As a result of this
we are able to infer that in the case in question, where 1 <§:
Pe* <SC Re, we shall encounter a phenomenon of thermal bound-
ary-layers with small Prandtl numbers.

The tangential discontinuity that has been examined for
the case of an ideally absorbing medium can have meaning
also for internal flows in which radiation is present in the
flow core. The flow itself in this case will function as mirror.
The question as to the effect exerted by nearly black-body
radiation on the character of the boundary layer when the
magnetic terms are taken into account was examined pre-
viously in Ref. 20.

References
1 Blokhintsev, D. I., Introduction to Quantum Mechanics

(Ob'edinenie Gosudarstvennylkh IzdatePstv, 1944).
2 Rosseland, S., Theoretical Astrophysics (Oxford University

Press, Oxford, 1936).
s Meyerott, R., "Radiant heat transfer to hypersonic ve-

hicles," Third AGARD Combustion and Propulsion Panel Collo-
quium, Palermo, Sicily (1958).

4 Kuznetsov, Ye. S., Izv. Akad. Nauk SSSR, Ser. Geografich.
i Geofiz. (Bull. Acad. Sci USSR, Ser. Geograph. Geophys.),
no. 6 (1940) and no. 5 (1941).

5 Seaton, Rev. Mod. Phys. 30,979 (1958).
6 Aller, L., Astrophysics (The Ronald Press, New York, 1953,

1954), Vols. 1 and II.
7 Wessel, Ann. Physik 5, 611 (1930).
8 Bates, Buckingham, Massey, R. A., and Unwin, H. S. W.,

Proc. Roy. Soc. A170, 322 (1939).
9 Kogan, V. I., Plasma Physics and the Problem of Controlled

Thermonuclear Reactions III, 99 (1958).
10 Seaton, Proc. Roy. Soc. A208, 408 (1951).
11 Bates, Month. Not., Roy. Astron. Soc. 100, 25 (1939).
12 Jamanouchi and Katani, Proc. Phys.-Math. Soc. Japan 22,

60(1940).
13 Bates, D. R. and Seaton, M. J., Month. Not. Roy. Astron.

Soc. 109 (1946).
14 Moore, C. E., Atomic Energy Levels (1949).
15 Ditchburn, R., Proc. Roy. Soc. A236, 216 (1956).
16 Landau, L. and Lifshitz, Ye., Mechanics of Continuous

Medta(Gostekhizdat, State Technical Press, 1944).*
17 Rayzer, Yu., Zh. Eksperim. i Teoret. Fiz. (J. Exptl. Theoret.

Phys.) 32, no. 6 (1957).
18Zel'dovich, Ya., Zh. Eksperim. i Teoret. Fiz. (J. Exptl.

Theoret. Phys.) 32, No. 5 (1957).
19 Zel'dovich, Ya. and Rayzer, Yu. P., Usp. Fiz. Nauk (Progr.

Phys. Sci.) 63, no. 3 (1957).
2°Zhigulev, V. N., Izv. Akad. Nauk SSSR, Otd. Tekhn.

Nauk, Mekh. i Mashinostr. (Bull. Acad. Sci. USSR, Div. Tech.
Sci., Mech. Machine Constr.), no. 5 (1960).

* English translation included in the series Course in Theoretical
Physics (Pergamon Press, New York).—Editor.

Reviewer's Comment

This paper constitutes a small monograph introducing the
fundamental concepts of radiation transfer, their contribu-
tion to the formulation of the conservation principles in fluid
dynamics, and a cursory survey of some of the aerodynamic
applications in which radiation transfer is coupled with the
other transport effects. Also, an important section is de-
voted to the estimation of the emissivity of high temperature
air. With regard to these different parts, the following re-
marks may be made:

1. Fundamental Relations of Radiation Gasdynamics
(Sees. 1-4)

The results presented in Sees. 1-4 are well established in
the literature and were reviewed with particular clarity for

the gasdynamics problem by Prokofiev.1 It is not clear
why the authors choose in Eq. (2.2) to introduce the volume
force F, which seems to be an unnecessary restriction on the
usual radiation pressure gradient p,iR. This distinction was
discussed by Aller (Ref. 6 of the paper).

Also, the discussion in Sec. 4 of why radiation forces should
be neglected seems laborious when compared with the elegant
analysis due to Rocard (Ref. 2, p. 248). Finally, there was
hardly a need to introduce new symbols for the optical
length and the radiation-convection parameters (o>,TF) when
too many other symbols are already in use (T,NBU} NBo)

r,etc.)-

2. Emissivity of High Temperature Air (Sees. 5-6)

The high temperature air-radiation estimates are based
on the same transition mechanisms as were used in similar
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estimates in the United States.3' 4 (Breene, however, in-
cludes as an appreciable contributor the [N+ + 0+] free-
free radiation, in addition to the de-ionization process con-
sidered by Zhigulev.) As for using Zhigulev's estimates
(i.e., from the standpoint of the fluid dynamicist), it is re-
grettable that the paper offers only formulas for the emissivity
of air and not the convenient graphs available from Refs. 3
and 4. A few check points taken from later sections of the
paper seem to show estimated emissivity values slightly
larger than those in Refs. 3 and 4.

In Sec. 6, estimates are presented of the radiation-convec-
tion ratio W for typical hypersonic flight conditions (Fig. 4).
It seems that an error was introduced on this figure; L should
probably read L' (Eq. 6.3), and L = 102 cm = 1 m. Better
yet, the ordinate W could be replaced by W/L, m"1, allow-
ing for any value of L [Eq. (6.1) ].

Note that this plot of three variables (W, velocity, alti-
tude) can be arranged in three permutative forms using two
variables as the coordinates and tracing lines of constant
values for the third variable; the other two forms of Fig. 4
can be found in Ref. 5.

Both this paper and Ref. 5 lack generality in that they
consider only the optically thin case, whereas the true radia-
tion-dynamic parameter is qoR/ pmumh0, where qoR takes a dif-
ferent form if the gas is not optically thin. Reference 6 illus-
trates this point clearly.

Finally, it may be noted that nonequilibrium effects will
upset the estimates of emissivity whenever the ambient
density is not large enough to support chemical equilibrium
behind the shock.7 For cases of astronautical interest
(L < 1 m), the right-hand half of Fig. 4 is not likely to be
valid. Some recent estimates of these effects can be found
in Ref. 8.

3. Applications to Hypersonic Flow Problems (Sees. 7—12)

In Sees. 7-12 several problems are considered for the first
time. Since some of these have since been analyzed in
greater detail, it would not be too profitable to analyze here
what was meant to be essentially an order-of-magnitude
appraisal, correct for the most part in its implications. Two
exceptions are Sec. 10, which is a fine linearized treatment of

the supersonic wedge in radiation fluid dynamics, and Sec. 8,
which is a rather poor comparison between conductive and
radiative heat transfer; the conductive heat transfer is in-
versely proportional to the thermal boundary-layer thickness
8T [Eq. (8.1)], and therefore the radiation-conduction ratio
should read W5RdT, or WR*12, as can be seen in Ref. 3 of the
paper.

4. Conclusion

In conclusion, the paper under discussion had the great
merit to put together, for the first time in logical sequence,
the outline of an area of aerodynamics in which radiation is
an appreciable energy contributor. The implications for
current space programs are obvious, and much new work has
been published in the last two years on this subject. A fresh
review of this area of fluid dynamics would be a timely
contribution.

—R. GOULARD
School of Aeronautical and Engineering Science

Purdue University
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