
IX. Radiative phenomena in shock waves 
and in strong explosions in air 

1. Luminosity of strong shock fronts in gases 

§1. Qualitative dependence of the brightness temperature on the true 
temperature behind the front 

Optical measurements are of great importance for determining the tem
perature of highly heated bodies and for studying high-temperature processes 
in general. The usual methods are to measure by one or another means the 
luminosity or brightness of the surface of a luminescent body (by photo
graphic means, with the aid of photoelectric elements, or with electron-optical 
multipliers [image converters, eds.]). The radiation brightness tempera
ture, which is by definition the same as the temperature of a perfect black 
radiator emitting from its surface exactly the same luminous flux as the 
object under investigation, can then be found from the luminosity (see 
§ 8 , Chapter II). Particularly widely used are photographic methods for 
determining the luminosity and brightness temperature, basically by com
paring the degree of darkening on a photographic film produced by the light 
emitted by the body and that from a calibrated source with a known tem
perature and spectrum, say, from the sun. For greater accuracy the photo
graphs are ordinarily taken in a narrow region of the spectrum, since the 
emitting object and the calibrated source have different temperatures and 
therefore emit different radiation spectra; in addition, the sensitivity of the 
photographic film depends on the wavelength of the light, which creates some 
difficulties in converting the degree of darkening into temperature. 

Optical (in particular, photographic) methods are also widely used in the 
study of shock waves. A gas heated to a high temperature by a strong shock 
wave radiates and the surface of the shock front glows. The luminosity of 
the emission depends on the strength of the shock and the dimensions of the 
heated region behind the front. In order to obtain the true temperature of the 
fluid behind the front from the experimentally measured brightness tem
perature, we must be sure that the glowing mass radiates as a perfect black 
body. 

If the shock front is a "class ical" discontinuity behind which there is a 
sufficiently extensive, optically thick region with a more or less constant 
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§1 . The brightness temperature of the front 599 

temperature behind the front, then the heated fluid bounded by the front 
surface radiates from the surface as a perfect black body*. By measuring the 
luminosity of the front surface we can in this case directly determine the 
temperature behind the shock front, and hence the wave strength, which not 
only is important for experimental investigations but also is of great practical 
significance. It has been shown experimentally that in a certain range of shock 
strengths (and, of course, for a sufficiently thick heated region behind the 
front) the shock front actually does radiate as a black body. This is con
firmed by the fact that the brightness temperature agrees with the temperature 
behind the front calculated on the basis of the shock relations and the 
equation of state, using one of the other experimentally determined front 
parameters such as the velocity of propagation of the shock wave. We know 
from experiments and theoretical considerations, however, that this agree
ment cannot be observed for all wave strengths. The brightness temperature 
of a sufficiently strong shock becomes lower than the true temperature behind 
the front and, past a certain strength, it decreases rapidly with increasing 
strength, reaching a limiting and comparatively low value. Thereafter, the 
brightness temperature remains almost constant regardless of the strength. 
A typical dependence of the brightness temperature of a shock front on the 
true temperature behind the front is shown in Fig. 9.1, which gives a curve of 

Fig. 9 .1 . Dependence of the bright
ness temperature of the surface of a 
shock front in air on the true tempera
ture behind the front (for red light). 

~ 9 0 , 0 0 0 ° K 

the brightness temperature of red light for a shock wave in standard density 
air, obtained on the basis of theoretical estimates (carried out in the following 
sections). Figure 9.1 shows the existence of the luminosity " s a t u r a t i o n " 

* If the region of heated gas behind the " classical" discontinuity is optically thin (for 
example, if the shock wave had moved only a small distance from the piston which was 
pushed into the gas and generated the wave), then the gas radiates as a volume radiator. 
The spectral flux coming out from the surface of an optically thin plane layer in a direction 
normal to the surface is equal to Sv = Svp[l — exp(— κνΟ], as was shown in §7, Chapter II, 
where Svp is the flux corresponding to a perfect black body at the same temperature, κ'ν is 
the absorption coefficient, and d is the thickness of t l v layer heated by the shock wave. 
In the case of small optical thickness Kvd < 1, Sv = SxpKvd < Svp. In the limit Kvd > 1 the 
flux approaches the Planck value Sv = Svp. A s noted in §21, Chapter V, by studying the 
increase in luminosity Sv with time / = d/D (D is the wave velocity), Mode l ' [1] measured 
the absorption coefficient of red light in a shock wave. 
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effect. N o matter how strongly the gas is heated by the shock wave, even to 
millions of degrees, it is still not possible " to see " temperatures higher than 
tens of thousands of degrees; there is an upper limit to the temperature behind 
a shock wave front which can be " s e e n " . This effect can be easily explained 
on the basis of the structure of a shock front taking radiation into account, 
as in Part 3 of Chapter VII. The problem of the luminosity of strong shock 
fronts was considered in [2-4]. 

We assume that behind the front of a plane shock wave there exists a 
sufficiently extensive, optically thick region of constant high temperature, 
and we consider the flux of visible radiation coming out from the front surface 
and recorded by an instrument situated far from the front, at infinity. We 
first consider a shock wave which is not too strong, in which the role of 
radiation is negligible and the gas ahead of the front is not preheated. If we 
disregard the temperature change in the front related to the relaxation 
processes in the gas, then the temperature distribution across the shock wave 
is the classical jump, shown in Fig. 9.2a. The thickness of the jump together 

hv r— τ 
ro — 1 
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nv ^ Tx 

Fig. 9.2. On the problem of the lumin
osity of a shock wave. 

with the relaxation layer is usually much smaller than the radiation mean 
free path. Therefore we have here a typical example of a perfect black 
radiator; an optically thick layer of fluid heated to a constant temperature Tx 

is bounded by a surface with a very sharp temperature jump. If the cold gas 
ahead of the front, as is usually the case, is transparent in the visible part of 
the spectrum (colorless), then the instrument will record a luminous flux 
corresponding to Planck radiation at the temperature Tx; the radiation 
brightness temperature will be equal to the true gas temperature behind the 
front. 

Let us now consider a strong shock wave with a temperature of, say, 
Tx = 65,000°K behind the front. Photons radiated from the surface of the 
shock discontinuity are for the most part those with energies of the order 
of ten to thirty ev. (The maximum of the Planck spectrum at Τ = 65,000°K is 
at hv = 2.%kT= 16 ev.) These photons exceed the ionization potentials of 
the atoms and molecules, and are strongly absorbed in the cold gas ahead 
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of the shock discontinuity and preheat it. A heated layer is formed ahead of 
the shock discontinuity, and the temperature distribution across the shock 
takes on the form shown in Fig. 9.2b (in air, for example, at Tx = 65,000°K 
the maximum preheating temperature just ahead of the discontinuity is Γ_ = 
9000°K). 

Unlike a cold gas, the heated gas always absorbs the low energy visible 
photons (hv ~ 2-3 ev). In monatomic gases photons with energies less than 
the ionization potentials of the atoms I are absorbed by excited atoms, 
whose excitation energy exceeds I—hv; in accordance with the Boltz-
mann relation, the concentration of excited atoms is proportional to 
exp[ — (I — hv)/kT], so that the absorption coefficient also increases sharply 
with temperature following the Boltzmann relation κν ~ exp[—(·/— hv)/kT]. 
In molecular gases, such as air, a number of other mechanisms for absorption 
of visible light exist, but in any case the absorption coefficient for visible light 
is always very sensitive to temperature and increases rapidly with heating. 

Now the photons of visible light, which are radiated from the surface of the 
shock discontinuity and whose flux at the discontinuity corresponds, roughly, 
to the temperature Tx*9 must penetrate the preheating layer before arriving 
at the recording instrument located at infinity. The photons are partially 
absorbed in this layer. Therefore the brightness temperature of visible 
radiation from the shock front will be less than the true temperature behind 
the front. The preheating layer " screens " the highly heated gas behind the 
shock front. The screening and, consequently, the deviation of Thr from TY 

is more pronounced, the greater is the optical thickness of the preheating 
layer to visible light τ ν | , that is, the higher is the preheating temperature and 
the greater is the wave strength. As long as the optical thickness τ ν <̂  1, the 
screening is negligible and the deviation of ThT from Tx is very small; the 
front glows as a black body at the temperature 7 \ . By virtue of the fact that 
the absorption of visible light is strongly temperature dependent, and in 
turn because the preheating temperature rather strongly depends on the wave 
strength (see §16, Chapter VII), the onset of strong screening, corresponding 
to reaching an optical thickness τ ν of the order of unity, very clearly appears 
as the wave strength increases. In air, strong screening begins at temperatures 
behind the front of approximately 7\ = 90,000°K (see §3). 

* Actually the photon flux is somewhat greater, since the temperature directly behind 
the discontinuity is higher than the temperature behind the front (see Fig. 9.2b). 

t We emphasize that the optical thickness of the preheating layer for visible radiation T V 

has nothing in c o m m o n with the optical thickness of the layer averaged over the spectrum, 
which corresponds to the high energy photons which 4 4 lead " the preheating. As was shown 
in §16 of Chapter VII, the temperature in the preheating layer decreases approximately 
exponentially with respect to the averaged optical thickness T= 7\_exp(—V3 | r | ) (for 
Τ- < Γι), so that the averaged layer thickness is of the order of unity. 



602 IX. Radiative phenomena in shock waves 

In an even stronger shock wave the optical thickness to visible light of the 
preheating layer is greater than unity and the layer is almost completely 
opaque to visible light radiated by the highly heated gas behind the wave 
front; the screening in this region is almost total. Thus, as the wave strength 
increases, the brightness temperature of the visible light first coincides with 
the temperature behind the front, then begins to lag behind it, passes through 
a clearly defined maximum (luminosity " sa tu ra t ion") , and then falls off 
rapidly. The pronounced screening by the preheating layer does not mean, 
however, that the luminosity of the front of a very strong shock falls off to 
zero and that the wave ceases to be luminous. The heated gas ahead of the 
shock discontinuity not only absorbs, but also radiates visible light. As 
long as the preheating temperature is not too high and the layer is transparent, 
this radiation is lost in the background of the passing visible radiation which 
is emitted by the much more strongly heated gas behind the front. However, 
when the preheating layer completely stops transmitting the high-temperature 
light, then its own radiation begins to predominate. 

In order to get some idea about the brightness of this natural luminescence 
of the preheating layer, we note that its temperature increases monotonieally, 
starting from zero, or more exactly, from the temperature of the cold gas 
ahead of the front. As a result of the sharp temperature dependence of the 
absorption of visible light, the light is neither absorbed nor radiated in the 
most forward layers of the preheating region where the temperature is low. 
In the deeper layers with higher temperature there is a strong emission of 
photons in the visible region, but they are again absorbed, since they are 
unable to get through the opaque gas in front. The photons going out from 
the front surface to infinity are born in some intermediate radiating layer of 
the preheating region, removed from infinity by an optical distance (cor
responding to the frequencies of visible light) of the order of unity. In Fig. 
9.2c the radiating layer is shown cross-hatched. Obviously, the radiation 
brightness temperature agrees with the average temperature of the radiating 
layer. The position of the layer is determined only by the gas temperature 
profile T(x) and the temperature dependence of the absorption κν(Τ) assum
ing that the layer is located away from the cold gas by an optical distance of the 
order of unity. As shown in §17 of Chapter VII, the temperature distribution 
at the leading edge of the preheating region in strong shocks is almost 
independent of the wave strength. Consequently, the natural luminescence 
of the preheating layer and the brightness temperature of a very strong shock 
are also independent of the strength. In air at standard density this limiting 
brightness temperature for red light is approximately equal to 20,000°K 
(see §4). 

The effect of the screening and the sharp decrease in brightness temperature 
of the shock front in comparison with the true temperature behind the front 
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were observed experimentally by Model ' [1]. He employed photographic 
means for measuring the brightness temperature of shock fronts in heavy 
inert gases, xenon, krypton, and argon, in which high temperatures can be 
produced by shock waves. The front velocity in these experiments was 17 
km/sec. The optical thickness of the heated region behind the shock front 
was known to be large, so that in the absence of screening the front should 
have radiated as a black body. However, the brightness temperatures ob
served in the experiments were 30,000-35,000°Κ, which is several times lower 
than the temperatures behind the front Tx, calculated on the basis of the front 
velocity and shock relations (in Xe, Tx « 110,000°K, in Kr, Tx « 90,000°K, 
and in Ar, Tx « 60,000°K). If we consider the fact that the accuracy with 
which the brightness temperature of the visible (red) light was determined in 
this experiment was not worse than ± 2 0 % , then this disagreement must be 
attributed to screening by the preheating layer. Unfortunately, only one point 
with respect to the wave strength was recorded in the experiments of Model' , 
which precludes the possibility of analyzing the character of the entire 
curve of dependence of the brightness temperature on the true temperature 
behind the front. 

It should be noted that the luminosity " s a t u r a t i o n " phenomenon at high 
temperatures has been observed by many authors in spark discharges*. It is 
known that starting with a certain rate any further increase in the rate at 
which energy is delivered into a spark discharge tube does not result in an 
increase in the brightness temperature above ~45,000°K in air. The bright
ness temperature is also similarly limited in discharges in argon and xenon 
(a higher temperature of approximately 90,000°K in air is observed in dis
charges in capillaries). The saturation effect may be related to the screening of 
high temperatures in the tube, which is somewhat similar to the screening 
in a shock wave, although it is possible that the true temperature in the tube 
is limited by radiation losses, etc. 

§2. Photon absorption in cold air 

Of great practical interest is the problem, which we shall consider in more 
detail, of the luminosity of strong shocks in air at standard density. We must 
determine the upper limit of the shock strength for which the shock front 
radiates visible light as a perfect black body, and estimate the maximum and 
limiting brightness temperatures. The problem, obviously, reduces to esti
mating the optical thickness of the preheating layer to visible radiation, which 
determines the degree of screening by the highly heated region behind the 
front, and also to finding the natural luminosity of the preheating layer. 

* A bibliography may be found in the review by Vanyukov and Mak [5] on pulsed 
sources of light of high luminosity as well as in Model's article [1]. 
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In order to do this we must first determine more precisely the geometric 
thickness of the preheating layer and its temperature distribution with 
respect to the geometric coordinate. This, in turn, depends on the absorption 
mechanism in air of the relatively high energy photons with energies of the 
order of 10-100 ev, which are responsible for preheating the gas ahead of the 
shock discontinuity. We shall summarize the published data on the absorption 
of such photons in cold air. 

We have already mentioned several times the generally known fact that 
cold air is completely transparent to visible light. Noticeable absorption 
begins in the ultraviolet region of the spectrum at a wavelength λ = 1860 A 
(hv = 6.7 ev)*. The absorption takes place in the Schumann-Runge band 
system of an oxygen molecule, which at λ = 1760 A (hv = 7.05 ev) becomes a 
continuum associated with the dissociation of the molecule with the absorp
tion of light. The absorption rapidly increases with increasing photon energy 
(for λ = 1860 Α, κν = 0.0044 c m " 1 , and for hv « 8 ev, κχ « 100 c m " 1 ) . The 
experimental curve showing the dependence of the absorption coefficient on 
wavelength in this region of the spectrum is shown in Fig. 9.3"j\ Photons with 
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Fig. 9 .3. Absorption coefficient for ultraviolet radiation in cold air. 

* Strong absorption of the radiation from the sun in the near-ultraviolet region (λ ~ 2000 
- 3 0 0 0 A) is connected with the existence of an ozone layer at an altitude of about 25 km. 
Oxygen and nitrogen do not absorb in this part of the spectrum; therefore, when speaking 
about shock waves in air close to the surface of the earth we should take λ ~ 1860 A as an 
upper limit for the transparency of air. 

t The curve was taken from the article of Schneider [6]. 
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energies exceeding the ionization potentials of oxygen and nitrogen molecules 
(Ιθ2 = 12.1 ev and 7 N 2 = 15.6 ev) experience strong photoelectric absorption. 
The absorption cross sections from the ground level of the molecules depend 
only weakly on frequency in the energy range from hv = I to hv ~ 25 ev and 
are approximately equal to σθ2 = 3 · 1 0 " 1 8 c m 2 and σ Ν 2 = 5 · 1 0 " 1 8 cm 2 , 
which gives an absorption coefficient κν « 120 c m - 1 . As the frequency 
increases further, the absorption coefficient should show jumps due to the 
successive participation in the absorption process of the various electrons 
filling the L shells in the nitrogen and oxygen atoms. The energy levels in the 
L shells are, evidently, not spaced very far apart so that the jumps probably 
lie in the energy region hv from 13 to 30-40 ev (as far as we know, there is no 
experimental evidence on these jumps). Thereafter, the absorption coefficient 
falls off monotonieally with increasing frequency up to an energy hvK = 410 
ev, equal to the binding energy of a Κ electron in a nitrogen a tom; the Κ 
absorption boundary in oxygen is hv'K = 530 ev. At an energy hvK = 410 ev 
the absorption coefficient increases sharply, since photons greater than hvK 

are capable of knocking out Κ electrons from nitrogen atoms, and then 
decreases monotonieally up to hv'K = 530 ev, when the Κ electrons of oxygen 
are included in the absorption process. The absorption coefficients for 
photons hvK = 410 ev before and after the Κ absorption jump in nitrogen, 
calculated from the data of [7, 8], are 1.6 c m " 1 and 35 c m " 1 , respectively. 
The experimental data with respect to light absorption in air in the inter
mediate frequency range from tens to hundreds of ev are rather meager; as 
far as the authors know, measurements have been carried out only for two 
lines, at hv = 182 ev [9] and at hv = 280 ev [10]. 

On the basis of the available fragmentary data we have compiled a table 
which gives a picture of the absorption coefficients and mean free paths for 

Table 9.1 

ABSORPTION COEFFICIENTS AND MEAN FREE PATHS 
IN COLD AIR AT STANDARD DENSITY FOR 

DIFFERENT PHOTON ENERGIES 

hv, ev c m - 1 / v , cm V » 

8 
13-25 

182 
280 
410 

100 
- 1 2 0 

12 
5.3 
1.6 

0.01 
0.0083 
0.083 
0.19 
0.63 

(before the jump) 
410 

(after the jump) 
35 0.029 
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photons with energies in the range of ten to several hundred ev in cold air at 
standard density. 

§3. Maximum brightness temperature for air 

It was shown in §16 of Chapter VII that if the shock strength is less than 
critical (in standard density air the temperature behind the front correspond
ing to the critical strength is 7\ « 285,000°K), the radiative transfer from the 
highly heated region behind the front to the layers ahead of the shock dis
continuity does not have a diffusive character. The air in these layers is heated 
to temperatures much lower than those behind the front and the emission of 
radiation in the preheating region makes practically no contribution to the 
radiation flux created behind the discontinuity. The air is heated simply by the 
absorption of photons passing at distances of the order of the absorption mean 
free path and the thickness of the preheating region Ax is of the order of 
the mean free path / of those photons that carry the principal energy of the 
spectrum. This is expressed mathematically by (7.55), which shows the expo
nential decrease in preheating with respect to the averaged optical thickness τ 
corresponding to some frequency averaged absorption coefficient κ = 1//: 

— Cx 

£ = £ _ e - V 3 | r | ? τ = κ ά χ β * ( 9 1 ) 

Jo 
This equation shows that the effective optical thickness of the preheating layer 
is of the order of unity, that is, that the geometrical thickness is of the order of 
Δ χ ~ Μκ = I 

It follows from Table 9.1 in the preceding section that the mean free paths 
for photons with energies of the order of 10-100 ev in cold air vary between 
1 0 " 2 and 1 0 " 1 cm. It is evident that the mean free paths of these photons are 
approximately the same in the not too high temperature air of the preheating 
region. 

Let us, for example, consider a shock wave with a temperature behind the 
front 7\ = 65,000°K. The maximum of the Planck spectrum occurs for 
photons of energy hv = 16 ev, so that a considerable part of the energy of the 
spectrum is concentrated in the energy region of photons exceeding the 
ionization potentials of the atoms and molecules hv > I'« 13 ev. The highest 
preheating temperature, as is shown in Table 7.4, is Γ_ = 9000°K. At this 
temperature the degree of ionization and excitation of the atoms is small, 
and photons of energy hv^ I are absorbed in practically the same manner 
as in cold air. If we take a stronger shock wave, say with a temperature 

* Equation (7.55) is not written for the specific internal energy, but for the temperature. 
Equation (9.1) is more general; it is valid also in those cases when the specific heats are 
temperature dependent, which is the case with air. 
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behind the front 7\ = 100,000°K, then photons of energy hv = 24 ev will 
correspond to the maximum of the spectrum and the principal energy of the 
spectrum will be concentrated in a region of higher photon energies of 
the order of several tens of electron volts. For a preheating temperature 
Γ_ = 25,000°K, single ionization of the atoms is appreciable, although there 
is practically no double ionization. Photons with energies of several tens of 
electron volts knock out from the atoms primarily not the external, optical, 
but the deeper lying electrons, which at a temperature ~25,000°K do not yet 
undergo thermal ionization and excitation. Thus, in this case also the photons 
responsible for the preheating are absorbed in approximately the same manner 
as in cold air. 

We can now conclude that the thickness of the preheating region ahead of 
the shock discontinuity in subcritical strength waves (7\ < 285,000°K) is of 
the order of the mean free path of photons with energies of 10-100 electron 
volts in cold air, with Ax ~ 10~ 2—10~ 1 cm. In this case, Ax increases within 
the stated limits for even stronger waves, with temperatures behind the front 
varying from several tens of thousands of degrees to Tx ~ 200,000°K, and with a 
corresponding shift in the characteristic photon energies from hv ~ 10-30 to 
hv ~ 30-100 ev. 

Let us now consider the extent to which the preheating region screens out 
the visible light. Table 9.2 gives absorption coefficients and absorption mean 
free paths for red light λ = 6500 A in standard density air at different tem
peratures. Appreciable screening begins when the mean free path / v , which 

Table 9.2 

ABSORPTION COEFFICIENTS AND MEAN FREE PATHS 
FOR RED LIGHT Λ = 650ΘΑ IN STANDARD DENSITY 

AIR AT DIFFERENT TEMPERATURES 

1 0 " 3 , °K / c v , cm 1 

/ v , cm 

15 4.1 2 . 5 · 10" 
17 13.5 7 . 4 · 10" 
20 60 1 .66 · 10" 
30 290 3 . 4 5 · 10" 
50 350 2.85 · 10" 

100 2000 5 · 10"' 

decreases rapidly with increasing temperature, becomes comparable with the 
thickness of the preheating layer, that is, with the preheating radiation mean 
free path / (averaged over the spectrum). For convenience, we introduce the 
concept of a "transparency tempera ture" T*, defined by the condition 

K(T*) = /. (9.2) 
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The meaning of this concept is self-evident: the transparency temperature 
serves as the boundary between two temperature regions in the shock. When 
Τ < T*, lv> Ax and the air in the preheating region is transparent to visible 
light. When Τ > Γ*, lv < Ax and the air is opaque. 

Since the absorption of visible light is very strongly temperature dependent, 
and the mean free path changes comparatively little (no more than by an order 
of magnitude), the transparency temperature defined by the equality (9.2) 
lies within quite narrow limits, namely: Γ * « 17,000-20,000°K. We can 
estimate the optical thickness of the preheating region for visible light by 
assuming that the temperature dependence of the absorption coefficient for 
visible light can be described by the Boltzmann relation κν = const -exp 
[—(/ — hv)lkT], and that the mean absorption coefficient κ is constant. We re
call that the internal energy of air at standard density and at temperatures of the 
order of tens of thousands of degrees is, roughly speaking, proportional to 
ε ~ ΤΙΛ. We can then, using (9.1), find the approximate optical thickness in 
the preheating region from infinity (that is, from the cold air region) to a 
point at a temperature T. This quantity, τ ν (Γ) (the total optical thickness of 
the preheating region is τ ν (Γ_)), is given by 

τ ν (Τ) = 
f T dx CT const 1.4 

Kvdx= Kv — d T = \ - e~ 

Jo dT Jo κ ^ 3 

-hv)/kT 

« - — r = — · const · e ( i h v ) , k T = — - — . (9.3) 
κ ^ 3 I — hv ^/3 I — ην κ 

In a shock wave with Tx = 90,000°K, where the temperature ahead of the 
discontinuity is equal to the transparency temperature Γ_ = T* = 20,000°K, 
the optical thickness of the preheating region, in accordance with the defini
tion of the transparency temperature (9.2), is τ ν = 0.$lkT*/(I — hv) »0 .12 
(/ « 14 ev, hv « 2 ev). Consequently, if we look at the surface of a shock 
front in a direction normal to the surface, then the flux of visible radiation 
coming out from the surface of the shock discontinuity will be attentuated by 
the preheating layer by approximately 12%, and the brightness temperature 
will be approximately 80,000°K instead of 90,000°K (at these temperatures 
low energy visible photons lie in the Rayleigh-Jeans region of the spectrum 
and their intensity is proportional to the first power of the temperature; hence 
the brightness temperature is simply proportional to the luminosity). 

As the wave strength increases further, the optical thickness of the layer 
increases and the luminosity decreases; for example, when the temperature 
behind the front is increased by only 10,000°K, that is, when Tx = 100,000°K 
Γ_ = 25,000°K, τ ν (Γ_) « 0.37, ThT « Γ ^ " 0 , 3 7 « 67,000°K, so that the 
brightness temperature is already less than 80,000°K. The maximum lumin-
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osity corresponds to a temperature behind the front of approximately 
Tx = 90,000°K, and the corresponding maximum brightness temperature is 
approximately r b r m a x = 80,000°K*. For a temperature behind the front 
Tx = 140,000°K, Γ_ « 50,000°Κ, τ ν (Γ_) « 1.5 and the screening is almost 
total. 

§4. Limiting luminosity of very strong waves in air 

Let us estimate the natural luminescence of the preheating layer in a 
strong shock wave, which determines the limiting luminosity of the shock 
front. We consider a shock wave of supercritical strength with a temperature 
behind the front much higher than the critical temperature of 285,000°K. 
It was shown in §17 of Chapter VII that in a wave front the temperature 
distribution with respect to the average optical thickness τ has the shape 
shown in Fig. 9.4. The preheating temperature just ahead of the shock dis
continuity coincides with the temperature behind the front Tx. The tem
perature in the preheating layer falls off monotonieally until it reaches the 

Fig. 9.4. Position of the radiating 
layer (shaded) in a very strong shock 
wave. 

X 

temperature of the cold air in front. The average optical thickness of the 
entire preheating region can be very large, and it increases with wave strength. 
The principal part of the preheating region consists of a region with the 
temperature ranging from T_ = Tt to a temperature of the order of the 
critical temperature Tc « 300,000°K. This part of the region, of course, also 
expands with increasing wave strength (see Fig. 9.4). 

At the leading edge of the region, where the temperatures are below 
300,000°K, the temperature distribution (as is the case in the subcritical 
wave) has an exponential character and is almost independent of the strength 

ε = s c e - ^ - t c \ Τ = T c < T T 3 | T - t c l . (9.4) 

* W e emphasize that all these values are only estimates, since the absorption coefficients 
for visible light in high-temperature air calculated by Kramers' formula cannot be taken as 
completely reliable. 
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(See §17, Chapter VII, equation (7.64), and also Fig. 9.4; the optical co
ordinate T c pertains to the point where the temperature is approximately 
r « J c « 300,000°K.) 

It has already been noted at the end of §1 how a body with such a tempera
ture distribution radiates visible light. The air is transparent at low tem
peratures and does not radiate; at high temperatures the gas is completely 
opaque and does " n o t let o u t " the visible photons. The radiating layer, 
which basically sends out a flux of visible light to infinity in the cold air, lies 
somewhere between the transparent and opaque regions (shown shaded in 
Fig. 9.4). The temperature in the radiating layer is obviously close to the 
transparency temperature for air defined by the equality (9.2), where / is the 
frequency averaged mean free path in the region containing the radiating 
layer. The brightness temperature of the visible radiation also approximately 
agrees with the transparency temperature. If the mean free path again lies in 
the range of 10 - 2—10~1 cm, then the limiting brightness temperature should 
be equal to 17,000-20,000°K (see Table 9.2). 

Let us satisfy ourselves that this estimate is valid, that the preheating at the 
leading edge of the preheating layer in a very strong shock wave is caused by 
photons which have precisely this mean free path. In this regard, we note 
that at temperatures above the critical, local equilibrium (radiative) exists in 
the preheating region, while for temperatures below the critical temperature 
the radiation is out of equilibrium, as is the case in the preheating layer of a 
subcritical shock wave. 

We can assume approximately that from a surface where the temperature 
Tc« 300,000°K a Planck radiation spectrum is emitted to the left (see Fig. 
9.4) at this temperature, regardless of how high the value of the temperature 
is behind this surface. The general behavior of the absorption of high energy 
photons corresponding to a spectrum with a temperature of 300,000°K (the 
maximum of the spectrum occurs for photons with hv « 70 ev) is such that the 
absorption coefficient κν decreases with increasing frequency. As may be seen 
from Table 9.1, in the region of photon energies of a hundred electron volts, 
/cv decreases monotonically with increasing frequency. Hence, when we move 
in the direction of decreasing temperatures away from the surface at which 
Τ — 300,000°K, the low energy photons are absorbed first and then the more 
energetic photons. As we move into the region of low temperatures the 
spectrum becomes increasingly heavily weighted in the high energies. Calcu
lations presented in [4] show that only very highly energetic photons, with 
energies hv « 200 ev, can penetrate the region where the temperature is of the 
order of the transparency temperature, where, as we expect, the radiating layer 
is located. Table 9.3 gives the energy of the photons carrying out the pre
heating in the low-temperature region at the leading edge of the preheating 
region. The table also gives the corresponding mean free paths for these 
photons, which are approximately equal to the frequency-averaged mean free 
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paths. We see that in the region of temperatures Τ ~ 20,000°K the mean free 
path / ~ 1 0 " 1 cm, so that (cf. Table 9.2) the transparency temperature is 
probably closer to 17,000°K. 

Table 9.3 

ENERGIES AND CORRESPONDING MEAN FREE PATHS OF 
PHOTONS WHICH PREHEAT LEADING EDGE OF 

PREHEATING REGION 

Γ, °K hv, ev /, cm κ, cm 1 

50,000 140 
20,000 200 0.95 · 1 0 " 1 10.5 
15,000 212 1 .02· 1 0 " 1 9.8 
10,000 225 1 .16· ΙΟ" 1 8.6 

Thus, the limiting brightness temperature of a very strong shock wave is 
approximately 17,000°K, regardless of the strength. The general dependence 
of the brightness temperature (in red light) on the temperature behind the 
front is shown in Fig. 9.1. We note that the absorption coefficients in the 
visible region of the spectrum depend only weakly on frequency, and hence 
the values of brightness temperatures estimated above are approximately 
applicable not only to the red but in general to the entire visible region of the 
spectrum. 

2. Optical phenomena observed in strong explosions and the 
cooling of the air by radiation 

§5. General description of luminous phenomena 

An atomic explosion in air produces a very strong shock wave and very 
high temperatures. The temperature behind the wave front takes on a con
tinuous series of values over a wide range, from hundreds of thousands of 
degrees down to atmospheric. A number of interesting and rather peculiar 
optical phenomena are observed in such an explosion. Below we present a 
general description of the development of an explosion in air near the surface 
of the earth (that is, in air of standard density). This description is taken 
entirely from the book " T h e Effects of Atomic W e a p o n s " [11], published in 
1950*. 

* We are excerpting paragraphs 2.1, 2 .6-2.16, 2.22, 6.2, 6.19, 6.20, 6.22, and 6.23 of the 
second and sixth chapters of the book and we also present Figs. 2.10, 6.6, 6.18, and 6.20. 
A second edition of this book [12] appeared in 1957. The second edition has been extensively 
rewritten. It contains expanded chapters pertaining to the harmful effects of the explosion, 
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" T h e fission of the uranium or plutonium in an atomic bomb leads to the 
liberation of a large amount of energy in a very small period of time within 
a limited space. In the treatment which follows it will be assumed that the 
energy released in the atomic bomb is roughly equivalent to that produced 
by the explosion of 20,000 tons of TNT, namely, about 1 0 2 1 erg (more 
precisely 8.4 · 1 0 2 0 erg). Such a bomb will be referred to as a nominal atomic 
bomb. The resulting extremely high energy density causes the fission products 
to be raised to a temperature of more than a million degrees. Since this 
material, at the instant of explosion, is restricted to the region occupied by 
the original constituents of the bomb, the pressure will also be very con
siderable, of the order of hundreds of thousands of atmospheres*. 

" Because of the extremely high temperature, there is an emission of energy 
by electromagnetic radiations, covering a wide range of wavelengths, from 
infrared (thermal) through the visible to the ultraviolet and beyond. Much of 
this radiation is absorbed by the air immediately surrounding the bomb, with 
the result that the air itself becomes heated to incandescence. In this con
dition the detonated bomb begins to appear, after a few millionths of a 
second, as a luminous sphere called the fireball (ball of fire in [11], eds.). As 
the energy is radiated into a greater region, raising the temperature of the air 
through which it passes, the fireball increases in size, but the temperature 
pressure, and luminosity decrease correspondingly. After about 0.1 msec 
has elapsed, the radius of the fireball is some 14 m, and the tempera
ture is then in the vicinity of 300,000°K. At this instant, the luminosity 
(illumination, eds.), as observed at a distance of 10,000 m, is approximately 
100 times that of the sun as seen at the earth's surface. 

" U n d e r the conditions just described, the temperature throughout the 
fireball is almost uniform; since energy, as radiation, can travel rapidly 
between any two points within the sphere, there are no appreciable tempera
ture gradients. Because of the uniform temperature the system is referred to 
as an isothermal sphere which, at this stage, is identical with the fireball. 

"As the fireball grows, a shock wave develops in the air, and at first the 
shock front coincides with the surface of the isothermal sphere and of the 
fireball. Below a temperature of about 300,000°K however, the shock wave 
advances more rapidly than does the isothermal sphere. In other words, 
transport of energy by the shock wave is faster than by radiation. Neverthe
less, the luminous fireball still grows in size because the great compression 

but chapters devoted to the description of physical phenomena in the fireball have been 
abridged. Since we are here interested in precisely the latter problems, we are taking the 
description of the physics of the explosion from the first edition. All lengths measured in 
feet, yards, and miles have been converted into meters. Editors' note. The paragraphs ex
cerpted are not necessarily complete; phrases in parentheses have been added by the authors. 

* Editors' note. This paragraph has been combined from paragraphs 2.1 and 2.6 of [11], 
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of the air due to the passing of the shock wave results in an increase of 
temperature sufficient to render it incandescent. The isothermal sphere is new 
a high-temperature region lying inside the larger fireball; and the shock 
front is coincident with the surface of the latter, which consequently becomes 
sharply defined. The surface of separation between the very hot inner core 
and the somewhat cooler shock-heated air is called the radiation front. 

" T h e phenomena described above are represented schematically in Fig. 
9.5; qualitative temperature gradients are shown at the left, and pressure 
gradients at the right, of a series of photographs of the fireball taken at 
various intervals after detonation of an atomic bomb. It can be seen that at 
first the temperature is uniform throughout the fireball, which is then an 
isothermal sphere. Later, two distinct temperature levels are apparent, where 
the fireball has moved ahead of the isothermal sphere in the interior. It may 
be noted that the luminosity of the outer region of the fireball (brightness of 
the encompassing shock front) prevents the isothermal sphere from being 
visible on the photograph. At this time, the rise of the pressure to a peak, 
followed by a sharp drop at the surface of the fireball, indicates that the 
latter is identical with the shock wave front. 

" The fireball continues to grow rapidly in size for about 15 msec, by which 
time its radius has increased to approximately 90 m; the surface tem
perature has then dropped to around 5000°K, although the interior is very 
much hotter. The temperature and pressure of the shock wave have also 
decreased to such an extent that the air through which it travels is no longer 
rendered luminous. The faintly seen shock wave front moves ahead of the 
fireball, and the onset of this condition is referred to as the breakaway (of 
the shock wave from the luminous sphere). The rate of propagation of the 
shock wave is then in the vicinity of 4500 m/sec. 

"Although the rate of advance of the shock front decreases with time, it 
continues to move forward more rapidly than the fireball. After the lapse of 
one second, the fireball has essentially attained its maximum radius of 140 m, 
and the shock front is then some 180 m further ahead. After 10 sec the 
fireball has risen about 450 m, the shock wave has traveled about 3700 m 
and has passed the region of maximum damage. 

"An important feature of an atomic explosion in air occurs at about the 
time of the breakaway of the shock front (from the luminous sphere). The 
surface temperature (of the luminous region) falls to about 2000°K and then 
commences to rise again to a second maximum around 7000°K. The minimum 
is reached approximately 15 msec after the explosion, while the maximum is 
attained about 0.3 sec later. Subsequently, the temperature of the fireball 
drops steadily due to expansion and loss of energy. 

" It is of interest to note that most of the energy radiated in an atomic 
explosion appears after the point of minimum luminosity of the fireball. 
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Temperature Pressure 

Fig. 9.5. Qualitative representation of the temperature and pressure variations in a fire
ball. The explosion energy is about 1 0 2 1 erg ^ 16 kg of uranium *t 20,000 tons of T N T . 
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Only about 1 % of the total is lost before this time, in spite of the much 
higher surface temperature. The explanation of this result lies, of course, in 
the fact that the duration of the latter period, i.e., about 15 msec, is very short 
compared with the several seconds during which radiation takes place after 
the minimum has been passed. 

"As stated above, the fireball expands very rapidly to its maximum radius 
of 140 m, within less than a second from the explosion. Consequently, if the 
bomb is detonated at a height of less than 140 m, the fireball can actually 
touch the earth's surface, as it did in the historic " Trinity " test at Alamo-
gordo, New Mexico. Because of its low density, the fireball rises, like a gas 
balloon, starting at rest and accelerating within a few seconds to its maximum 
rate of ascent of 90 m/sec. 

"After about 10 sec from detonation, when the luminosity of the fireball 
has almost died out and the excess pressure of the shock wave has decreased 
to virtually harmless proportions, the immediate effects of the bomb may 
be regarded as over. 

" Because of its high temperature, and consequent low density, the fireball 
rises, as stated above, and as it rises it is cooled. At temperatures down to 
about 1800°K the cooling is mainly due to loss of energy by thermal radiation; 
subsequently, the temperature is lowered as a result of adiabatic expansion 
of the gases and by mixing with the surrounding air through turbulent con
vection. When the fireball is no longer luminous, it may be regarded as a 
large bubble of hot gases rising in the atmosphere, its temperature falling as it 
ascends. 

"An important difference between an atomic and a conventional explosion 
is that the energy liberated per unit mass is much greater in the former case. 
As a consequence, the temperature attained is much higher, with the result 
that a larger proportion of the energy is emitted as thermal radiation at the 
time of the explosion. An atomic bomb, for example, releases roughly one-
third of its total energy in the form of this radiation. For the nominal atomic 
bomb discussed, the energy emitted in this manner would be about 6.7 · 1 0 1 2 

cal, which is equivalent to about 2.8 · 1 0 2 0 erg. 
"The rate at which energy passes through the whole of the spherical surface 

of the fireball, that is, over a solid angle of 4π, is σ Τ 4 · 4nR2, where R is the 
radius of the ball (and Τ is the surface temperature; the dependence of R and 
Ton time is shown in Fig. 9.6). Since only the fraction f0 of this* penetrates 
the air, the rate at which the radiant energy reaches all points on a spherical 
area at a moderate distance from the point of detonation is / 0 σΤ* · 4nR2. 

* It is assumed that the air transmits only those wavelengths exceeding λ 0 = 1680 A, so 
that /o is that part of the energy of the Planck spectrum of temperature T, which is included 
in the interval from λ 0 = I860 A to λ = oo . The f u n c t i o n / 0 is shown in Fig. 9.7. 
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The radiant energy flux φ per unit area at a distance D is then obtained upon 
dividing by the total spherical area 4πΖ) 2 , so that 

* = / ο σ Γ 4 φ ) 2 · 

" From this equation the (radiant energy) flux at a given point, distant D, 
can be computed for various times after an atomic explosion, using the 
values of R and Τ from Fig. 9.6 and of f0 from Fig. 9.7. In order to avoid 
plotting values for individual distances, the quantity q)D2, which is equal to 
f0aT*R2, is given in Fig. 9.8 as a function of the time; the energy flux is in 

io"4 to"3 io"2 10" ' 

Time, sec 

Fig. 9.6. Radius (curve 1) and temperature (curve 2) of fireball as a function of time 
after explosion. 

cal/cm 2 · sec, and the distance is in m. From the curve, the energy flux at any 
given moderate distance at a specific time can be readily determined. 

" In order to obtain some indication of the magnitude of the illumination, 
it is convenient to introduce a unit called a sun; this is defined as a flux of 
0.032 cal/cm 2 · sec, and is supposed to be equivalent to the energy received 
from the sun at the top of the atmosphere. The ordinates at the right of 
Fig. 9.8 give the value of cpD2, with φ in suns and D in m. 

"At the luminosity minimum, the value of φϋ2 is about 6.8 · 10 6 sun-m 2 , 
so that at this point the fireball, as seen at a distance of about 2600 m, 
should appear about as bright as the sun. Actually, it will be somewhat 
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less bright, to an extent depending on the clearness of the air, because of 
atmospheric attenuation." 

At this point we end the description taken from [11]. 
As long as the shock wave front has not broken away from the boundary of 

the luminous body and the latter simply coincides with the shock wave front, 
the propagation of the fireball is well described by the relation R ~ t2/s, 
which follows from the solution of the strong explosion problem considered 

1 0 

I O3 I O4 IO5 I O6 

rf°K 

Fig. 9.7. Fraction of equilibrium radiation included in the wavelength interval 
from λ = 1860 A to λ = co as a function of temperature. 

T i m e, sec 

Fig. 9.8. Energy flux emitted by fireball as a function of time after explosion. 

in §25 of Chapter I. At the instant of breakaway the temperature at the shock 
front is approximately equal to 2000°K, which corresponds to a pressure 
p f « 50 atm. This pressure is much higher than atmospheric, and thus 
the assumptions on which the solution is based (pf > p0) are satisfied. 

A comparison of the theoretical relation R ~ t2/5 with experiment was 
presented in the book of Sedov [13]. In the book is given a graph of the 
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straight line f log R as a function of log t9 on which were plotted the experi
mental points pertaining to the 1945 New Mexico atom bomb explosion*. 
The experimental points fit the theoretical curve very well. According to 
(1.110), the slope of the straight line is related to the explosion energy Ε by 

R = / t2/5; 5- log R = ± log^a + log t. 

Here a = ξ%, where ξ0 is the coefficient in (1.110). For an air density p0 = 
1.25 · 1 0 " 3 g/cm 3 the value obtained for a £ i s 8.45 · 1 0 2 0 erg. The dependence 
of the coefficient a on the specific heat ratio γ is given in Sedov's book [13]. 
If we assume γ = 1.4, as was done by Sedov, we get α = 1.175 and Ε = 
7.19 · 1 0 2 0 erg. Actually, the effective specific heat ratio is slightly lower, since 
at high temperatures the air is strongly dissociated and ionized. Therefore the 
coefficient α is smaller and the explosion energy is greater. Thus, for example, 
if we take γ = 1.32, we find α = 0.88 and Ε = 9.6 · 1 0 2 0 erg. 

§6. Breakaway of the shock front from the boundary of the fireball 

Let us examine the nature of the luminescence of a fireball for tem
peratures behind the shock front of the order of several thousand degrees and 
clarify the causes for the phenomenon of breakaway of the shock front from 
the boundary of the luminous mass and for the minimum in the luminosity 
of the fireball. These problems were treated by one of the present authors 
[14, 15]. 

Many mechanisms participate in the absorption (and emission) of visible 
light in high-temperature air. These include photoionization of strongly 
excited atoms and molecules of oxygen and nitrogen and of nitric oxide 
molecules, knocking out the additional weakly bound electron from negative 
oxygen ions, molecular absorption (without the removal of electrons) by 
excited 0 2 , N 2 , and N O molecules, and, finally, molecular absorption by 
N 0 2 molecules, present in small amounts in high-temperature air. The 
absorption coefficients for all these mechanisms were estimated in Chapter V. 
The relative role of the various absorption mechanisms and the absolute 
values of the coefficients depend very strongly on the temperature and density 
of the air. The dominant process at temperatures above ~ 12,000-15,000°K is 
the photoionization of the molecules and atoms of oxygen and nitrogen. The 
mean free path for visible photons in air at the density of 10 times higher than 
atmospheric that exists behind the shock front and at temperatures ~ 12,000-
15,000°K is found to be of the order of millimeters. The mean free path 
decreases sharply as the temperature increases. 

* Editors' note. This plot was taken from the paper by Taylor [27] on this subject. 
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In the lower temperature range of ~ 6000-8000°K the dominant processes 
are the photoionization of N O molecules, absorption by negative oxygen 
ions, and molecular absorption by 0 2 , N 2 , and N O molecules. The mean 
free paths for visible light in this temperature range are also strongly tem
perature dependent and are of the order of 10-100 cm (for a density ratio of 
10 across the shock wave). At the still lower temperatures below ~5000°K 
all these mechanisms produce a very weak absorption, which, in addition, 
decreases rapidly with decreasing temperature. Practically the only absorption 
mechanism of visible light in air at Τ < 5000° Κ is absorption by nitrogen 
dioxide molecules N 0 2 . Despite its small concentration, nitrogen dioxide 
absorbs visible light very strongly, leading to mean free paths measured in 
meters. Thus, the nitrogen dioxide concentration at Τ = 3000°K and at a 
density five times atmospheric is c N 0 2 = 1.6 · 10~ 4 *, and the mean free path 
for red light, calculated using an absorption cross section σ Ν θ 2 = 2.15 · 10 9 

cm 2 , is / v = 220 cm. 
It is known that the temperature behind the shock front produced by a 

strong explosion increases from the front to the center (see §25, Chapter I). 
If we consider that stage of the explosion at which the temperature at the front 
is equal to several thousand degrees, then for the nominal explosion energy 
Ε = 1 0 2 1 erg (corresponding to approximately 20,000 tons of TNT) the 
explosion wave encompasses a sphere with a radius of the order of hundreds 
of meters and the temperature behind the front increases appreciably for a 
distance away from the front toward the center of the order of meters. At this 
stage the radiant preheating of the air ahead of the shock discontinuity and the 
screening of the front surface, considered in §§1 and 3, are negligibly small. 
The thickness of the relaxation layer in the shock front, in which the equilib
rium values of dissociation and ionization are established, is much smaller than 
a photon mean free path. Hence we can state that, as long as the photon mean 
free path is less than the order of a meter, the shock front is followed by an 
optically thick region with an almost constant temperature and the front 
radiates as a perfect black body. The brightness temperature of the fireball as 
measured by the visible radiation does not in this case differ from the tem
perature of the shock front. The situation is different when the shock strength 
falls to a point where the absorption behind the front becomes weak and 
the photon mean free path becomes comparable to the characteristic distance 
over which there is an appreciable change of temperature behind the front, 
that is, where it becomes of the order of a meter or more. 

However, before we consider the deviation of the brightness temperature 
from the temperature of the front, which will be done in the following section, 
let us determine the point at which the shocked air ceases to be incandescent. 

* The concentration c, is defined as the ratio of the number of ith particles to the original 
number of molecules in the cold air. 
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We have noted above that at temperatures below ~5000°K the nitrogen 
dioxide molecules are responsible for the absorption and emission of the 
visible light. But, because of the nature of the kinetics of the oxidation of 
nitrogen in an explosion wave (see §5, Chapter VIII) the nitric oxide molecules, 
from which the dioxide molecules are subsequently formed, practically do 
not form in air heated by a shock wave to temperatures below about 2000°K. 
The reason is the large activation energy of the nitrogen oxidation reaction, 
which results in the extremely pronounced temperature dependence of the 
reaction rate. At temperatures below about 2000°K the time required for the 
formation of any appreciable amount of oxide is extremely large in com
parison with the lifetime of the particles in the shock wave, so that the 
reaction does not take place. Thus nitrogen dioxide, the only absorption 
agent in the air layers heated by the shock front to temperatures below 
~2000°K, is not formed in these layers; they are completely transparent to 
visible light and are not incandescent. 

At the time when the front temperature Tf is below 2000°K, say when 
Tf = 1000°K, a luminous disk with a radius smaller than the radius of the 
shock front becomes visible from afar. The horizontal cross section of an 
explosion wave is shown in Fig. 9.9. Rays such as Β intersect the air layers 

Fig. 9.9. Schematic representation of 
the luminescence of a fireball after 
breakaway. The inner circle is the 
boundary of the luminous mass, the 
fireball; the outer circle is the shock 
front. 

heated by the shock to a temperature below about 2000°K and therefore are 
not luminous. The fireball is bounded by the rays A, which are displaced 
from the center Ο exactly the distance Rfb. This distance is the radius at the 
given time of those air layers which were previously heated by the front to a 
temperature of about 2000°K and which still contain a sufficient amount of 
nitrogen dioxide to produce perceptible luminescence. Since the air particles 
in the explosion wave expand rapidly away from the center (although slower 
than the shock wave front), the radius of the fireball Rfb increases. The 
fireball expands until the pressure in the explosion wave drops to atmospheric 
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and the motion ceases*. The nonluminous shock front, after breaking away 
from the fireball at the time when its temperature was ~2000°K, moves far 
ahead of it. (The traces of the front and of the fireball are shown schematically 
in Fig. 9.10.) 

Fig. 9.10. Trace of the shock front 
and the fireball boundary on an R, t 
diagram. 

§7. Minimum luminosity effect of the fireball 

Let us consider how the luminosity and brightness temperature of the 
fireball surface change with time during the process of the breakaway of the 
shock wave from the boundary of the luminous mass. When the temperature 
of the front drops below ~ 5000°K, the mean free path for visible light in
creases to a value of the order of a meter and the fireball ceases to radiate as a 
perfect black body. Under these conditions the brightness temperature should 
be calculated from the general formula (2.52) in accordance with the distribu
tion of temperature and absorption coefficient with respect to the distance 
behind the shock frontf. 

Let us consider as an example the time t = 1.5 · 1 0 " 2 sec, when the radius 
of the front R = 107 m and the temperature at the front Tf = 3000°K (all 

* Air particles initially at the temperature 7 } ^ 2000°K, corresponding to a pressure at 
the front pf t*t 50 atm, cool to Τ ~ 800°K in an adiabatic expansion to atmospheric pressure. 
Probably, as time increases the boundary of the luminous region is displaced deeper, into 
those layers with temperatures closer to 2000°K. The reason is that the emission coefficient, 
which is proportional to exp(—hv/kT), decreases very rapidly with a decrease in temperature 
even if the absorption coefficient is unchanged (hv > kTior hv™2ev,T~ 2000-1000°K). 
T o be more precise, the boundary of the fireball is determined by the sensitivity of 
the recording instrument. 

t The radiating layer has a thickness of the order of ten meters, which is considerably 
less than the sphere radius Rfb ~ 100 m. Therefore, we can neglect the curvature of the 
layer and consider it to be planar, and thus we may use equation (2.52). W e note that (2.52), 
in which an exponential-integral enters because the oblique rays are taken into account, 
gives a brightness temperature averaged over the disk. If we are interested in the luminosity 
at the center of the disk, then the exponential-integral E2(rv) should be replaced by the 
ordinary exponential e x p ( — τ ν ) , where r v is the optical thickness measured with respect to 
the radius from the front surface toward the center of the sphere. W e can then calculate 
the average brightness temperature. 



622 IX. Radiative phenomena in shock waves 

calculations pertain to an explosion with an energy of E= 1 0 2 1 erg). Figure 
9.11 shows the distribution of the absorption coefficient for red light λ = 
6500 A with respect to distance behind the shock front (the χ coordinate is 
measured from the front into the fireball). Also given on the figure are the 

Fig. 9.11. Distribution of the absorp
tion coefficient of red light behind a 
shock front at a temperature Tf = 
3000°K for an explosion with E= 1 0 2 1 

erg. Values of the temperature and 
density are shown at several points. 
The specific heat ratio γ = 1.23. 
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temperature and the density ratio p/p0 for air at several points. The tempera
ture and density distributions behind the front are taken from the solution 
of the strong explosion problem; the nitrogen dioxide concentration was 
calculated by the method of §5, Chapter VIII. Since the exact values of the 
cross sections for the absorption of red light by excited N 0 2 molecules are 
not known, we have taken for calculational estimates the reasonable values 
given in Table 9.4 (see §21, Chapter V). 

Table 9.4 

ESTIMATED CROSS SECTIONS FOR ABSORPTION OF RED LIGHT BY 
EXCITED N O 2 MOLECULES 

Γ, °K 4000 3000 2600 2000 
σ Ν Ο - 1 0 1 9 , c m 2 3.0 2.15 1.8 0.84 

It is evident from Fig. 9.11, that at temperatures above 6000-7000°K, the 
absorption, due to the many mechanisms listed above, is very strong and that 
it increases rapidly as we move away from the front where the temperature goes 
up. In the region of Τ ~ 6000°K the absorption decreases and passes through a 
minimum, since at this temperature the absorption coefficient for all the other 
mechanisms is very small and the concentration of the dioxide is still too low 
(equilibrium for the reaction N O + ^ 0 2 N 0 2 at such high temperatures is 
displaced in the direction of dissociation of the dioxide). The concentration 
of the dioxide increases at still lower temperatures ~4000-3000°K, which 
then leads to an increase in the absorption near the wave front. 

The air layers at temperatures above ~6000-7000°K are essentially 
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found to be completely opaque, and a Planck radiation flux is emitted through 
the surface from the internal " h o t " s p h e r e at this temperature. The external 
air layer containing the dioxide plays a dual role. On the one hand, it absorbs 
this high-temperature radiation emerging from the surface of the " h o t " 
sphere, and on the other hand, it radiates itself. This situation can be des
cribed formally by breaking up the integral with respect to τ ν in (2.51) into 
two parts : one with respect to the external layer containing the dioxide and 
with an optical thickness τ*, and the other with respect to the internal hot 
region τ* < τ ν < oo : 

Here we have replaced the radiation density in (2.51) by the equivalent 
flux. In the second integral we can factor out some average value of S*p, 
corresponding to the brightness temperature of the hot sphere Γ * (Γ* ~ 
7000°K), and, using the properties of the exponential-integral functions, we 
can write 

The first term gives the natural radiation of the dioxide layer and the factor 
Ε3(τ*) in the second term takes into account the screening by this layer of the 
high-temperature radiation from the hot sphere. Calculations show that 
the relative importance of the second term increases with time, and that 
the natural luminescence of the dioxide becomes small, that is, the role of 
the dioxide reduces basically to that of screening the high-temperature radia
tion. In our example Tf = 3000°K, the optical thickness of the dioxide layer 
τ* = 2.42, and the brightness temperature of the fireball is found to be 
r b r=4110°K. 

Another typical distribution of the absorption coefficient with respect to 
the radius is obtained when the temperature at the shock front drops below 
2000°K. In this case, the absorption does not begin immediately behind the 
front, but slightly deeper, since the layers close to the front have been heated 
only to temperatures below 2000°K and contain no dioxide. These layers do 
not absorb any light. This situation is shown in Fig. 9.12 (/ = 2.64 · 10" 2 sec, 
R = 138 m, 77 = 1600°K). 

Let us follow how the radiation brightness temperature changes with time. 
As long as the temperature at the shock front is higher than ~2000°K, 
dioxide is formed in the air layers through which the front passes; the total 

S V ( T B R ) = 2 S V P £ 2 ( T V ) άτν = 2 5 ν ρ £ 2 ( τ ν ) dxv 

+ 2 S V P £ 2 ( T v ) </τν. 
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optical thickness of the dioxide layer increases and the luminosity decreases. 
The brightness temperature for Tf < 5000°K exceeds the temperature of the 
front, since the dioxide layer does not completely screen the high-temperature 
radiation (with Γ * ~ 7000°K) arriving from inside the sphere. When the 
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Fig. 9.12. Distribution of the absorption of red light behind a shock front at a front 
temperature Tf = 1600°K, for an explosion of E= 1 0 2 1 erg. Values of the temperature and 
density are shown at several points. The specific heat ratio γ = 1.30. 

temperature of the front decreases below 2000°K, the dioxide no longer 
forms in the newer layers over which the front passes. Even if the total 
number of N 0 2 molecules that are present in the air at this time were to 
remain unchanged, the optical thickness of the screening dioxide layer would 
still decrease with time, since the expansion of the air would result in a 
distribution of the same number of N 0 2 molecules over a spherical layer of 
larger and larger radius. It is easy to see that the optical thickness of the 
dioxide layer 

r* = η 
Jo Ν 0 2

σ Ν 0 2 

where n N O l is the number of N 0 2 molecules per unit volume, decreases roughly 
as R~2 ~ t~4/5 if the total number of NO? molecules 

N»o2 = £ 4nr2nNOl dr « 4 π # 2 η Ν θ 2 dr 

remains constant. However, the total amount of dioxide, after its formation 
has stopped, falls off slightly due to the decomposition of the N 0 2 molecules 
(see §5, Chapter VIII). This leads to an even more rapid decrease of the 
optical thickness τ * . 

Thus, starting at the time when the temperature at the front falls below 
~2000°K, the screening of the dioxide layer decreases and the internal hot 
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region is gradually " revea led" . The brightness temperature of the fireball 
after having passed through a minimum again increases; the fireball thus 
appears to flare up again—a fact which has been observed experimentally. 
The above description of the nature of the luminosity minimum is illustrated 
in Table 9.5, in which are presented the results of calculations of the brightness 
temperature for an explosion with an energy of E = 1 0 2 1 erg. Thr passes 
through a minimum at 3600°K and τ* goes through a maximum when 
the front temperature Tf = 2600°K is close to the breakaway temperature 
77 = 2000°K. 

Table 9.5 

BRIGHTNESS TEMPERATURE OF A FIREBALL IN RED LIGHT λ = 6 5 0 0 A 
IN THE REGION OF MINIMUM LUMINOSITY, AS CALCULATED 

IN [15] 

t' 1 0 2 , sec R, m 7>,°K 

E= 1 0 2 1 e r g 

0.75 82 5000 5930 1.06 
1.05 93 4000 4810 1.96 
1.50 107 3000 4110 2.42 
1.81 109 2600 3600 3.23 
1.95 112 2300 4150 2.16 
2.25 128 2000 4520 1.80 
2.39 132 1800 4810 1.61 
2.64 138 1600 5400 1.15 
2.94 143 1400 5600 1.11 

Ε = I O 2 0 erg 

0.43 49 5000 6380 0.61 
0.61 53 4000 5560 1.16 
0.72 58 3000 5060 1.42 
0.82 60 2600 4800 1.77 
0.95 65 2300 5380 1.18 
1.01 66 2000 5850 0.96 
1.16 70 1800 6050 0.88 
1.38 73 1600 6510 0.71 
1.41 75 1400 6980 0.54 

ft is interesting to observe what happens to the luminosity minimum for 
different explosion energies. All times and lengths in a strong explosion change 
in a similar manner, proportionally to E1/3 (from the fact that the self-
similar solution of the strong explosion problem is approximately valid). 
Roughly speaking, the optical thicknesses at corresponding times (at the 
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same front temperature), also vary as £ 1 / 3 (since the dioxide concentration 
over the main area is in equilibrium and depends primarily on the particle 
temperature and density, and not on the time it is in the heated state). It 
follows, therefore, that the screening by the dioxide layer decreases with 
decreasing explosion energy, and the difference between Tbr and 7} becomes 
greater; also, the minimum becomes shallower. As an example, in Table 9.5 
are presented the results of calculations of Thr(Tf) for an explosion energy 
Ε = 1 0 2 0 erg. The position of the minimum remains the same, but the mini
mum luminosity increases: r b r m i n « 4800°K. 

In the limit of very low explosion energies the minimum should disappear 
entirely. Conversely, in the limit of very high explosion energies all lengths 
and optical thicknesses become large, the radiation of the fireball approaches 
closer and closer to black body radiation, and Thr approaches Tf up to the 
time when Tf becomes equal to approximately 2000°K, that is, the minimum 
becomes lower than r b r m i n « 2000°K. The brightness temperature cannot 
drop below 2000°K, since even for very high explosion energies and large 
lifetimes the dioxide does not form for Τ < 2000°K and the air heated by the 
shock wave to temperatures Tf < 2000°K is transparent and does not radiate. 

§8. Radiation cooling of air 

We consider that the gasdynamic process in a strong explosion in air with an 
energy Ε ~ 10 2 1 erg takes place adiabatically, as described in §25, Chapter I. 
The expansion of the air encompassed by the shock wave is strongly de
celerated up to the time its pressure drops to a value of the order of atmos
pheric. Thereafter, the shock wave gradually weakens and becomes an 
acoustic wave which moves far out, carrying with it a large part of the 
explosion energy. The central regions, however, after atmospheric pressure 
has been reached and the motion has ceased, contain a large mass of air 
irreversibly heated by the shock wave. This mass of air contains t h e " residual" 
explosion energy, which also constitutes an appreciable fraction (of the order 
of tens of percent) of the total explosion energy. The air mass is heated to 
very high temperatures. Thus, for example, the air layers heated to a tem
perature Tf = 11,000°K by the passage of a shock front with a strength such 
that pf = 750 atm will be at a temperature of the order of 2000°K* after 
expanding to atmospheric pressure. Layers closer to the center, which were 
initially heated by the shock front to several hundreds of thousands of 
degrees (with the pressure at the front of the order of a hundred thousand 
atmospheres), remain heated to about ten thousand degrees, etc. Thus, the 
explosion leaves behind a tremendous volume of air with a radius of the 

• T h e residual temperature, roughly speaking, is Tres & 7>(1 atm//?/ a t m ) ( v ~ 1 ) / v . For 
an estimate we may take an effective value of the specific heat ratio γ & 1.3. 
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order of hundreds of meters, heated to high temperatures. The temperature 
in the central regions reaches hundreds of thousands of degrees, while at the 
periphery it gradually decreases to a thousand degrees and lower, down to 
standard atmospheric temperature. 

We ask the question, what subsequently happens to the residual energy of 
the air irreversibly heated by the explosion wave, and how does this air 
cool down ? This problem was considered in papers by Kompaneets and the 
present authors [16, 17]. It is clear that the dissipation of energy by molecular 
heat conduction plays no role. For a thermal diffusivity coefficient (thermal 
conductivity) for air of the order of 1 cm 2 /sec, a volume with a radius ~ 10 4 

cm would take about a year to cool down. Convective ascent of the heated 
sphere due to the difference in density of the hot and cold air at the same 
atmospheric pressure and the resulting mixing of the hot air with the sur
rounding mass of cold gas is a more substantial effect. However, the ascent 
during the first 2-3 seconds after the explosion is not great. It cannot exceed 
gt2/2 (where g is the acceleration due to gravity), which is 5 m for the first 
second, 20 m in two seconds, and 45 m during the third second. Hence, 
convection is also eliminated as a factor in the first few seconds after the 
explosion. 

The basic process which leads to the cooling of the air and to the dissi
pation of the irreversible thermal energy is the radiation of light. Radiative 
cooling is made possible by the fact that cold air is transparent in a certain 
spectral window, in the visible region of the spectrum and in the neighboring 
ultraviolet and infrared regions. Because of this transparent window, the 
corresponding photons, radiated by the heated gas, can move away freely to 
large distances, carrying with them the energy of the heated mass. 

A characteristic feature of the process of energy emission from the heated 
air is the fact that it is unsteady. In this respect it is basically different from the 
process of stellar radiation (in particular the radiation from the sun, which 
supplies our planet with energy), which at first glance appears similar. The 
energy lost by radiation from the surface of a star is compensated for by a 
flow of energy from within, which is released as the result of nuclear reactions 
taking place in the central regions (see Chapter II, §14). In the state which 
results, each volume element receives an amount of radiant energy equal to 
that it emits, and the temperature distribution with respect to the radius of 
the star has a steady character (over observable time periods). In our case 
there are not internal energy sources; the initial temperature distribution is 
determined by the previous history of the phenomenon, by the gasdynamics 
of the propagation of the explosion wave, and the air cools gradually by the 
transfer of energy away by radiation. 

Our problem is to clarify how the cooling process proceeds, to determine 
how the temperature changes at different points of the heated volume, and 
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finally, which is most important, to determine what is the rate of radiative 
cooling and what is the radiant flux from the surface of the heated mass. 

§9. Origin of the temperature drop—the cooling wave 

The basic factor which determines the features of this process is the 
extremely pronounced temperature dependence of the transparency of air, 
which has already been discussed several times. If we consider the temperature 
dependence of the mean free path of radiation suitably averaged over a 
spectrum which is characteristic for a given temperature, say, the mean free 
path of photons hv with energies of 3-5 times kT*, and keep in mind that at a 
constant pressure close to atmospheric the density of air decreases with 
increasing temperature, we arrive at the following conclusions: The mean 
free path of photons changes from kilometers at temperatures of the order of 
6000°K to hundreds of meters at Τ ~ 8000°K, tens of meters at Τ ~ 10,000°K, 
and to tens of centimeters at T~ 15,000°K. 

Obviously, the radiant flux emerging from a heated volume with a smooth 
temperature distribution is determined by the temperature of that (radiating) 
layer in which the mean free path is of the order of the characteristic dimen
sion of the problem, that is, of the order of tens of meters. The external, less 
heated, layers are transparent and practically do not radiate. The deeper 
layers are opaque and the photons born there cannot move too far away. 
We have already encountered a similar situation in considering the radiation 
of the preheating zone of air ahead of the discontinuity in a very strong shock. 
By analogy, one can also introduce in this problem the concept of a trans
parency temperature T2, defined as the temperature at which the mean free 
path for light is of the order of the characteristic distance over which the 
temperature changes appreciably. In contrast to the problem of the lumin
escence of the preheating layer, where the dimensions were 1 0 " ^ - l O - 1 cm 
and the transparency temperature was ~20,000°K, the scale here is of the 
order of 10 m and the transparency temperature T2 ~ 10,000°K. 

Let us now imagine a spherical volume of stationary air with an initially 
smooth temperature distribution which varies with radius from ~ 100,000°K 
at the center to several thousand degrees at the periphery, and let us con
sider how this distribution changes with time (here we shall neglect the motion 
of the air resulting from pressure gradients). In accordance with what was 
said above, we may expect that radiation and cooling will begin in a layer 
whose temperature is of the order of the transparency temperature (T2 ~ 
10,000°K); at the following moment we should observe a " depression " in the 

* We recall that the maximum of the Planck frequency spectrum occurs for photon 
energies hv = 2.%kT\ the maximum of the weighting function appearing in the Rosseland 
method for averaging the mean free path lies in the region hv ^ AkT. 
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initially smooth temperature distribution, as shown in Fig. 9.13. Subsequently 
this " depression " acquires the form of a temperature drop which is propa
gated toward the center of the heated sphere. The air layers are successively 

cooled from the initial temperature to a temperature of the order of 10,000°K, 
after which they become transparent and practically stop radiating. The 
internal layers essentially retain their temperature until reached by the drop, 
since the mean free path for light in these layers is very small and emitted 
photons are immediately absorbed. 

Thus, the air cools as a result of the propagation through it of a certain 
narrow temperature drop, which can be called a " cooling wave ". The tem
perature in the cooling wave drops sharply (in comparison with the initial 
smooth distribution) from the initial value Tu equal to the temperature at 
the point reached at the given instant by the upper boundary of the wave, to a 
lower value, the transparency temperature T2 at which the air practically 
stops radiating. 

In describing the successive changes in the temperature distribution in 
Fig. 9.13, we have digressed from the consideration of temperature changes 
due to the gasdynamic motion by taking the air to be stationary. Actually, 
however, the temperature drop is formed even prior to the time when the air 
pressure falls to atmospheric and the motion ceases, namely, when the rate of 
radiative cooling of a layer with temperature ~10,000°K becomes com
parable to the rate of adiabatic cooling connected with the expansion of the 
air in the explosion wave. The adiabatic cooling rate at the earlier stage of the 
explosion is high and the air has no time to emit its energy, since the tem
perature region around 10,000°K at which the drop could form is " passed by " 
very rapidly, and the air becomes transparent without having had a chance to 
lose any appreciable amount of energy by radiation. Subsequently, however, 
when the adiabatic cooling slows down as the pressure falls and the expansion 
becomes slower, the radiant cooling becomes dominant. Estimates show that 
the drop behind the shock wave front in an explosion with Ε = 1 0 2 1 erg 
begins to appear in a layer with Τ ~ 10,000°K at t ~ 10~ 2 sec, when the 
temperature at the front is of the order of 2000°K and the pressure is of the 

τ 
~ 100,00 0 °K 

Fig. 9.13. Origin of a temperature 
drop (cooling wave) in an originally 
continuous temperature distribution, 
and its propagation in stationary air; 
t0 < t' < t" < r . 

Γ 
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order of 50 atm (the pressure in an explosion wave changes by only a small 
amount from the front to the center; see §25, Chapter I). 

The temperature distributions in air through which a cooling wave propa
gates, including the effect of the adiabatic cooling, are given in Fig. 9.14. The 

: ~ I O , 0 0 0 °K 

Lagrangian coordinate 

Fig. 9.14. Origin and propagation of a cooling wave in air undergoing an explosion and 
adiabatic cool ing; t0 < t' < t" < tm. 

abscissa is expressed in terms of a Lagrangian rather than an Eulerian 
coordinate, and Fig. 9.14 shows the temperature changes of given air particles 
and the propagation of the cooling wave not through space but with respect 
to mass in the gas. 

§10· Energy balance and propagation velocity of the cooling wave 

The cooling wave travels through air that is practically undisturbed by 
radiative losses. The gas temperature at the time when it is reached by the 
upper boundary of the temperature drop is determined solely by the previous 
history of the process and by the hydrodynamic motion (if such exists). This 
is a result of the fact that at temperatures of the order of tens of thousands 
of degrees and with temperature gradients of the order of thousands of 
degrees per meter, which exist initially, the radiative heat transfer is too small 
to give any appreciable flow of energy in the opaque region that has not yet 
been reached by the cooling wave. The radiation heat conduction coefficient, 
which is proportional to the Rosseland mean free path l(T) and to the cube of 
the temperature*, increases rapidly with increasing temperature and becomes 
appreciable only in the region of temperatures of the order of hundreds of 
thousands of degrees, near the center of the explosion. It limits the tem-

* W e recall that the energy flux transported by radiation heat conduction is S = — κ dT/dr, 
where the radiation heat conduction coefficient is κ = 16σ/ (Γ)Γ 3 /3 (see §12, Chapter II). 
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perature rise at the center to this order of magnitude and equalizes the 
temperature near the center. 

The radiation conduction coefficient becomes large again in the temperature 
region below 10,000°K, where the mean free path, increasing sharply with 
decreasing temperature, becomes very large*. This does not mean, however, 
that the radiation heat conduction equalizes the temperature also at the low 
temperatures, since the heated air becomes transparent in this region and 
the concept of radiation heat conduction, in general, loses its meaning; the 
character of the radiative transfer changes and, in particular, it leads to the 
formation of the cooling wave. 

Thus, because of the small heat conduction at the upper edge of the cooling 
wave, the radiant energy flux flowing into the wave from within is close to 
zero and cannot affect the properties of the wave. The entire radiant flux, 
carrying away the energy of the air particles being cooled in the wave, is 
generated within the wave itself. The determination of this flux, which we 
shall denote by S2, is a basic theoretical problem (Part 3 of this chapter is 
devoted to its solution). This problem is nontrivial, since a very steep tem
perature distribution exists within the wave. It is clear only that the flux is 
bounded within the limits σΤ\ > S2> oT%, since the radiating layer in the 
wave is at a temperature below the upper temperature Tx (at which the air is 
completely opaque) but above the lower temperature T2 (below which the 
air is transparent, does not radiate, and is not cooled by energy emission). 
If the flux 5 2 is known, then the velocity u at which the cooling wave propa
gates through the gas, which in the end determines the cooling time of the 
heated volume, can be found from an energy balance. According to estimates 
the cooling wave propagates through air undisturbed by radiative losses with 
a velocity less than the speed of sound. In this case the pressure along a thin 
layer—the wave " front"—becomes equalized and practically constant. The 
gas density automatically adjusts itself to the temperature change, so that an 
air particle passing through the wave and being cooled is compressed pro
portionally to 1 \T (if we assume that the pressure ρ ~ pT). This is shown 
in Fig. 9 .15| . 

The air is cooled by the wave at a constant pressure. If ρt is the initial 
density of the air at the time of the wave's approach, then the mass of air 
per unit area of front surface per unit time is equal to pxu. The change in 

* l(T) passes through a minimum at Τ ~ 50,000°K, and the coefficient of radiation 
thermal conductivity, which is proportional to l(T)T3, has a minimum at Τ ~ 10,000°K. 

t Editors' note. The idealized cool ing wave described by the authors is an endothermic 
gasdynamic discontinuity of the detonation type. The Hugoniot curve is simply an isotherm 
at the transparency temperature. The cool ing wave may be considered as the inverse of a 
weak deflagration. A s with most ordinary weak deflagrations (idealized flames), the pressure 
jump is not strictly zero but is small enough to be negligible. 
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enthalpy in cooling from 7\ to T2 is (for constant specific heats) plucp(Ti — T2). 
This change is, clearly, equal to the energy carried away from the wave 
front surface by radiation, to the flux S2. In this manner we obtain the basic 

Fig. 9 .15. Schematic representation of 
the gas temperature and density distribu
tions in a cooling wave front. The arrow 
on u shows the direction of air velocity 
into the wave. 

energy balance equation for the cooling wave, which is here considered as a 
discontinuity, 

5 2 = p.ucJ.T, - T2). (9.5) 

If we take into account that the specific heat cp is not constant, then we obtain 
the more general expression 

S2 = Plu{hx - h2\ (9.6) 

where h is the specific enthalpy of the air. 
If y is the effective adiabatic exponent in front of the wave, then hy = 

[y/(y — \y\pjpx (see (3.67)) and the wave velocity is 

y p \ hJ 
It will be shown in the third part of this chapter that the radiation emerging 

from the surface of the cooling wave is always generated at the lower edge of 
the temperature drop (at the rear of the wave front), independent of the wave 
strength characterized by the ratio TxjT2 or hl/h2; hence, no matter how high 
the temperature of the hot gas Tu the temperature of the emerging radiation 
will be close to T2 . 

The flux S2 is determined basically by the transparency temperature and is 
approximately equal to 

S2 = 2aTt. (9.8) 

The transparency temperature is not an exactly defined quantity. As was 
pointed out previously, it serves as a specification of the boundary between 
the transparent and opaque temperature regions and is found from the 
condition that the frequency-averaged radiation mean free path at a tempera-

file:///y/pjpx
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ture equal to the transparency temperature is of the order of the characteristic 
scale d of the problem. This distance is, for example, the distance over which 
the air temperature drops from T2 to a sufficiently small value, say, to 2000°K. 
When the wave travels through expanding air this scale is determined by the 
hydrodynamics of the process as a whole; it is smaller, the higher is the 

Table 9.6 

tf, KM/SEC AT ρ = 1 ATM 

TU°K 
T2,°K 

TU°K 
10,700 9,700 9,300 

20,000 2.7 2.1 1.7 
50,000 1.8 1.4 1.1 

100,000 1.6 1.2 1.0 

adiabatic cooling rate. If we describe the absorption coefficient for air 
approximately by the Boltzmann relation K~exp( — I/kT) with some 
effective value of the "ionization potential"*, then the transparency tem
perature is found to have only a weak logarithmic dependence on the scale d9 

and also on the air density, which is contained only in the preexponential 
factor; 

l(T2) = consteI/kT2 = d; T2 = U\n-?—\ \ (9.9) 
k \ const J 

We have already said that T2 ~ 10,000°K for d ~ 10 m and atmospheric 
pressure (when d~ 100 m, T2 ~ 8000°K; when d~\ m, T2 ~ 12,000°K). 
Thus, the value of flux S2 = 2σΤ2 changes within rather narrow limits and, 
if we consider strong cooling waves with a large temperature drop (7\ > T2, 
hi > h2), it will be found that the velocity with which the wave travels through 
the air in the initial state depends basically only on the gas pressure ρ and is 
independent of the upper temperature 7\ 

γ - 1 1 
u « S 2 when h1$>h2. 

y ρ 
To illustrate the numerical values, Table 9.6 lists the velocity u for atmospheric 

* Actually, κ is the sum of terms of the type e~I/kT, where I is the ionization potential 
for the components corresponding to photoelectric absorption and the excitation energy 
for the components of molecular absorption. All values of / are of the order of 5 - 1 0 e v ; if we 
consider a small temperature interval, then we can always interpolate κ(Τ) by a relation 
of the type exp(—I/kT). 
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pressure and several values of Τγ and T2. It is evident from the table that the 
velocity of the cooling wave is of the order of 1 km/sec. 

§11. Contraction of the cooling wave toward the center 

The character of the cooling and the dependence of the cooling time on the 
dimensions of the heated volume in our problem differ appreciably from the 
values that would have resulted if the heat were dissipated by the mechanism 
of ordinary heat conduction. The temperature of a body cooled by ordinary 
heat conduction decreases gradually and uniformly and the cooling time for a 
body with a radius R is proportional to the square of the radius t ~ R2CPPIK, 
where κ is the coefficient of thermal conductivity. In the case of radiative 
cooling, a wave travels through the gas and the cooling time is proportional 
to the first power of the radius, t ~ Rju. 

If the dimensions of the heated body are of the order of R ~ 100 m and the 
pressure is of the order of atmospheric, then a cooling wave traveling at 
u ~ 1 km/sec passes from the periphery to the center in a time t ~ 0.1 sec. 
During this time the air cools from high temperatures of the order of tens 
and hundreds of thousands of degrees to the transparency temperature T2 ~ 
10,000°K. The trace of the path of the cooling wave, together with traces 
of the paths of the shock front and of the fireball boundary, are shown 
schematically on the radius-time diagram of Fig. 9.16. 

~ 150 m r 

Fig. 9.16. Traces of the paths of the shock front, of the fireball boundary, and of the 
cooling wave front on an r, t diagram. The scales in this example correspond to an explosion 
energy 1 0 2 1 erg. 

The wave originates at a time when the temperature at the front is of the 
order of 2000°K*. The drop forms in a layer with Τ ~ 10,000°K, which is 
approximately 10 m away from the surface of the front. At the beginning, 

* Despite the fact that the formation of the cool ing wave and the breakaway of the 
shock front from the boundary of the fireball occur almost simultaneously, no direct phys
ical relationship exists between these two essentially different phenomena. 
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when the pressure is still high (ρ ~ 50 atm at the time when the drop forms), 
the wave travels through the gas at a moderate velocity. Thus, despite the 
fact that with respect to the gas the wave travels toward the center, it actually 
moves outward in space, being carried away by the rapidly expanding air. 
Gradually the wave slows down (in space), then changes its direction and 
" collapses " to the center. The turning point, determining the maximum radius 
of the cooling wave front, corresponds to zero wave velocity in space, that is, 
to the point at which the gasdynamic velocity of the expanding air particles 
and the velocity with which the wave travels with respect to the mass of gas 
become equal. 

After the cooling wave passes through the air heated by the explosion, the 
air temperature is everywhere below ~10,000°K and the entire volume 
becomes more or less transparent. The subsequent radiative cooling proceeds 
much more slowly and has a volume character; each particle emits light 
corresponding to its emission coefficient, and this light travels almost without 
absorption far from the point of explosion. Of course, the volume is not 
completely transparent and some part of the radiation is held back in the 
outer layers, so that some energy is transferred from the central regions to the 
periphery. In particular, this process is promoted by the nitrogen dioxide 
contained in the outer layers at temperatures ~3000-1000°K (which were 
previously heated by the shock wave to a temperature higher than 2000°K). 

A similar energy transport also takes place at the time of passage of the 
cooling wave, since the radiation flux emerging from the wave surface is 
partially absorbed in the " t r anspa ren t " (and actually not completely trans
parent) peripheral layers. In general, absorption in the ultraviolet region of 
the spectrum is strong and the ultraviolet photons are absorbed in the 
neighborhood of the wave front. This, however, does not introduce any 
substantial changes in the qualitative description of cooling of the air by a 
wave as presented above. This picture was based on the assumption that a 
high degree cf transparency exists at temperatures lower than T2, since the 
strong absorption region with wavelengths λ < 2000 A contains less than 4 % 
of the energy of the spectrum corresponding to a temperature of 10,000°K. 

It should not be assumed that the cooled air ceases to be luminescent after 
the cooling wave " collapses " to the center and that the surface of the cooling 
wave at the stage when it still exists is also the boundary of the fireball. The 
air that has passed through the cooling wave emits enough radiation to 
glow brilliantly even when the energy effects of the emission have become 
small and further cooling ceases. The wave is within the fireball and collapses 
toward the center, leaving behind it still strongly heated and brightly glowing 
air. The boundary of the fireball (that is, the incandescent boundary) during 
the later stage of the explosion is made up of layers with temperatures of the 
order of 2000-3000°K, which are cooled extremely slowly by radiation. After 
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the pressure becomes equal to atmospheric and the motion practically ceases, 
these layers are found to be practically stationary. The fireball boundary 
first moves out from the center together with the expanding air, and then 
slows down and stops, as shown in Fig. 9.16. 

The cooling wave in approaching the center establishes a flow of air from 
the periphery toward the center, since the wave leaves behind highly cooled 
particles and cooling at constant pressure is accompanied by compression. 
For example, if the initial temperature at the center was 100,000°K, and after 
"co l l apse" of the wave it dropped to 10,000°K, with the pressure remaining 
constant at the time of collapse (equal to atmospheric pressure), then the air 
density at the center is increased by a factor of several tens, and accounts for 
the flow of air into the center. This inflow, however, does not affect layers 
that are far from the center and have comparatively low temperatures (of the 
order of 2000-3000°K), so that the position of the fireball boundary remains 
unchanged. 

At this point we conclude our study of the air cooling process as a whole, 
of the laws governing the propagation of the cooling wave, and of the 
luminescence of the fireball, in other words, of the consideration of the 
" macroscopic " picture*. In the next part we shall study the internal structure 
of the cooling wave, in a manner similar to that in which general gas flows 
with shock waves are treated in gasdynamics together with the " microscopic " 
picture of the internal structure of the shock front. The study of the internal 
structure of the cooling wave will enable us to find the most important 
characteristic of the wave—the radiation flux from the wave surface. 

§12. The spark discharge in air 

Hydrodynamic phenomena which have the character of an explosion also 
arise in air in connection with spark discharges. These phenomena were 
investigated by MandePshtam and his co-workers [19-24]. We present here 
the general picture of the process. A thin electrically conducting column is 
formed in the air discharge gap between the electrodes immediately after the 
discharge. As a result of Joule heating the air in this column is heated to 
temperatures of the order of several tens of thousands of degrees and is 
strongly ionized (at least singly). As a result of the increase in pressure, the 
column expands and acts on the surrounding air like a piston, sending into 
it a cylindrical shock wavef. 

* W e note that a cooling wave also arises in supernovae clouds after emergence of the 
shock wave at the surface. This was shown by Imshennik and Nadezhin [18], who gave a 
numerical solution for the problem of the explosion of a massive star as a result of an 
energy release at the center of the star. 

t After the shock wave travels a distance exceeding the column length, it gradually 
becomes spherical. 
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In the early stage the air density distributions with respect to radius have a 
character appropriate to a cylindrical explosion. In [22] the density distribu
tions at successive times were measured by an interferometer. A typical 
development is shown in Fig. 9.17 (the electrical parameters of the circuit in 
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Fig. 9.17. Distribution of air density as a function of spark radius. Curves 1-5 refer to 
the following t imes: 1.0, 1.7, 2.9, 5.6, and 9.8 jLtsec. 

this experiment were the following: C = 0.25 μϊ, L = 2 /menries, V = 10 kv, 
and the discharge gap = 5 mm). As can be seen from the figure, at the 
beginning the shock wave is still rather strong (the velocity is about 2 km/sec) 
and the density distribution corresponds to that in a strong explosion. At a 
later stage the wave weakens and the counterpressure of the air ahead 
of the shock wave begins to have an effect (see §27, Chapter I). In 
this case the density at the periphery of the blast wave does not differ 
strongly from standard density, while in the central regions the density is 
very low. Since the pressure behind the blast wave is equalized spatially, the 
temperature in the central regions is very high. This central, strongly rarefied 
and high-temperature region is the electrically conducting column. The aver
age density of air in the column is approximately 1 0 " 3 of that in the un
disturbed air, and the average temperature is approximately 40,000°K. 
Spectroscopic measurements give consistent results. (Thermodynamic 
equilibrium in the column is established quite rapidly [23, 24], making it 
possible to determine the actual gas temperature by spectroscopic means.) 

The theory of the explosion wave which results from a spark discharge 
was developed by Drabkina [20]. It should be noted that the flow differs 
somewhat from that which takes place with an instantaneous energy release, 
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since in the given case the time for the generation of the Joule heat in the 
column, which is determined by the half-period of the discharge, is com
parable with the time over which the shock wave is observed. This was taken 
into account in [20]. The rate of energy generation, which enters into the 
relation governing the motion of the shock wave, was determined experi
mentally in this case. Braginskii [25] has considered theoretically not only the 
motion of the air but also the discharge mechanism, taking into account the 
conductivity and expansion of the spark column. This makes it possible to 
relate the shock wave parameters directly with the relation governing the 
increase in discharge current. 

Phenomena which are similar to those investigated in the laboratory, but 
which take place on a much larger scale, are encountered in a storm. Lightning 
is simply an electrical discharge and the thunder is produced by the shock 
wave which is formed and which degenerates into an acoustic wave at large 
distances. Zhivlyuk and Mandel 'shtam [26] measured by spectroscopic 
means the average temperature in a lightning column, and found it to be 
approximately equal to 20,000°K. This value is in agreement with calculations 
based on formulas given in [25], assuming for typical values of the current 
and time the values 30 kamp and 100-1000 /isec (the radius of the lightning 
column is ^ 10 cm). Estimates of the pressure behind the shock front were 
found to be such that at distances of the order of several meters the thunder 
can be quite destructive. 

3. Structure of cooling wave fronts 

§13. Statement of the problem 

U p to now, when referring to a cooling wave we have considered it as a 
discontinuity in which the gas temperature experiences a sharp drop. We have 
also pointed out the energy balance condition, which is equivalent to the 
relation describing the conservation of total energy flux for a gas flowing 
through a shock wave. In constrast to shock waves, however, it was sufficient 
here to formulate only one energy relation, since the motion across the cooling 
wave is subsonic and the pressure change across the wave front can be 
neglected (in this respect the cooling wave is similar to a slow flame front). 
Such macroscopic considerations do not permit us to draw any conclusions 
on the most important quantity that determines the wave speed, the radiant 
flux S2 which goes out from the wave front to " infinity " . The flux S2 can only 
be found by considering the internal structure of the transition layer through 
the wave front, by finding the continuous solution of the equations which 
describe the radiative transfer in the wave. This was done in the previously 
cited articles [16, 17]. 
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Leaving aside the specific dimensions and shape of the mass of gas being 
cooled, we shall seek a solution of the unsteady equations of radiative heat 
transfer in the form T(x — ut), corresponding to a plane wave which travels 
with a constant velocity u through a gas with given values of the temperature 
and density Ti9 pv The velocity u should be found from the equations in a 
manner similar to the way in which the flame speed in a combustible mixture 
is determined. Actually the equations do not admit of an exact solution of the 
form T(x — ut). As the wave travels, the thickness of the cooled gas layer, 
in which the light absorption is small but different from zero, increases; the 
transparency temperature, defined by the relation l(T2) = d, where d can de
note the thickness of the cooled layer, decreases with time. 

In an infinite medium, in which the mean free path has an inverse de
pendence on temperature, the transparency temperature in general becomes 
equal to zero, since a gas layer of infinite extent cooled to an arbitrarily low 
temperature is completely opaque even if the radiation mean free path is 
extremely large. The radiation flux from the wave front is equal to zero in this 
case and the cooling wave, in the strict sense, does not exist. To some extent, 
a similar situation occurs in the theory of steady-state flame propagation. If 
it is not assumed that the rate of chemical reaction in the unburned mixture is 
identically equal to zero, despite the fact that the actual rate is finite (although 
vanishingly small), we could obtain the result that the mixture burns prior 
to being reached by the flame front. This situation, which is fundamental 
to the case of an infinite medium, does not lead to any difficulties under 
actual conditions. The fact is that the region which is heated and then cooled 
by the cooling wave is always bounded, and the transparency temperature 
has only a logarithmic dependence on the dimensions of the cooled region, 
and so changes weakly with the distance traveled by the wave, being, for 
actual cases of interest, bounded within quite narrow limits. The additional 
very slow dependence of the solution on time T(x — ut, t) arises only at the 
lowest, most extended edge of the wave, in a region where the gas is already 
cooled and almost transparent. The presence of the adiabatic cooling occur
ring when the wave is propagating through an expanding gas makes this 
additional dependence even less important, since the air which passed through 
the wave is cooled by the expansion to lower temperatures and rapidly 
" skips " the temperature region in which it is still not completely transparent. 
The additional slow variation with time T(x — ut, t) will exist only in the 
region of pure adiabatic cooling and will have almost no effect on the tem
perature distribution in the wave. 

In order to find the temperature distribution in the cooling wave front, 
which in turn also determines the flux .S 2 , one should consider a planar steady 
process in a coordinate system moving with the front, as is usually done in the 
theory of wave structure. This was illustrated in Chapter VII using shock 
waves as an example. To eliminate the difficulty discussed above and to render 
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the problem steady, that is, to go from the actual solution T(x — ut, t) to an 
idealized case T(x — ut) (in the laboratory coordinate system), we can use 
one of two formally artificial methods, which, however, are by virtue of our 
preceding discussion physically justifiable and correspond to the actual 
situation. In the first method we can introduce into the energy equation an 
additional constant term A representing the adiabatic cooling. The quantity A 
specifies a constant scale d, which determines the transparency temperature T2 

and limits the absorption in the region cooled by radiation, making the 
optical thickness of this region finite. In the second method, we can disregard 
the adiabatic cooling, but instead introduce right at the beginning the trans
parency temperature T2 obtained from an estimate such as (9.9), and assume 
formally that for Τ <T2 the medium is completely transparent (the mean 
free path / = oo). Then the gas will be cooled only to T2, after which the 
emission, which is proportional to κ = 1//, and any further cooling will cease. 

Since the gas motion across the cooling wave is subsonic (this is shown by 
estimates), we may neglect the kinetic energy of the gas flow in comparison 
with the thermal energy. In this case, the energy equation at a point χ within 
the wave is written for the general case by introducing an additional term to 
describe the adiabatic cooling 

dT dS 
up1cp— + — = -A, A>0. (9.10) 

dx ax 

If the specific heats are not taken constant, it is more convenient to write 
this equation in terms of the specific enthalpy of the gas 

dh dS , x uPl — + — =-A. (9.11) 
dx dx 

Here S is the radiant energy flux at the point χ in a wave (from conservation 
of mass flux pu(x) = pxu, where u is the wave speed, equal to the rate at which 
gas flows into the wave, pl is the initial density, and ρ and u(x) are quantities 
at the point x). 

The directions of flow, of the χ axis, and of the velocity are given in Fig. 
9.15, which shows schematically the temperature drop in the wave front. 
The gas flows into the wave from left to right, while the wave travels through 
the undisturbed gas from right to left. Ahead of the wave, at χ = — oo, the 
temperature has a known value Τ =TX and the flux 5 = 0, in accordance with 
the remark made in §10 to the effect that the radiative heat transfer in a 
high-temperature gas is unimportant and that the flux in this region is small. 
The radiation flux S varies from zero to S2 as χ goes from — oo to + o o , 
where S2 is the flux going out of the wave front to infinity. 
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If the adiabatic cooling is not taken into account, but it is assumed that the 
transparency temperature T2 is given (the second method), then the energy 
relation (9.11) yields the integral 

S = Up1(hi -h). (9.12) 

Here the constant of integration is expressed in terms of the enthalpy of the 
original gas h1 = h(Tx), in accordance with the boundary condition χ = — oo, 
T= Tu and S = 0. If we apply the energy integral (9.12) to the rear of the 
wave, where Τ = T2 and the flux is equal to that going out to infinity S = S2, 
we obtain (as expected) the energy balance equation (9.6), relating the 
variables on both sides of the wave front if the front is regarded as a dis
continuity. 

To the energy equation must be added the radiative transfer equation, 
which determines the flux S. The radiative transfer will be described in the 
diffusion approximation, as was done when considering the structure of a 
shock front with radiation taken into account (see Chapter VII, Part 3). In 
addition, we shall introduce, as before, some frequency-averaged photon 
mean free path /. The equations for the diffusion approximation are then 
written as 

where U is the true radiation density and Up is its equilibrium value cor
responding to the temperature of the medium at the point x: Up = AaT^jc. 

As will be shown below, the radiation density in a considerable part of the 
wave will be close to equilibrium. It is well known (see §12, Chapter II), that 
under these conditions the spectral mean free path / v is to be averaged by the 
Rosseland method. However, local equilibrium no longer exists in the region 
of highly cooled air, and the Rosseland method of averaging no longer applies. 
The averaging method, however, cannot introduce any qualitative changes in 
the results, since the exponential Boltzmann factor of the form eI/kT, which 
effectively describes the basic temperature dependence of the mean free path, 
is retained regardless of the averaging method; the preexponential factor, 
which, of course, changes with the method of averaging, has only a very 
weak logarithmic influence (just as with the transparency temperature T2) 
on the effects in the wave. Therefore, for simplicity, we shall always imply by 
l(T) the Rosseland mean free path. 

It is convenient to rewrite (9.13) and (9.14) in terms of the optical 
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co-ordinate τ, which we shall measure from χ = + oo, where the gas is trans
parent and / = oo (the τ axis is directed opposite to the χ axis) 

dx Cx dx C + 00dx 
άτ = - τ > t = - J + 0 0 TU T-

In this case (9.13) and (9.14) take the form 

dS 
dx 
— =-c(U,-U), (9.15) 

c dU 
S = - - . (9.16) 

To the radiative transfer equations must be added the boundary conditions. 
At the front edge of the wave where τ = oo, as already stated, we have 

τ = oo, S = 0, T=TX. (9.17) 

At the rear edge, which is the boundary between the absorbing and perfectly 
transparent media (vacuum), the radiation flux and density should satisfy the 
known diffusion condition at a vacuum interface (see (2.66)) 

cU2 

τ = 0, S 2 = - y ^ (9.18) 

The radiative transfer equation, together with the energy equation and the 
boundary conditions completely defines the structure of the wave front, the 
flux S2, and the speed u. 

§14. Radiation flux from the surface of the wave front 

Of practical interest are mainly the strong cooling waves in which the gas, 
being cooled from the initial temperature 7\ to the transparency temperature 
Τ2, emits a considerable part of its energy: Tl^>T2. Weak waves, where the 
difference between 7\ and T2 is small*, are of interest mainly from the point 
of view of methodology, since in this case it is possible to obtain an exact 
analytic solution of the equations. It is clear that in a weak wave the radiation 
flux from the front S2 lies in the range σΤ\ > S2> σΤ\\ it is defined quite 
exactly, since 7\ is close to T2, with the result that the major problem, that 
of the flux, does not appear: S2 « aT\ « σΤ\. An analytic solution for a 
weak wave can be found in [16]. We do not consider it here but proceed 
directly with the consideration of a strong cooling wave. 

* Despite the fact that 7\ is close to T2 we assume, however, that the temperature 
dependence of the mean free path l(T) is sufficiently sharp that l(T) < l(T2). This inequality 
is a condition for the existence of the cooling wave. 
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It was pointed out in the preceding section that the steady solution can 
be found by one of two methods, either by introducing into the energy 
equation a constant term representing the adiabatic cooling, or by determining 
at the very beginning the transparency temperature T2 and assuming that for 
Τ =ξ Τ2 the gas is perfectly transparent (/ = oo), thus excluding from con
sideration the region already cooled by radiation and which only very weakly 
absorbs light. The first approach gives a more complete picture of the tem
perature distribution, since it permits us to investigate the temperature changes 
in the cooled air and to take into account its weak absorption. It leads, 
however, to excessive mathematical complications which arise from con
sidering the temperature distribution within the wave itself (for temperatures 
above the transparency temperature) and in determining the flux which goes 
out from the wave front to infinity. In addition, the adiabatic cooling within 
the wave is small in comparison with the radiative cooling, and therefore the 
second method is preferable for investigating the internal structure of the 
wave. In §16 we shall point out certain properties of this regime that are 
related to the adiabatic cooling. 

In the absence of adiabatic cooling the integral of the energy equation is 
given by (9.12); let us rewrite this equation assuming for simplicity that the 
specific heats are constant 

S = up^iT, - T). (9.19) 

The problem consists in solving the system of equations (9.15), (9.16), (9.19) 
together with the boundary conditions (9.17) and (9.18). Before investigating 
this sytem, we shall attempt to estimate the radiation flux S2 going out from 
the front on the basis of the most general physical considerations. These 
considerations will also tell us what approximations can be made in solving 
the system of equations and in finding the temperature distribution in the wave. 

From the statement of the problem we know that the temperature at any 
point of the wave cannot be lower than the transparency temperature T2, 
since on being cooled to T2 the gas ceases to absorb and emit radiation, and 
further cooling stops. Consequently, T2 is the lowest temperature in the wave, 
and near the rear edge of the wave the temperature increases as we move 
away from the interface with the " v a c u u m " , the perfectly transparent region 
where T= T2 and / = oo, Thus, at the rear edge, where τ = 0, dTjdx ^ 0. It 
follows from the energy equation (9.19) that as we move away from the rear 
edge into the wave the flux decreases, and for τ = 0, dSjdx < 0. The continuity 
equation for the radiation (9.15) shows that the radiation density at the rear 
edge of the wave is not higher than its equilibrium value U2 ^ Up2 = 4aT2/c 
(the divergence of the flux dSjdx is not negative; the fluid is not heated by 
radiation). In the diffusion approximation the flux at the fluid-vacuum inter
face is related to the radiation density by the condition (9.18): S2 = cU2jl. 
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Noting that U2 < Up2, we find that the upper limit of S2 is given by 2σΤ2, 

On the other hand, the radiation brightness temperature Thr, defined by 
S2 = σΤ£, coincides with some average temperature of the radiating layer 
and thus cannot be less than T2, since the temperature of the fluid in the radia
ting layer, as at any other point in the wave, is always higher than T2. It 
follows therefore that S2 > σΤ2, and that the flux S2 which goes out from 
the wave front to infinity is found to be bounded within rather narrow limits 

Thus, regardless of the wave strength, and for arbitrarily high initial tem
peratures 7 \ , the radiation always emerges from the rearmost edge of the wave 
and the radiation flux from the wave front surface corresponds to a tempera
ture close to T2. Under no circumstances should one think that the use of 
the diffusion approximation to describe the radiative transfer, which led to 
the boundary condition (9.18), was of importance in our estimates. Indeed, 
the diffusion condition (9.18) corresponds to the assumption that the photons 
emerging from the medium into vacuum have an isotropic angular distri
bution, and that no photons arrive in the medium from the vacuum (no light 
sources exist in the vacuum). Even if we had made the different extreme 
assumption that the radiation at the vacuum interface is highly anisotropic 
and all the photons leave the medium normal to its surface, the diffusion 
condition (9.18) would have been replaced by the condition S2 = cU2, which 
would have led to the inequalities σΤ2 < S2 < 4σΤ2, and T2 < TbT < ^/4T2. 
These differ from (9.20) and (9.21) by only a small numerical factor. Actually 
the limitation on the flux S2 < 2σΤ2 is related to the fact that the solution 
is steady state, as a result of which the temperature distribution, which com
pletely defines the flux, cannot be arbitrary and is determined completely by 
the steady state equations. 

An important corollary follows from the inequality (9.21) which permits 
us to solve the whole problem of front structure by very simple means despite 
the fact that it is described by nonlinear equations. The radiation from a 
heated body which is bounded by a transparent medium (or vacuum) is 
essentially generated in a layer near the surface of the body which has an 
optical thickness of the order of unity (photons born in deeper layers cannot 
leave the surface, are almost completely absorbed in transit). The radiation 
brightness temperature coincides with some average temperature of this radia
ting layer. But, by virtue of the inequality (9.21), the brightness temperature is 

= 2σΤί. 

σΤ\< S2 <2σΤ\, 

T2<Thr<%2T2. 

(9.20) 

(9.21) 
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very close to the temperature of the lower edge of the wave T2. This means 
that the temperature of the fluid behind the point τ = 0, where T=T2, 
changes very little over a distance of the order of several optical thicknesses 
into the wave. This allows us to draw the following conclusions: In a strong 
cooling wave, in which 7\ > T2, the radiant flux in the radiating layer, 
at the rear edge of the wave, changes very little and is almost constant. 
Indeed, when the temperature changes by AT < T2 the flux changes by 

\AS\ ~ upxcp AT < upxcpT2, 

and for 7\ > T2 the flux at the point τ = 0, Τ = T2 is approximately equal to 
S2 « up1cpT1 (see (9.19)). As a result 

| A S | T2 

Since the flux near the rear edge of a strong wave is almost constant, the 
situation is completely analogous to that prevailing in the photospheres of 
stationary stars, where the radiant flux is strictly constant. Thus, the problem 
of relating the flux S2 with the transparency temperature T2 (the temperature 
at the vacuum interface) in the limit of a strong wave is equivalent to the 
well-known Milne problem (see §15, Chapter II). Taking into account the 
angular distribution of radiation rigorously, it has the exact solution 

S 2 = - p < r 7 l , (9.22) 
_4 

73 
which differs only slightly from the solution in the diffusion approximation 

S2 = 2aTt. (9.23) 

It is now evident that the value of the flux 5 2 , within the framework of the 
diffusion approximation, coincides with the upper limit of the inequality 
(9.20) in the limit of a strong wave. 

§15. Temperature distribution in the front of a strong wave 

The fact that the temperature changes little over the radiating layer with a 
thickness of the order of several optical units shows that local equilibrium 
exists between the radiation and the fluid. The relative departure of the 
radiation density at the rear edge of the wave from its equilibrium value is 
smaller, the stronger is the wave, the greater is the ratio TJT2. Indeed, it 
follows from (9.15) that 

(Up - U\ = U P 2 ~ U 2 = 1 (dS\ 
\ Up ; t = 0 Up2 cUp2\dx)2 
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But, by virtue of what was said previously 

dS 
dx 

T2 ± T2 

since \AS\ ~ £ 2 ^ 2 / ^ 1 * s t n e change in flux over an optical distance Δτ ~ 1. 
Consequently, the relative departure of the radiation density from its equi
librium value in a strong wave is 

UP2 ~ U2 S2 T2 T2 ~ ~ — <e χ. 
Up2 cUp2 T x Γ, 

We can show that as we move away from the rear edge into the wave the 
relative departure of the radiation from equilibrium can only decrease, so 
that if the wave is sufficiently strong and the departure at the rear edge is 
small, then the condition of local equilibrium is satisfied throughout the wave. 
Thus, the equations describing the structure of the front of very strong 
cooling waves can be solved in the radiation heat conduction approximation 
by setting 

„ c dUv ΙβσΤ3 dT 
S « = . 

3 dx 3 dx 

Combining this equation with (9.19), we obtain an eu tation for the function 
Γ(τ) , which can be integrated by quadratures. 

At the rear edge of the wave we obtain an approximate form of the solution 
which naturally agrees with the diffusional solution of the Milne problem, 
since the flux S « const (see §15, Chapter II) 

T = T 2 ( l + f r ) 1 / 4 . (9.24) 

The asymptotic temperature distribution at the front edge of a strong wave 
has the form 

Τ = T x ( l — e~x,Xed), x>xed, (9.25) 

where the quantity T E D , which may be regarded as the effective optical thick
ness of the wave, depends only on the wave strength 

SfT, 
Ted*3\T2 

The optical thickness increases rapidly with the ratio TxjT2. We do not give 
here the general expression for the distribution Γ(τ), which at the rear and 
front edges takes on the simplified forms given by (9.24) and (9.25) (see [17]), 
and in Fig. 9.18 only present a curve of the temperature distribution for the 
case TJT2 = 5 and xed = 1670. 
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Knowing the distribution Τ(τ) and the mean free path as a function of 
temperature, it is easy to find the temperature distribution with respect to 

the geometric coordinate by means of the relation — x=j*l(T)dz*. On 

Fig. 9.19 is shown the temperature distribution T(x) at the lower edge of the 

Γ/Τ; 

I 

wave for the case of a Boltzmann dependence l(T) = const Qxp(I/kT). The 
length scale is taken to be l2 = l(T2). The transparency temperature is taken 
as T2 = 10,000°K. Figure 9.19 shows that the wave has the form of a step. In 
fact, the Boltzmann dependence of / (Γ) , which gives rise to the sharp tem
perature step in the wave, is valid only to temperatures of about 30,000-
40,000°K, with no multiple ionization taking place. At higher temperatures 
the mean free path passes through a minimum and then begins to increase 
with temperature. Therefore the front edge of a sufficiently strong wave with 
Tx ~ 50,000-100,000°K is highly extended (for / = const the distribution of 
T(x) at the upper edge would be identical with the distribution of Γ(τ)) in 
accordance with (9.25). An approximate temperature distribution in a wave 
with Tt = 40,000°K is shown in Fig. 9.20. 

If we neglect the extension of the front edge of the wave, which only 
slightly affects the cooling conditions of the air (since the flux and its divergence, 
which determines the cooling at the upper edge, are very small), then the 

* Actually, since l(T2) Φ oo, the temperature at the lower edge does not approach T2 

asymptotically, but with a slope different from zero. Therefore the coordinate origin 
χ = 0 can be placed at a point where r = 0 and T=T2. 

Fig. 9.19. Temperature distribution 
near the rear edge of a cooling wave as 
a function of the geometric coordinate; 
T2 = 10,000°K. 

Fig. 9.18. Temperature distribution 
in a cool ing wave as a function of 
the optical coordinate with T2/T1 = 5, 
r e d = 1670. 
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geometric thickness of the step comprises, as shown in Fig. 9.19, several 
tenths of the mean free path l(T2). For T2 ~ 10,000°K and l2 ~ 10 m, the 
thickness of the wave is of the order of several meters, that is, a cooling wave 

Fig. 9.20. Temperature distribution 
in a cooling wave. 

X 

traveling through a large volume of air with a radius of about a hundred 
meters is actually narrow and can be regarded as a discontinuity in the 
temperature and density of the fluid (but not in pressure, which changes very 
little through the wave). 

§16. Consideration of adiabatic cooling 

In the preceding sections, by means of artificially cutting off the absorption 
at the transparency temperature T2 (/ = oo when Τ < T2), we eliminated from 
consideration the region of cooled air whose temperature is below the 
transparency temperature. Actually, the absorption in this region, although 
very small, is still finite, and therefore it is natural to inquire how the tem
perature in the cooled gas behaves under the influence of the radiant flux 
going out from the wave front. The process in this region is basically unsteady 
and depends on the particular conditions, on the dimensions, the hydro
dynamics of the flow, and the mechanics of light absorption. In this section 
we shall consider the practically important case in which the cooling wave 
travels through expanding rather than stationary air, in which the air that is 
cooled by radiation continues to be cooled adiabatically. The adiabatic cooling 
rapidly brings the air into the temperature region where it is completely 
transparent, where it no longer exerts any effect on the behavior of the 
cooling wave. During the relatively short time interval in which the air 
undergoing the adiabatic cooling still absorbs an appreciable amount of 
light, the adiabatic cooling rate changes very little. Hence a process with 
adiabatic cooling can be approximately regarded as steady and can be described 
by the energy equation (9.10) with the constant term A. The integral of this 
equation is 

upxcpT + S = -Ax + const. (9.26) 

The constant of integration is here arbitrary, since it is simply determined by 
the choice of the origin of the χ coordinate; it can be set equal to zero. 

At the front edge of the wave where χ — oo, the flux S -> 0. It may seem 



§16. Consideration of adiabatic cooling 649 

that this artificially imposed condition contradicts the existence of the temper
ature gradient related to the presence of adiabatic cooling. However, it is 
assumed that the mean free path l(T) drops so rapidly with increasing tem
perature that the product S~ -l(T)T3 dT/dx tends to zero as Γ - + 0 0 ; 
this is physically justified, since the flux of radiation heat conduction from the 
outside (from the region of hot air) is very small. At the rear edge of the wave, 
where χ -» -f 00, the flux tends to the constant value *S 0, i.e., the value of the 
flux going out to infinity*. Therefore, the temperature in the wave, as χ -> ± o o , 
asymptotically approaches two straight lines 

up1cpT=—Ax for χ -> — 00, 

uptCpT = —Ax — S0 for χ -> -f- 00. 

These straight lines are displaced along the ordinate by an amount S0 (in 
Fig. 9.21 they are displaced by S0lupxcp). The problem consists in deter
mining the value of 5 0 . We do not present here the mathematical solution 
(see [17]), but limit ourselves to a qualitative discussion of the process. 

Let us follow the successive changes of state of a gas particle entering the 
cooling zone, coming from — 00 in the positive χ direction (Fig. 9.21). At the 

Fig. 9 .21. Temperature distribution 
in a cool ing wave taking into account 
adiabatic cooling. 

beginning, when the temperatures are very high, radiation heat conduction is 
negligible and the particle is cooled entirely adiabatically with its temperature 
falling off along the upper straight line. Then the particle begins to be in
creasingly cooled by radiation, and its temperature falls below the upper 
straight line. The radiation density in the particle in this case is less than its 
equilibrium value (the particle emits more light than it absorbs), and the 
radiant flux increases. 

The rate of radiative cooling at this stage is considerably higher than the 
rate of adiabatic cooling and the temperature drops very sharply (the particle 
passes through the cooling wave). This continues until the time when the 

* This flux, as we shall see below, differs slightly from the flux S2 emerging from an 
effectively specified surface of the wave front. 
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particle is cooled to such a low temperature that the rate of radiant heat 
exchange becomes less than the adiabatic cooling rate. As a result of the 
extremely sharp decrease in the absorption (and emission) with decreasing 
temperature, even the small adiabatic cooling that follows makes the particle 
completely transparent and the radiant heat exchange ceases entirely. 

In this case, the radiation density, which is determined by the flux born in 
hotter layers and passing through the particles, remains almost unchanged. 
However, the equilibrium radiation density, which is proportional to Γ 4 , 
rapidly decreases. Therefore the radiation density in the " t r a n s p a r e n t " 
region, in contrast to the " opaque " region, is higher than equilibrium, the 
absorption exceeds emission, and the particle is heated by radiation; the 
radiant flux decreases as shown in Fig. 9.22*. Consequently, a point χ = x2 

(the temperature and flux corresponding to this point will be denoted by T2 

and S2) exists on the χ axis which separates the opaque air, intensely cooled by 
radiation, and the almost transparent air, which is only weakly heated by 
radiation. At this point the radiation density is exactly equal to its equi
librium value U2 = Up2, the divergence of the flux is zero, and the flux is a 
maximum Smax = S2 . 

It is natural to take this point at which the radiative cooling of air ceases 
as the rear boundary of the cooling wave, to refer to its temperature T2 as the 
transparency temperature, and to denote the flux going out from the surface 
of the wave front as S2. This flux is only slightly absorbed in the almost 
transparent region, so that the flux .S 0 going out to infinity is only slightly 
smaller than S2. The temperature and flux distributions T(x) and S(x) 
corresponding to the situation described are shown in Figs. 9.21 and 9.22. At 
low temperatures the curve T(x) goes below the lower asymptote, approaching 
it from below, since the gas is heated by radiation: the maximum flux lies at 
the point where the temperature has its maximum downward displacement 
from the asymptote (this follows from (9.26)). 

We can show that the flux S2 is related to the transparency temperature by 

* This situation recalls to a certain extent the situation in a shock wave front with 
radiation: the radiation density behind the shock discontinuity is below equilibrium, the 
gas is cooled by radiation and emits a flux in the region ahead of the discontinuity, where 
it is absorbed; the radiation density is higher than at equilibrium and the gas heats up. 

s 

Fig. 9.22. Distribution of radiant flux 
in a cool ing wave taking into account 
adiabatic cooling. 

X 
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the same relation as in a wave without adiabatic cooling, with .S2 = 2σΤ\. 
The transparency temperature can be estimated from the condition that the 
rate of radiative cooling at a temperature close to T2 becomes equal to the 
adiabatic cooling rate A, which then approximately determines the rear edge 
of the wave. The temperature T2 has only a logarithmic dependence on the 
arbitrarily specified quantity A, because of the exponential dependence of 

similar to its earlier logarithmic dependence on the arbitrarily specified 
characteristic length scale d (based on the condition l(T2) = d). In our case 
the characteristic scale is the distance over which the temperature drops, as a 
result of adiabatic cooling, from T2 to zero. This distance, incidentally, also 
determines the position of the rear edge of the wave, the coordinate x2. 
Actually, the transparency temperature is still determined from the condition 
l(T2) « d9 except that now the prescribed quantity is no longer d itself, but the 
quantity A which defines the scale d. 




