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ABSTRACT 

Radiative heating of hypersonic objects becomes a significant 
contributor to the overall heat transfer at re-entry velocities 
in excess of 25,000 fps. The radiation from the equilibrium 
gas cap behind the bow shock wave is in general the major con-
tributor to this heating, but appreciable "luminous front" ra-
diation is also associated with the non-equilibrium region im-
mediately behind strong normal shock waves. The present paper 
provides a brief review of the published information on radia-
tive heating at 25,000 fps. In addition, the problem of calcu-
lating the radiation from the nonequilibrium region at higher 
velocities is discussed, and some recent experimental measure-
ments for two molecular band systems are presented. Finally, 
the expected intensity level of nonequilibrium radiation at 
35,000 fps is compared with the stagnation point heating caused 
by radiation from the equilibrium gas and by laminar aerody-
namic heat transfer. 

INTRODUCTION 

During the past several years the heat transfer for re-entry 
velocities of up to 25,000 fps has been thoroughly explored. 
The stagnation point heating in particular has been investigated 
extensively (Refs. 1 to ̂ ) both theoretically and experimentally. 
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Because of the strong normal shock associated with the stagna-
tion point region of blunt re-entry bodies, the equilibrium air 
temperatures in that region can be of the order of 8,000 Κ and 
the nonequilibrium air temperatures in the shock front can be 
of the order of 25,000 Κ at satellite re-entryvelocities. 
Thus there is appreciable thermal radiation from the shock 
heated air, and it has been shown (Ref. 5) that the "luminous 
front" radiation from the nonequilibrium region behind a nor-
mal shock can become more important than the equilibrium radia-
tion at altitudes above about 150,000 ft. However, the total 
radiation heating has been found to be small compared with the 
aerodynamic heat flux for most flight situations involving re-
entry velocities up to 25,000 fps. 

For velocities in the neighborhood of 35,000 fps many of the 
feasible flight paths are such that the radiative heat flux to 
a re-entry body will be comparable with the aerodynamic heat 
flux. It thus becomes important to establish the level of any 
nonequilibrium radiation heating. At velocities in the range 
30,000 - ^0,000 fps the translational temperature close to the 
shock front is in the range ^0,000 - 75,000 K. This tempera-
ture is reduced by the chemical and vibrational excitation 
processes occurring in the relaxation region behind the shock 
front. The radiation from this relaxation region shows a con-
siderable overshoot of intensity above the equilibrium level, 
since it is associated with the high nonequilibrium temperature. 
This is shown schematically in Fig. 1 . Only the translational 
and rotational degrees of freedom are excited in the air im-
mediately behind the shock front, and the temperature Tt is 
given by the Rankine-Hygoniot relationships for γ =7 /5 · For a 
flight Mach number Μ , the authors obtain 

VToo = (35-5/M2) (1 +0.2M2)/36 

and T | is much greater than the equilibrium stagnation tempera-
ture T e <ï . Almost all of the chemical and excitation processes 
occurring in the nonequilibrium region are binary, so that the 
intensity of radiation from the region is proportional to the 
particle density, and the thickness of the region is inversely 
proportional to the density. Consequently, the integrated ra-
diation flux emitted from the nonequilibrium region is inde-
pendent of the particle density so long as the binary mechan-
isms predominate. 

Any attempt to predict the nonequilibrium radiation profile 
must rely on calculations of the temperature, density and par-
ticle concentration histories behind the shock front. Such 
calculations can be made for moderate shock velocities, by 
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integration of the chemical rate equations (Refs. 6 to 9) with 
a given set of rate constants. The relevant rate constants 
are reasonably well determined (Ref. 10) for temperatures up to 
8,000 Κ. However, in order to make calculations for a shock 
speed of *K),000 fps it is necessary to extrapolate an assumed 
temperature dependence for these rate constants to a tempera-
ture of 75,000 K . Preliminary calculations based on one such 
extrapolation indicate that the rate of radiation of energy 
from the nonequilibrium region could be an appreciable fraction 

of the flux of energy ρ i n the incident gas. Under such 

conditions the emitted radiation would contribute to the reduc-
tion of translational temperature, and must be included in the 
energy balance. Thus, at sufficiently low density the inte-
grated radiation will depend on the flow energy which in turn 
depends on the density. 

Two other effects can contribute to a reduction of the in-
tegrated nonequilibrium radiation under conditions of low den-
sity. First, the emitted radiation at low densities is reduced 
by "collision limiting," which occurs when the particle density 
is so low that there are insufficient collisions to maintain 
the population of excited states against the drainage by radia-
tion. Second, truncation of the radiation profile occurs when 
the length of the relaxation region becomes comparable with 
the shock standoff distance. 

The present paper provides a brief review of the published 
information on radiative heating at 25,000 fps. In addition, 
the problem of calculating the radiation from the nonequilib-
rium region at higher velocities is discussed, and some recent 
experimental measurements for two molecular band systems are 
presented. Finally, the expected intensity level of nonequil-
ibrium radiation at 35,000 fps is compared with the stagnation 
point heating caused by radiation from the equilibrium gas and 
by laminar aerodynamic heat transfer. 

RADIATIVE HEATING AT 25,000 FPS 

The relative magnitudes of the radiative and convective heat 
transfer at the stagnation point are shown in Fig. 2, for a 
flight velocity of 25,000 fps. Apart from a change of nose 
radius, the information presented is identical with that given 
in Ref. 5· At this velocity the stagnation temperature de-
creases s'lightly with increasing altitude; the black body ra-
diation (in w/cm^) corresponding to this stagnation temperature 
is thus a known function of _altitude, as plotted. The equil-
ibrium radiation intensity, Iw/cm3-ster, is a known function 
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(Ref. 3) of stagnation temperature and density, and is thus 
also a known function of altitude for a given velocity. For a 
blunt body and an optically thin^gas, the radiative flux to-
wards the stagnation point is 2/7Tw/cm2 per cm thickness of hot 
gas. In the present case, for which the nose radius is speci-
fied as 10 ft, we may multiply 2 771 by a gas cap thickness of 
~30 cm, to obtain the plotted values of I (in w/cm 2). Observe 
that these values of I , which vary approximately as ρ *', ex-
ceed the black body radiation intensity when p/p0>,3 x IO"2. 
This merely means that the 3° cm gas cap thickness is no longer 
optically thin; when I exceeds about 10$ of the black body value, 
it is necessary to take account of re-absorption in the gas 
(Réf. 1 1 ) . At very high densities the equilibrium radiation 
intensity is given by the black body limit, 

The total radiative flux to a stagnation point is obtained 
by adding the integrated nonequilibrium radiation to the equil-
ibrium flux obtained as described. The detailed spectral meas-
urements (Ref. 5) carried out at 23,000 fps indicate that the 
integrated luminous front intensity at 25,000 fps is not greater 
than 10 w/cm2, as shown in Fig. 2. Thus the luminous front 
flux is comparable with or greater than the equilibrium flux 
for p/pQ <^10"3. For a body of infinite size and with infinite 
excitation rates, the high altitude radiative flux would not 
fall below a "plateau" at the 10 w/cm2 level. In practice, a 
fall-off is to be expected, due partly to "collision limiting," 
which vitiates the binary scaling near the shock front, and 
partly to truncation of the nonequilibrium region caused by the 
finite standoff distance for a normal re-entry body. Collision 
limiting for a large body would cause the integrated intensity 
to vary linearly with ρ , whereas severe truncation of a binary 
region introduces a p2 dependence. This may be seen from Fig. 
3 if one assumes a linear rise of radiation intensity behind 
the shock front. Doubling the density then quadruples the in-
tegrated flux for a given truncation distance. 

The laminar aerodynamic heat transfer rate (Ref. 2) as a 
function of ambient density is also plotted on Fig. 2. It is 
seen that, even for the large nose radius chosen, the aerody-
namic heating is approximately an order of magnitude larger 
than the radiative flux at altitudes above about 150,000 ft. 
The aerodynamic heat transfer rate varies inversely with the 
square root of the nose radius, whereas the equilibrium radia-
tive flux depends on the thickness of the gas cap,^ and varies 
linearly with nose radius. Thus, the relative positions of 
the equilibrium radiation and aerodynamic heat transfer curves 
can be shifted by variation of the nose radius. The position 
of the luminous front plateau, however, is independent of the 
nose radius. The approximate limits (Ref. 13) of free molecule 
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flow and of the disappearance of the inviscid shock layer for 
a nose radius of 10 ft are also indicated on Fig. 2. 

RADIATION CALCULATIONS 

Under equilibrium conditions, most of the radiation from 
air at temperatures above 5,000 Κ arises from various molecular 
band systems or from Kramers radiation. In the present dis-
cussion, attention will be confined to the former, since these 
are more susceptible to significant overshoot in the nonequil-
ibrium region behind the shock front. 

The radiation intensity for a given molecular band system 
is proportional to the excited state population. In general, 
the latter may be related directly to the ground state popula-
tion by means of a Boltzmann factor. Thus 

where Ε is an activation energy, and T e is a temperature which 
characterizes the electronic excitation of the molecule A. 
For example, for the N 2 first and second positive band systems 
and for the first negative system, the total radiation may 
be approximated by the formulas 

N2(l+)ïa = 2.5 x ΙΟ""
13 [N2] expC-pO^OO/TçK/^-steradian (2) 

N2(2 + )T b « 3.4 χ K r U [ N 2 ] exp(-129,500/Te)w/cm3-steradian (3) 

This is true only if the total rate of energy loss by radia-
tion from the gas is small compared with the incident energy 

f l u x Î T - ) p
v . If the radiation is sufficient to cause appreci-

able cooling of the gas in the stagnation region, then I will 
vary drastically with distance s behind the shock (Ref. 1 2 ) . 
The radiative heating is then obtained by evaluating 

Equilibrium Radiation 

(1) 

S 

Ό 

2 77 I (s) ds 

where S is the thickness of the gas cap. 
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N + (1 - ) I C = 0.9 x 10"
12
 [N^]exp(-36,000 /T e)w/cm

3
-steradian P 0 

Here [ N 2 1 is the number of ground state nitrogen molecules per 
unit volume, and [N+] is the number of ground state molecular 
ions per unit volume. At thermodynamic equilibrium, T e will be 
equal to the translational temperature, and Eqs. 2, 3 and k be-
come identical with the expressions quoted in Ref. Ik. The 
numerical constants were chosen to provide agreement with ex-
periments (Ref. 1 5 ) . 

For an optical!y thin gas, the contributions of the individ-
ual band systems to the radiative heating at the stagnation 

S 

ness S of the equilibrium gas cap. Summing the contributions 
(including Kramers) obtained in this manner leads to a total 
equilibrium radiation identical with that discussed in the pre-
vious section. 

Close to the shock front, as has been pointed out, the trans-
lational temperature can be an order of magnitude higher than 
the equilibrium temperature appropriate to a given shock speed. 
If T e becomes comparable with the translational temperature 
when the latter is still substantially higher than the equilib-
rium temperature, it is clear that band systems with high ac-
tivation energies as above can exhibit radiation overshoots. 
However, not all molecular band systems with high activation 
energies exhibit an overshoot. For example, the Schumann-Runge 
radiation behind a shock front in pure oxygen does not over-
shoot (Ref. 19 ) , and it may be deduced (Ref. 20) that the popu-
lation of the excited state Β 3 Σ is coupled to the Ο atom popu-
lation as well as to the ground state O9 population, thus in-
hibiting the over-population of the Β 3ζ state. 

Upper Bound Estimates of Nonequilibrium Radiation From Molecular 
Band Systems 

various numerical investigations have been made of the phys-
ical quantities in the nonequilibrium region behind strong nor-
mal shock waves in air and its component gases. Models have 

^With the exception that a reduction in f number for theNj 
(1 - ) system (Ref. l6 ) has been incorporated into Eq. k. A re-
vised f number (Ref. 17) for the N 2 (l + ) system has recently 
been quoted by Treanor (Ref. l 8 ) , but the change has not been 
included in Eq. 2. 

point may be obtained by evaluating over the thick-

ο 
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been set up (Refs. 6 to 9) which describe the chemical and ex-
citation processes occurring in the shock heated gas. For a 
given choice of rate constants, profiles of the temperature, 
density and particle concentrations in the relaxation region are 
obtained by integrating the appropriate rate equations subject 
to constraints imposed by the conservation requirements. 

Figure k shows the calculated temperature (Ref. 5) and par-
ticle concentration histories behind a normal shock travelling 
at 23,500 fps into air at an initial pressure of 20μ Hg, equiv-
alent to an altitude of 255,000 ft. The atom concentrations 
build up from zero, and the translational temperature drops 
rapidly from 25,000 K. The substantial overshoot of NO concen-
tration and the slight overshoot of ionization fraction are 
characteristic of shock velocities in this range. Associated 
with the electron profile (but not illustrated) is the corres-
ponding history of concentration. The bottom curve shows 
an upper bound estimate of the radiation from the N 2 first nega-
tive band system, obtained by assuming the population of the 
Β 2
 Σ state of the N | to be in equilibrium with the ground state 

(χ2 ν ), The plotted radiation intensity at a given distance 
behind the shock front is obtained by insertion of the local 
translational temperature and Ν\ concentration into Eq. k. In 
practice the tail end of this radiation estimate is probably 
accurate, since T E will ultimately become equal to the trans-
lational temperature, but closer to the shock front the method 
overestimates the intensity, since the excitation processes 
will require a finite time to populate the Β 2 Σ state. 

The intensity estimate given exhibits a finite rise time, 
since the ground state N 2 concentration must build up from 
zero. A more refined estimate may be made by consideration of 
some excitation mechanism, but the method described gives a 
reasonable upper bound for the radiation intensity for this 
band system. The same technique cannot be used to estimate 
the radiation from the N 2 first and second positive band sys-
tems, since these have no built-in rise times. It is clear 
that large overshoots for these band systems are to be expected 
if Eqs. 2 and 3 are valid. For example, if T E Q = 6,000 Κ and if 
T E is equal to the translational temperature over the range 
Τ +1000 > T > Τ , then exp (-90,000/T E ) decreases by a factor 
of 8.5 as T E decreases from 7,000 Κ to 6,000 K. Because of 
this steep temperature dependence, it is not reasonable to as-
sume that T E equals the translational temperature early in the 
relaxation history, since Eqs. 2 and 3 would then yield ex-
tremely high intensity predictions. Some consideration of the 
excitation times or mechanisms thus becomes essential. 

In initial attempts to estimate the nonequilibrium radiation 
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intensity from these two band systems at 35,000 fps, recourse 
was made to lower velocity experiments carried out at Avco-
Everett Research Laboratory. The experiments showed the ex-
pected overshoot of the N 2 first positive radiation, and pro-
vided measurements of the time to peak intensity. An extrap-
olated value of the distance to peak radiation d m was used in 
the following manner. A radiation profile was assumed as in 
Fig. 5, based on a calculated profile of translational tempera-
ture, Τ . The radiation intensity was assumed to rise linearly 
up to a distance d m behind the shock, at which point T e was as-
sumed equal to Τ . The subsequent decrease of radiation was 
controlled by the decay of Τ and of the N 2 ground state popula-
tion. Estimates made in this manner are very sensitive both to 
the value of d m and to the computed Τ history. The latter is 
itself dependent on the extrapolation of rate constants by 
means of an assumed temperature dependence, and on the mechan-
ism of coupling between vibration and dissociation (Ref. 21 ) . 

Calculations based on some reasonable assumptions about the 
rate constants, and on extrapolation of experimental values of 
djjj , immediately uncover another problem. The total flow power 

per unit area of the bow shock is , as shown in Fig. 6 

for an altitude of 200,000 ft. The calculations can yield a 
rate of loss of energy by radiation comparable with or exceed-

ing thisi-lpV^ limit. Thus, it becomes necessary to include 

the radiative power loss in the energy balance, as in the equa-
tion 

where and hx denote the specific enthalpy in the unshocked 
gas and in the gas at distance χ behind the shock front respec-
tively. When coupled with the mass and momentum continuity 
relations 

X 

4πΙ (s) ds (5) 

ρ ν 
oo 

and 
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respectively, Eq. 5 provides the constraints on the chemical 
behavior in the relaxing gas. The radiation integral must be 
evaluated from the shock front concurrently with integration of 
the chemical rate equations. It is assumed that the gas is 
transparent, so that absorption can be neglected. The radiation 
loss is evaluated over 4 π steradians, this being twice the flux 
towards the stagnation point. Since in a binary situation the 
integral in Eq. 5 would be independent of density, this effect 
clearly becomes more important as the density is reduced, and 
it invalidates the binary scaling concept. 

Figure 6 also shows the results of calculations of the inte-
grated nonequilibrium radiation based on the "nonadiabatic" 
model described above. The calculations include only the radia-
tion from the N 2 first and second positive band systems. With 
this particular set of assumptions, the radiation prediction is 
clearly extremely high from an engineering viewpoint. The 
range of uncertainty for the extrapolations is such that dif-
ferent choices of assumptions could reduce the predicted intens-
ity by one or two orders of magnitude, or even move it closely 

to the(-")pV° limit. Collision limiting could be expected to 

reduce the intensity at the altitude chosen for Fig. 6, but the 
relevant cross sections have not yet been experimentally deter-
mined. Much remains to be learned about the chemical rates and 
excitation mechanisms before more accurate predictions can be 
made. The need to provide a more solid foundation for these 
predictions has motivated the current intensive experimental 
and theoretical research study of radiation behind high velocity 
shocks at the Avco-Everett Research Laboratory and elsewhere. 

Collision Limiting 

Collision limiting is a phenomenon frequently encountered in 
gas discharge work. In the context of the present problem it 
was discussed by Keck et al. (Ref. 15) with regard to the equil-
ibrium radiation measurements in high temperature air. The 
radiation intensity is proportional to the excited state popu-
lation, which is produced by bi-molecular collisions. When the 
density is sufficiently high there are sufficient collisions to 
maintain the excited state population in equilibrium with the 
ground state. Only a small proportion of the excited molecules 
are de-excited by emission of a photon. At lower densities, 
however, the number of collisions in unit time becomes compa-
rable with the rate of radiative de-excitation. The excited 
state population then falls below the local equilibrium level 
which prevailed at high density. An analogy may be drawn by 
consideration of the filling of a pail which has a hole in it. 
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If a sufficient flow of water is directed into the pail, the 
water in the pail will reach a certain equilibrium level. If 
the flow into the pail is reduced, then this equilibrium level 
will be lowered. 

For a simple system involving excitation and de-excitation 
of a species by collisions 

Ε 
A + Β Ί A* + Β 

D 

and de-excitation by emission of a photon 

A* -> A + h ν 

a rate equation may be written in the form 

dA* A* (6) 

dt 
k E . Β . A - k D . Β . A* -

Here k E and k D are the rate constants for the excitation and 
de-excitation processes, and r R is the radiative lifetime ap-
propriate to the excited state A*. Under conditions where 
dA*/dt is small compared with the dominant terms in Eq. 6, the 
excited state population takes up a steady state level 

A*ss " l+(kD.B.rR)-l 

Near equilibrium, by the principle of detailed balancing 

k E / k D = K ( T ) 

similar in form to Eq. 1 . Using a collision time r c defined by 

k D . Β = l/r c 

the steady state number density may be written 

Since the radiation intensity is proportional to A* , the 
ratio TJ r R thus determines two distinct regimes of density 
dependence for the intensity. At high densities, r c < < *R , 
and 
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A
s s -

 A
£ q - Α · Κ ( Τ ) 

Hence, the intensity is proportional to A, or to the first 
power of the ambient density. There are many collisions with-
in a radiative lifetime, radiation drainage can be completely 
ignored and the process is binary. At the other extreme, for 
very low densities r c > > r R and A*s = A. Κ · ( T ) · r R / r c , or the in-
tensity is proportional to kD-B« A , and thus to k Dp

2 . The 
rate equation is then dominated by a unimolecular term, and 
binary scaling is invalidated. "When r c and r R are of the same 
order of magnitude, the "local equilibrium" intensity is reduced 
by a factor (1 + TJ r R ) . 

The measurements of Keck and co-workers indicated that the 
de-excitation cross section for the 0 2 Schumann-Runge radiation 
must be at least 10"15cm2. If a cross section of this magnitude 
is appropriate to other band systems we should expect to see 
collision limiting effects at densities shown in Table 1. 

Table l a Densities below which radiation from various band 
systems is "collision limited" based on a de-
excitation cross section of IO"1? cm2. 

Band System Critical Density - pQ 

0 2 Schumann-Runge Ο.ΟΟ55 

NO y O.OOO9 

NO β O.OOI3 

N 2 first positive 0.0010 

N 2 second positive O.O3I 

N̂ " first negative 0.036b 

extracted from Ref. 15 . 
^Revised in accordance with f number quoted in Ref. l6 . 

Here the "critical" densities are determined as those which 
lead to r c « r R . So far collision limiting in the present con-
text has not been observed experimentally, but it should be ob-
servable by means of existing equipment unless the cross sec-
tion is much greater than 10 cm2. 

If the population mechanisms of the N 2 first and second 
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positive band systems are similar, one would expect a steeper 
temperature dependence for the second positive band system be-
cause of its higher activation energy. Although the second 
positive system is not a major contributor to the nonequilibrium 
radiation at velocities below 25,000 fps, it could play a big-
ger role at higher shock velocities. Indeed, for the model 
used in the predictions of Fig. 6, the second positive system 
does become dominant. However, the second positive system has 
the higiher f number and should, therefore, be more susceptible 
to the collision limiting effect. 

Estimation of Other Radiation 

The principal contributions to the nonequilibrium radiation 
are expected to come from the three band systems discussed pre-
viously. Contributions may also be expected from those other 
band systems (Ref. 15) which are observed under equilibrium 
situations, including the NO β and y bands and 0 2 Schumann-Runge 
radiation. Kramers radiation, which is associated with the ac-
celeration of capture of electrons by atoms and ions, also plays 
an increasing role in the equilibrium situation as the stagna-
tion temperature is increased. The formulas (Ref. Ik) for 
Kramers radiation are not characterized by strong Boltzmann 
factors as are those for the molecular band systems discussed, 
and any overshoot in intensity would be almost directly propor-
tional to an overshoot of electron concentration. Preliminary 
calculations of ionization history behind shock waves at veloc-
ities up to 35,000 fps do not exhibit strong overshoots when 
electron impact phenomena are ignored. Reactions of the form 

Ο + e - * 0 + + 2e 

should assume increasing importance at the higher shock speeds, 
but estimates of this effect indicate that the electron concen-
tration is unlikely to overshoot by more than a factor of two. 

A complete understanding of the nonequilibrium radiation 
cannot be accomplished until measurements have been made over 
the entire wavelength region of interest. This region can be 
established by examination of integrated black body curves for 
the appropriate temperature range. Figure 7 shows integrals of 
the black body radiation from the far u.v. and from the far 
i.r. as a function of wavelength, for various temperatures. If 
it were possible for the relaxing gas to radiate as a black 
body at 50,000 K, and if one were interested in determining 
any spectral region in which the intensity exceeded, say, 
10 w/cm2, then the curves of Fig. 7 show that it would be nec-
essary to survey the wavelength region from 125A to l60,000A. 
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At shock speeds which produce translational temperatures in ex-
cess of 50,000 K, there is thus a discouraging possibility of 
high intensity of radiation at wavelengths as small as 100A. 
The i.r. extreme of the region of interest is less sensitive 
to temperature, but both extremes merit careful experimental 
investigation · 

Kivel (Ref, 5) showed how this black body estimate of the 
lower wavelength could be raised if one had a reasonable tem-
perature history for the relaxation region, permitting an es-
timate of the number of collisions sufficiently energetic to 
produce u.v. radiation. Using temperature-distance information 
as in Fig, k one may evaluate the integral 

where Ν is the particle density at distance s behind the shock, 
Τ is the corresponding temperature, and l/rcl/ is the frequency 
of collisions with sufficient energy to excite radiation at 
frequency ν . With an assumed cross section of 10~^5 cm^ 
a mean particle speed of 3 x 1θ5cm/sec, so that 

l/rci/ = 3 x ΙΟ""
10
 Ν exp ( - h i / / k T ) s e c " "

1 

the integral has been evaluated for the shock history of Fig. 
4, to a distance L = 2 cm behind the shock front. Values of I 
as a function of wavelength are plotted on Fig. 7. 

A similar theoretical check on this u.v. limit for a higher 
shock velocity could be made as soon as there is sufficient 
understanding of the chemistry to permit calculation of tem-
perature histories consistent with radiation data obtained in 
the spectral regions accessible to measurement. 

Shock Tube Radiation Studies 

Shock tubes have been used in various research laboratories 
for radiation measurements, and have provided the main source 
of experimental information on radiation emitted by high tem-
perature air. Most of the results previously reported (Ref. 15) 
by the Avco-Everett Research Laboratory have related to radia-
tion from equilibrium air, oxygen and nitrogen, and have been 
obtained in conventional combustion-driven shock tubes of 1 · 5 
in. or 6 in. diameter. Measurements of luminous front radiation 
from air (Ref. 5) and nitrogen (Ref. 22) have been reported. 
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Radiation experiments have also been carried out in the 2k-ln, 
diam shock tube described by Lin and Fyfe (Ref. 23), and recent 
work with an electrically-driven shock tube has yielded data on 
the luminous front in air at velocities up to 37,000 fps. 

1 . Apparatus and Experimental Procedure 

Figure 8 shows a schematic diagram of the 1.5 in. shock tube, 
recording equipment and optical arrangement. The shock tube 
has a pyrex test section 15 ft long and of 1.5 in. inside diam. 
The high pressure driver section is separated from the low 
pressure test section by a steel diaphragm. The driver is of 
stainless steel, 3 ft in length and 1.5 in. inside diam. The 
test section is evacuated by an oil diffusion pump prior to 
introducing the test gas. Pressures of less than 2.0μ Hg and 
virtual leak rates of less than 1 . 0 μ Eg per min are obtained. 
A flow system is used to minimize impurities due to outgassing 
of the apparatus, and the test gas is passed through a liquid 
nitrogen cold trap to remove water vapor. Initial pressure in 
the test section is measured by a manometer with an estimated 
maximum error of ΟΛ/ο. 

The shock speeds are measured by observing with a single 
photomultiplier the radiation from the shock as it passes a 
series of six equally spaced slits arranged 10 in. apart along 
the latter half of the shock tube. The output of the photo-
multiplier is doubly differentiated and displayed on a folded 
oscilloscope sweep which is normally read to the nearest O A 
μsec. A speed profile can be constructed and the velocity at 
the test section can be determined with a maximum error of 
about lfo. 

Both photographic and photometric measuring techniques have 
been used in the shock tube experiments. In order to ascertain 
the origin of the radiation being studied, spectra of the shock 
heated air (Ref. 15) and nitrogen (Refs. 9 and 22) were taken 
using the race track techniques reported by Rosa (Ref. 2k). It 
has been established that the impurity radiation is caused by 
CN and ΝΉ molecules, located mainly in the vicinity of the shock 
tube walls. 

Photometric measurements have been made using a dual channel 
grating monochromator as shown in Fig. 8. The entrance slit of 
the monochromator is imaged perpendiciliar to the shock tube at 
the center of the test gas by an optical train consisting of 
two aluminized mirrors. The monochromator is equipped with 
three photomultipliers; two of these measure the radiation in-
tensity in two adjacent narrow wavelength bands selected by 
the monochromator and the third monitors a fraction of the 
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radiation passing through the entrance slit. The outputs of 
the photomultipliers are fed directly to Tektronix 5^5 oscil-
loscopes equipped with 53K/5^K preamplifiers. 

The optical resolving time is determined by the entrance 
slit width, usually set at 0.50 mm. Therefore, for a shock 
speed of 5mm/ftsec the optical resolution is approximately 0.1 
/ i s ec . The theoretical electronic rise time has been evaluated 
to be approximately 0.03 sec. 

For studying the radiative relaxation overshoot of the N2 
first positive system in pure nitrogen, a Dumont KL292 photo-
multiplier has been used as the monitor with a filter placed 
directly in front of it to cut off radiation below 55OOA. 
This arrangement monitors essentially only the N2(l +) system, 
and oscillograms taken of the overall radiation overshoot, 
equilibrium region and driver gas interface are shown in Fig. 9· 
For an initial shock tube pressure of 2mm Hg, oscillograms are 
shown for three different shock speeds. The radiation is ob-
served to overshoot, then decay to an equilibrium value within 
a few microseconds. 

The approximate range of velocity and density for which 
equilibrium or luminous front radiation measurements have been 
made in conventional shock tubes is shown by the crosshatched 
area A in Fig. 10. The 2^ in. diam shock tube permits opera-
tion at 20 μ Hg, extending the range accessible to luminous front 
experiments as shown by the area B. The contours plotted on 
Fig. 10 show the equilibrium radiation flux3 to the stagnation 
point (2 771 in the notation of the second section) as a function 
of fligjht velocity and altitude. 

Recent experiments have been carried out in an electrically 
driven shock tube developed by Camm. The approximate velocity-
density region accessible to this device is shown by the area 
C in Fig. 10. Operation has been pushed to 37,000 fps in air 
at an initial pressure of 50μ Hg with a test time of 2-3μ sec 
At lower shock speeds and higher pressures the test time is 
correspondingly longer. This shock tube is similar to a con-
ventional combustion-driven tube, but up to 60,000 joules are 
discharged into the driver section, which is shown schematically 
in Fig. 1 1 . The shock tube is of 6 in. inside diameter and the 
driver 1.5 inches. The driver is fitted with a teflon insula-
tor tube, and is filled with helium at 300 psi prior to dis-
charge . 

Figure 12 shows a photomultiplier measurement of the radia-
tion in the 5000A - 10,000A wavelength region behind a normal 
shock at 33,000 fps in air at an initial pressure of 0.1 mm Hg. 
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The oscillogram shows the radiation overshoot and then decay 
to an equilibrium level. A time-resolved drum camera picture 
for the same operating conditions is shown in Fig. 13 · The 
photograph shows the full width of the shock tube but is severely 
distorted in the axial direction. The luminous front on the 
left is followed by the darker equilibrium region, and then by 
the driver gas. The test slug is approximately 7 cm in length, 
or almost half the width of the shock tube. 

2. Experimental Results 

Some measurements of the integrated luminous front in air 
are shown as a function of the reciprocal of shock velocity in 
Fig. Ik. Most of these values were published in Ref. k, but 
recent measurements at pressures of 0.3 and 0.1 ram Hg in the 
electric shock tube are added. These measurements cover a 
small wavelength region near 3900A. The radiation from this 
portion of the N^(l-) band system has been observed to have 
greater intensity than that from any other wavelength region 
between 36OOA (the pyrex cutoff) and ΙΟ,ΟΟΟΑ. 

Similar measurements covering the range of the N2(l +) system 
are shown in Fig. 1 5 . The integration of the radiation profile 
is carried out to a distance behind the shock at which the in-
tensity level is 10$ higher than the equilibrium level. Cur-
rent experimentation is directed toward reducing the scatter of 
these data, by mounting the windows in flat plates which have 
sharp leading edges and which protrude well into the shock tube. 
This permits the measurement of radiation from a clean gas 
sample free from boundary layer effects. 

Taken together, these two groups of measurements covering 
different wavelength regions can lead to some rough estimates 
of the integrated luminous front intensity. At 35,000 fps the 
contribution over the 0.5μ - 1μ wavelength region, mostly from 
the N2(l+) band system, is about 1 w/cm2-steradian, or 6 w/cm2 

radiation toward the stagnation point. In addition, a contri-
bution of rougjily similar magnitude is to be expected from the 
N^(l-) system. One thus arrives at a lower limit » 12 w/cm2 

toward the stagnation point. Similar arguments can lead to an 
upper bound estimate of the integrated radiation over the wave-
length region Ο.36 μ - 1μ . At 35,000 fps, the measurements of 
Fig. Ik show a maximum integrated intensity of ~ 10 w/cm2- μ-
steradian (at the brightest portion of the spectrum). By as-
suming a uniform spectral distribution over the interval of 
0.6kμ , one may infer a maximum tediative flux of ~ 6 Λ w/cm2-
steradian or-^Λθ w/cm2 toward the stagnation point. Here it is 
necessary to stress that this estimate is for a very limited 
spectral coverage, and that is does not include contributions 
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from the i.r. beyond 1μ or from the u.v. below 0.^6 μ · 

Although the integrated luminous front radiation is the 
most important experimental observable, other information is 
obtainable from the experiments. The thickness of the nonequil-
ibrium region behind a normal shock front is of particular im-
portance for flight applications, since it governs the relative 
magnitudes of the equilibrium and nonequilibrium radiative heat-
ing at the stagnation point. When the ambient density is suf-
ficiently high, the thickness of the nonequilibrium region will 
be small compared with the shock standoff distance and most of 
the gas cap will be in thermodynamic equilibrium. As the den-
sity is reduced, the luminous front thickness increases and 
the equilibrium gas cap becomes thinner. At sufficiently low 
density the equilibrium region vanishes and at still lower den-
sities the luminous front becomes truncated. However, shock 
tube measurements behind normal shocks will yield complete ra-
diation profiles as long as there is sufficient test time avail-
able. The time for the luminous front intensity to fall to a 
level 10$ above equilibrium can be used as an effective meas-
ure of the nonequilibrium distance. For time measured in the 
laboratory coordinate system, d 0 1 = υ

3*0.1 · Values of t 0 1 are 
plotted vs. shock speed in Fig. 1 6 . Measurements made at dif-
ferent initial pressures are presented on a single plot whose 
ordinate is the product Ρ^οΐ > "which would be approximately 
independent of in a binary regime. Over the relatively 
small range of Pj used in these experiments, a single curve 
can be drawn through the data points. By means of this curve, 
values of Ρ χ vs. dQ 1 are plotted in Fig. 17 for various values 
of shock speed. The region covered by experiment is indicated 
on the graph. It should be recognized that Fig. 16 presents an 
empirical curve which may not be valid at pressures significantly 
different from those used in the experiments. Nevertheless, 
Fig. 17 provides useful information for estimating the onset of 
truncation in flight and ballistic range applications. 

Full understanding of the luminous front phenomena calls for 
much theoretical work, and for correlations between theory and 
experiment. Rate constants have been deduced from the exponen-
tial decay of the luminous front intensity (Ref. 22). The lo-
cation of the radiation peak with respect to the shock front is 
also important for correlation purposes. Figure 18 shows some 
measurements of the time to peak intensity behind shock waves 
in pure nitrogen. As in Fig. 16 , measurements made at differ-
ent values of Pj are presented on a single plot whose ordinate 
is the product of Pj and time to peak. This should be inde-
pendent of initial pressure in a binary regime. Also shown is 
a plot of the calculated time required for equilibration of the 
vibrational degrees of freedom of the nitrogen molecules. The 
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close correlation suggests that there may be some coupling be-
tween the electronic temperature T e and the vibration tempera-
ture of the molecules. There are other indications, notably 
in the work of Gaydon and his co-workers (Refs. 25 and 26) that 
such a coupling exists. Present theoretical work at the Avco-
Everett Research Laboratory is directed along these lines, but 
there are many problems in the determination of the appropriate 
vibrational temperature in a complex gas such as air. 

DISCUSSION 

Figure 19 shows the equilibrium radiative flux and the lam-
inar aerodynamic heat transfer rate to a body with a 10 ft nose 
radius flying at 35,000 fps. The general formats and deriva-
tions of the curves shown on this figure are identical with 
those discussed in the second section of this paper. It is 
evident that the radiative heating is severe for values of p/p0 

£ l0~^ . It is thus of great interest to determine the level of 
radiative heating due to the luminous front. At present there 
is insufficient experimental evidence to determine the location 
of the "luminous front plateau" on Fig. 19· The measurements 
quoted in the previous section for the limited spectral cover-
age of the N 2( l+)and the N 2 ( l - ) systems set an approximate 
lower limit of 10 w/cm2 for the integrated luminous front ra-
diation, but contributions from other band systems and particu-
larly from the far u.v. could conceivably produce an integrated 
radiation in excess of 100 w/cm2. 

When more experimental data are available, a reliable theory 
or mathematical model which correlates with the experiments 
would facilitate calculation of luminous front radiation for 
flight conditions not readily simulated in the laboratory. A 
satisfactory model for shock speeds in the neighborhood of 
^0,000 fps would involve estimation of the behavior of air at 
translational temperatures as high as 75,000 K. The present 
uncertainties in such a model include: 

1) The method of extrapolation of rate constant information 
to such high temperatures. 

2) The behavior of the various vibrational and electronic 
temperatures behind the shock wave, and their interrelationships. 

3) The coupling between the vibration and dissociation proc-
esses, and its effect on the reduction of translational tem-
perature . 

k) Rate constant information for ionization reactions involv-
ing collisions between electrons and neutrals. 
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5) Knowledge of the excitation mechanisms and cross sections 
for the various hand systems. 

The problem clearly offers almost unlimited scope for theory 
and experiment, and is potentially very important with respect 
to the re-entry and recovery of satellites launched into highly 
elliptical orbits. 
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Fig. 1 Schematic diagram of the nonequilibrium region behind 
the bow shock at the stagnation point of a blunt body. 
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Fig. 2 Comparison of radiative and aerodynamic heat transfer 
as a function of ambient density for flight speed of 
25,000 fps and nose radius R = 10 ft. 
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SHOCK DETACHMENT DISTANCE 

Fig. 3 Schematic diagram of luminous front truncation for a 
linear rise of radiation intensity. A factor of 2 
increase in ambient density results in a fourfold in-
crease in radiation intensity at a given distance be-
hind the shock front, leading to a p2 dependence for 
the integrated intensity behind a truncated shock front. 
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Fig. k Relaxation "behind a shock wave travelling at 23,500 fps 
into air at an initial pressure of 20μ Hg. Concentra-
tions are expressed in moles per mole of unshocked gas. 
This figure is reproduced from Ref. 5. In view of the 
revised f number quoted (Ref. 16) for the Nj(l-)band 
system, the plotted intensity levels should be reduced 
by a factor of 2 . 
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Fig. 5 Schematic diagram of radiation profilê . For s > d m , 
it is assumed that T e = T. For s < c ^ , I increases linear-
ly with s . 
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ESTIMATED NON - EQUILIBRIUM RADIATION 
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Fig. 6 Preliminary estimate of the integrated nonequilibrium 
radiation as a function of flight velocity at 200,000 
ft altitude. The solid curve shows the results of cal-
culations based on a very tentative model of the relax-
ation region. It is presented purely to stress the 
need for experimental measurements in this velocity 
range. The broken curve shows the incident energy flux 
per unit area of bow shock. 
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Fig. 9 Typical oscillograms of the nitrogen first positive 
band system radiation from shock waves in pure N 2 show-
ing the radiation overshoot behind the shock front and 
subsequent relaxation to equilibrium for several shock 
speeds. 
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Fig. 10 Approximate operating regions for shock tube radiation 
measurements in terms of shock velocity and ambient 
air density. 

À ) Conventional combustion-driven shock tubes. 
B) 2*4·-in. low density shock tube. 
C) Electrically driven shock tube. 

The contours show one-half ( 2 π ΐ ) of the emitted radia-
tion energy per unit volume from the stagnation region 
for fully equilibrated air. For an optically thin gas, 
this represents an energy flux towards the stagnation 
point in w/cm2 per unit thickness of gas cap. 
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F i g . 12 O s c i l l o g r a m o f t h e n i t r o g e n f i r s t p o s i t i v e r a d i a t i o n 
b e h i n d a normal shock i n a i r i n t h e e l e c t r i c shock t u b e , 
The w a v e l e n g t h r e g i o n i s 5000A - ΙΟ,ΟΟΟΑ, U s =33,000 
f p s , Ρ* = 0.1 mm Hg. 

F i g . 13 Time r e s o l v e d drum c a m e r a p h o t o g r a p h o f normal shock 
i n a i r i n e l e c t r i c shock t u b e , showing luminous f r o n t 
r a d i a t i o n a t l e f t , f o l l o w e d by e q u i l i b r i u m r e g i o n and 
d r i v e r g a s . U s = 33,000 f £ s , Ρ χ = 0.1 mm Hg. The p h o t o -
graph shows t h e f u l l w idth o f t h e shock t u b e , b u t i s 
d i s t o r t e d i n t h e a x i a l d i r e c t i o n . The t e s t s l u g i s 
a p p r o x i m a t e l y J cm In l e n g t h . 
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Fig. Ik Integrated luminous front intensity for λ =391^A in 
air as a function of the reciprocal of the shock speed. 
This radiation is due to the Nj(l-) band system. The 
measurements cover a bandwidth of 200A. Note that the 
units of the ordinate scale differ from those of Fig. 
15. 
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Fig. 15 Integrated luminous front intensity for the N 2 ( l + ) hand 
system in air as a function of the reciprocal of the 
shock speed. The integration is carried out to a dis-
tance behind the shock front at which the radiation in-
tensity is lOfo higher than the equilibrium level. 
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Fig. l6 Observed time duration of luminous front in air, plotted 
versus shock speed. The time t 0 j in the laboratory 
coordinate system is taken to a point at which the ra-
diation intensity has decayed to a level 10$ above 
equilibrium. Initial pressure is used as a scaling 
factor to correlate data obtained at different values 
of P1 . The solid line is an empirical curve drawn 
through the data. 
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Fig, 17 Initial pressure Pj is plotted against luminous front 
thickness dQ j for various shock speeds. In the lab-
oratory coordinate system d0 χ = u s t 0 χ . The lines have 
been constructed by means of the empirical curve of Fig. 
1 6 . Arrows indicate the regions covered by the experi-
ment . 
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18 Observed time of peak radiation tM for the N2(l+) sys-
tem in pure nitrogen, plotted vs. shock speed. Initial 
pressure is used as a scaling factor to correlate data 
obtained at different values of Pj . 1he calculated 
time for equilibration of the vibrational degrees of 
freedom of the molecules is also shown. 
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Fig. 19 Comparison of radiative and aerodynamic heat transfer 
as a function of ambient density for a flight speed of 
35,000 fps and nose radius R=10 ft. The location of 
the luminous front plateau is not yet known. The lower 
limit shown is based on the measurements of Figs. INL-

and 1 5 . 
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