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Ultraviolet Radiation from the Bow Shock of a Sphere
during Atmospheric Re-Entry

LEONILDA A. FARROW* AND ARTHUR H. FITCH*
Bell Laboratories, Murray Hill, NJ.

Onboard measurements of the ultraviolet radiation at 2710A from the bow shock of a re-entry sphere have
been compared with predictions based on a nonequilibrium calculation which couples the thermodynamics and
fluid dynamics of the gas with the chemical kinetics. The agreement is found to be good at altitudes from
100 kft to 250 kft, whereas a previous equilibrium calculation gave poor agreement at all altitudes. The main
contribution to the radiation at 2710A is found to come from the NO /)' and y bands. The correction to the
equilibrium calculation comes from the finding that the NO concentration calculated at equilibrium and calculated
dynamically can differ as much as 3 orders of magnitude. The motion of the sphere during re-entry is also
found to have an important effect on the final results.

Introduction

THE intensity of ultraviolet radiation generated by a blunt
body during atmospheric re-entry at suborbital velocities,

although of considerable importance in re-entry physics, is a
topic on which relatively little theoretical or experimental work
has been done. Because of the very strong absorption by
atmospheric ozone, the middle ultraviolet radiation emanating
from the bow shock of a blunt-nosed re-entry vehicle can be
measured only by instruments carried on board the vehicle. Two
flights of the Bell Sphere Program, B-08 and B-13, carried
radiometers designed to provide an absolute measurement of the
ultraviolet intensity at 2710A as a function of altitude during
re-entry.
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The radiation in this region comes principally from three
sources^ The first is the transition in the oxygen molecule from
the 3ZM~ state to the 3Z ~ ground state.2 The second and third
are the /? and y bands of NO; these are due respectively to the
B2TI -» X2U (ground state) and A2Z+ -» X2Tl transitions.2 The
cross sections for this radiation are found to be strongly
temperature-dependent1; therefore the total radiation coming
from the bow shock is a function of temperature and of the
concentration in the bow shock of O2 and NO. A previous
evaluation based on equilibrium concentrations at a given
temperature has been found to be in poor agreement with the
experimental data at all altitudes. Subsequently, however, tech-
niques have been developed that make possible a chemical
kinetic calculation in the bow shock which fully couples the
chemical kinetics to the thermodynamics and fluid dynamics.
The results of such a description of the bow shock show that,
at a given temperature, the amount of O2 is negligible,
eliminating the Schumann-Runge contribution, and the NO
concentration can be as much as three orders of magnitude
higher than that found in the equilibrium concentration. This
correction to the contribution from the p and y bands brings the
calculated values into good agreement with the experimental
values.
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Fig. 3 The 20 chemical re-
actions which, along with the 20
reverse reactions of those shown,
form the 40 reactions which are
used as a basis for calculating
the chemical kinetics of the bow

shock.
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Fig. 1 Schematic of B-08 experiment.

"2
NO + 0-

NO + N2

NO + 0

NO + N

NO + NO

0 + NO

0 + N2

0 + N

0 +
0 +
0 +
0 +
0 +
N +
N +
N +
N +
N +
0 +
0 +
0 +
0 +
0 +
N +
N +
N0+ +

0 ' +

0 +
0 +
0 +
0 +
0 +
N +
N +
N +
N +

.N +
N +

N +
N +
N +
N +

°2
NO

e"
o.

°2
N2
0
N
NO

°2
N2
0
N
NO

°2
N2
0
N
NO

Experimental Results

Flight B-08 carried an ultraviolet radiometer shown semi-
schematically in Fig. 1. An EMR solarblind photomultiplier,
Type 6414-08-18B, received radiation from the bow shock
region through a light pipe in the bow of the sphere. A
window of ultraviolet-grade fused quartz protected the photo-
multiplier and its ultraviolet filter from the extreme pressures
generated during re-entry. Instrumentation and calibration
details are included in Appendix A.

Figure 2 shows the experimental results obtained from flight
B-08, along with the results of an equilibrium calculation which
is discussed in the next section, and the results of the present
nonequilibrium calculation at altitudes 100,130, 225, and 250 kft.
The dashed line indicates the period during which saturation
of the radiometer occurred, corresponding approximately to the
altitude regime from 220 kft to 130 kft. Errors on the
experimental points are estimated at 50%. It should be noted
that the photomultiplier window is not looking simply into the
stagnation point. The ripples in the observed radiance on the
high-altitude side of the curve in Fig. 2 are due to oscillations
of the sphere, and to the possible coning motion as well.
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Fig. 2 Experimental results from flight B-08 together with the results
of an equilibrium calculation and the results of the nonequilibrium

calculation described in this paper.

Source of Ultraviolet Radiation
The basis for the chemical kinetics of the bow shock region

is a set of 40 chemical equations,3 20 of which are shown in
Fig. 3; the remaining 20 are the reverse of those in Fig. 3. The
species involved are O2, O, N2, N, NO, NO + , electrons, and
O2~. This set of equations is suitable for a region such as the
bow shock where temperatures are hfgh and the dissociation
reactions of the first 14 equations are important.

Each equation has associated with it a reaction rate K which
is a function of the temperature T according to the general form
of the Arrhenius equation

K = ATBe~c/T (1)
The constants A, B, and c for each reaction of Fig. 3 are
known4 to within a factor of 3 for temperatures up to 5000°K.
As will be seen, the temperatures in a very thin layer just inside
the bow shock are considerably higher than this, and Eq. (1)
was extrapolated with unknown error. However, in that part of
the shock contributing most of the ultraviolet radiation,
temperatures range between 1000 and 9000°K, closer to the
measured range.

Breene and Nardone1 have calculated the radiation emission
from heated air at equilibrium; of the species used in the
equations of Fig. 3, they have considered the first positive bands
(B3n^>A3Z,u+) and second positive bands (C3Flu-> B3Ug) of
N2, the y bands (A2E+ -> X2Yl) and 0 bands (B2Yl -> X2U) of
NO, and the Schumann-Runge bands (B3ZM~ - » X 3 I , g ~ ) of O2.
At 2710A, their calculations show that the N2 contributions are

STREAMLINE

REGION I

_RECIRCULATION
REGION

Fig. 4 Schematic diagram, not necessarily to scale, of the bow shock
and near and far wakes; 0 is the flow angle, z and r the Cartesian
coordinates; z is normalized with respect to the sphere radius, is zero
at the sphere's center, and positive to the right of the r axis; a is the

angle of oscillation.
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negligible. As will be discussed subsequently, the composition
of the hot nonequilibrium gas is such that the Schumann-Runge
contribution is also negligible in this case, leaving NO as the
sole source of radiation.

The details of the nonequilibrium calculation, which couples
chemical kinetics with thermodynamics and inviscid fluid
dynamics, are presented in Appendix B. This calculation was
done along one streamline, which is shown schematically in
Fig. 4. Initial conditions at the shock front were derived at each
altitude considered from the Rankine-Hugoniot relations5 based
on conservation of mass, energy, and momentum across the
shock front. The calculation was then carried out at five
altitudes: 100, 130, 175, 225, and 250 kft.

Figure 5 shows the results at 175 kft for a 15-in. diameter
sphere traveling at a velocity of 21.75 kft/sec. The evolution of
all species concentrations save O2~, which is always negligible,
is shown. Also appearing on the horizontal axis at their
corresponding times are the values of z shown in Fig. 4. These
values of z are normalized to the sphere radius, with the origin
at the center of the sphere. Total density is also included, as is
absolute temperature T, with its scale on the right vertical axis.

The evolution o) the species can be readily understood by
considering the chemistry of Fig. 3 in conjunction with thermo-
dynamic laws. Initial temperature is very high at approximately
20,000°K, which is nearly 2 ev. Note that the total density and
the temperature remain roughly constant for nearly 0.1 //sec.
Then the temperature begins to fall as energy goes into
dissociation of O2, and total density begins to rise. Even
though temperature continues to fall, total density peaks at
about 20 //sec and begins to fall; this occurs because pressure is
falling rapidly in this region.

At very early times, in the first 10 ~ 1 0 sec, atomic oxygen has
already risen from nothing to a concentration of more than
1013 cm~3, whereas atomic nitrogen does not reach this level
until 10 ~ 8 sec. This is due solely to the greater rate for
dissociation of O2. This can be confirmed by realization that the
dissociation energy for O2 is 5 ev as compared to nearly 10 ev
for N2.

NO first reaches the 1013 cm~3 concentration at 10~8 sec
because of the reaction

0 + N 2 -+N + NO (2)
and the sufficiency of atomic oxygen. NO shows a slight peak
at 0.1 //sec and then drops slightly as the O begins to level off.
However, NO begins to rise again just below 1 //sec and peaks
strongly at 10 //sec. This peaking follows the rise in N because
of the reaction

N + 02-*0 + NO (3)
Also, as the temperature drops, some recombination of N and
O to form NO is beginning to take place.

Electrons reach the 1013 level between 0.1 and 1 //sec because
of the reaction

O + N - ^ N O + + e (4)
which is important at this time because of the abundance of O
and N. The curve for electrons is identical with that for NO +

because of charge conservation and the negligible amount of
O2~. Note that the total density and therefore all species
concentrations drop as a result of the pressure drop, illustrating
the importance to the chemical kinetics of the coupling to
thermodynamic properties.

Just below 1 //sec, the concentration of O2 drops below
1013 cm~3 and continues to fall for the entire bow shock region.
It should be noted that the first //sec corresponds to the reactions
taking place in a very thin, hot region just inside the shock
front, as can be seen from the fact that z = 1 on the streamline
occurs just after 1 //sec. Therefore in nearly all the shock
region, the amount of O2 is many orders of magnitude below
the amount of NO. Thus the contribution to total ultraviolet
radiation in the observed region from the Schumann-Runge
bands proves to be negligible compared to the contribution from
the NO ft and y bands. This result holds for all other altitudes
studied.

10HO 10 s 10
TIME-SEC

Fig. 5 Concentration of the eight species of Fig. 3 vs time along a
streamline; also included are the total number density p , and the
temperature T referred to the scale on the right-hand vertical axis;
appearing on the horizontal axis at their corresponding times are the

values of z shown in Fig. 4.

The absolute amounts of radiation calculated by Breene and
Nardone1 depend on the absolute values of species concentration
calculated by Gilmore6 for equilibrium heated air, as well as on
temperature and density. The amount of radiation to be expected
from the bow shock based on this equilibrium calculation is
shown in Fig. 2 and obviously is in poor agreement with the
experimental data at all altitudes. This poor agreement occurs
mainly because the concentration of NO at equilibrium is
markedly different from the NO concentration of the fully
coupled calculation. This is so because an equilibrium calculation
would allow sufficient time to elapse for the back reactions to
balance the forward reactions at a given temperature. For the
rates in use here, this equilibrium time is much longer than the
total transit time along the streamline in the bow shock.

10'
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.62 _ ____
4000 5000 6000 7000 8000 9000
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Fig. 6 The ratio of the nonequilibrium to the equilibrium density of
NO vs temperature along the streamline at each altitude.
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Fig. 7 Calculated radiance from the bow shock at 2710A as a function
of the angle a (see Fig. 4); at each altitude the point of best agreement

with the experimental data is marked with a cross.

Figure 5, which is calculated at 175 kft, is typical for the
nonequilibrium calculation at all altitudes considered, and the
ratio of the nonequilibrium to the equilibrium value of NO is
plotted in Fig. 6 as a function of temperature for all altitudes.
The ratio can be as high as 1000 at 250 kft, and correspondingly
lower at lower altitudes.

Note that the curves of Fig. 6 for the lower altitudes do not
show the same drop in the ratio with decreasing temperature as
do the three higher altitudes. This anomalous behavior may be
due to the fact that, as explained in Appendix B, both the
pressure field and the streamline shape were not calculated along
with the chemical kinetics, but were derived from a more
complicated two-dimensional calculation.7

The equilibrium values calculated by Breene and Nardone1

may now be corrected by multiplying by the appropriate ratio
of Fig. 6. Whereas their absolute units are in w/cm3-sterad-//,
the experimental results are in w/cm2-sterad. If the ultraviolet
filter is assumed to have a gaussian shape with half-power width
100A, then it adds a factor of 0.0012(7i)1/2 \L

It remains to multiply by the shock thickness, which is a
function of the angle of oscillation a, as shown in Fig. 4. As can
be seen in Figs. 5 and 6, temperature, NO ratio, and therefore

Fig. 8 Numerical solution of the equation of motion for the sphere as
it re-enters the atmosphere; at each of the altitudes shown in Fig. 9,

the corresponding best fit angle is marked with a cross.

total radiation emitted depend on z, or alternately upon a.
Figure 7 shows this dependence of the total radiation as a
function of a for each altitude. Thus the variation for a single
altitude can differ by as much as 2 to 3 orders of magnitude. It
should be stressed that these results were derived from fully
coupled calculations on only one streamline. However, according
to the in viscid CAL calculations at 175 kft (Appendix B), these
results are good to 20% along a given angle a except for the
very thin, very hot layer at the edge of the shock itself. This
particular streamline did not descend below 20°; in any case that
part of the shock below 15° is not attempted by the CAL
code7 and therefore could not be attempted here. The 225 and
250 kft curves start at 40° and 60°, respectively, because at
lower values the temperatures are greater than the 9000°K
maximum employed by Breene and Nardone. *

On four of the altitude curves shown in Fig. 7, there is
marked a point corresponding to best agreement with the
experimental results of Fig. 2. Because the radiometer was
saturated at 175 kft, no point has been indicated for this
altitude in Fig. 7. This difficulty will be discussed shortly.

There are no direct experimental measurements of a as a
function of altitude; all that is available is the initial angular
velocity of the sphere at 350 kft, at which point the atmosphere
begins to have an effect on its motion. If it is assumed that all
motion takes place in a plane, the motion can be described by
the equation of a large angle pendulum with a variable gravity
depending on the density of the atmosphere. Since this is a
second-order differential equation, the angle itself at 350 kft must
be known before the equation can be solved. Since a at 350 kft
is not known experimentally, the equation has been solved for
various initial values of a and the results for a = 300° are shown
in Fig. 8. Also marked are the angles necessary for good agree-
ment with the experimental values of Fig. 2 at 250, 225, and
130 kft. Oscillations become so rapid below 175 kft (a period
of 0.7 sec at 175 kft) that only a portion has been drawn at
130 kft, and no attempt has been made at 100 kft. Agreement is
good at the higher altitudes, but the amplitude is too small at
the lower altitudes, indicating that the simple planar motion no
longer holds at greater atmospheric density.9

The final calculated values of radiation are plotted in Fig. 2.
The errors are due mainly to using just one streamline (±20%)
and to the uncertainty in the oscillator strengths used to
calculate the NO radiation, which are estimated1 to be a factor
of 3 higher, leading to the error asymmetry shown. The large
errors at the two lower altitudes are due to uncertainty in the
proper value of a, as shown in Fig. 8. As for the saturated
region, note from Fig. 8 that below 225 kft a is approaching
zero, the region of maximum temperature and radiation.
Obviously this amount of radiation saturates the instrument and,
apparently, it cannot recover sufficiently rapidly despite the
oscillations to larger angle indicated in Fig. 8. There are no
laboratory measurements on the instrument which either oppose
or corroborate this explanation.

A word should be said about the possibility of reabsorption
in the 3-cm path between the window and the filter, which is
placed in front of the photomultiplier (Fig. 1). This can be
estimated by realizing that the temperature at the filter must be
of the order of 300°K to prevent the filter from melting. If some
equilibrium distribution is assumed for the temperature between
the filter and the bow shock at the surface of the sphere, the
resulting amount of ozone can be calculated. The reabsorption
due to this ozone is negligible.

Conclusion
The measurement of the ultraviolet radiation at 2710A

coming from the hot gas in the bow shock of a sphere
re-entering the Earth's atmosphere has been made possible by
mounting a radiometer and associated equipment onboard such
a sphere and looking right into the shock region during the
re-entry period. A calculation of the expected radiation from
strictly equilibrium considerations only gives very poor agree-
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ment everywhere with the experimental data. Improvement in
the agreement can be obtained by using a nonequilibrium
fully-coupled calculation and by including the effects of the
oscillatory motion of the sphere during re-entry. The difficulties
encountered in interpreting the results suggest that any future
experimental studies of heated air around re-entry vehicles
should include some method of monitoring the angle a through-
out re-entry and a careful study of the saturation recovery time
of the radiometer. The dynamic calculations should also include
more streamlines so that the properties of the bow shock may
be mapped out in more detail.

Appendix A: Instrumentation and Calibration
The radiometers carried in several of the flights in the re-entry

sphere program were designed to detect radiation in a narrow
interval at a number of selected wavelengths. One of these
radiometers, designed for operation at 2710A and described
here, was typical of many radiometers flown in the Sphere
Program. The bow shock radiation generated during re-entry
was split between the 2710A radiometer and a similar radiometer
designed for operation at a different wavelength by a beam-
splitting mirror.

An over-all view of the optical layout of the ultraviolet
radiometers is shown in Fig. 9. A window of ultraviolet-grade
fused silica protects the radiometers from the excessive pressures
generated during re-entry. Wide-angle scattering of the bow
shock radiation is minimized by threading the 0.125-in.-diam
hole and by the series of blackened baffles shown in Fig. 9.

The filters used in the two ultraviolet channels are multilayer
interference filters obtained from the Thin Film Division of
Infrared Industries. The filters had a diameter of 0.75 in. and
are mounted in the forward end of the phenylfiber diode
housings. The bandpass curve for the 2710A filter is shown in
Fig. 10.

The detector for the 2710A radiometer was an IT & T
photodiode, Type FW-140. The FW-140 is a semiminiaturized
high-vacuum photodiode with a sapphire window and a cesium
telluride photocathode. Dark currents of these diodes were
checked over a period of several months and the values
obtained were typically in the 10" 12 amp range. The photo-
currents from the diode detectors were fed into logarithmic
amplifiers capable of compressing input currents over a 10"5

to 10~10 amp range into a 0 to 5 volt output. These amplifiers,
a modular type, standard on many experiments in the Bell
Sphere program, were supplied by Washington Technological
Associates.

The power in watts in the wavelength interval A^, incident
upon the detector from a diffuse source is given by

PD = HDAQ(A^rmax (Al)
where HD = radiance of the diffuse source (w/cm2-sterad-m/4
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Fig. 10 Bandpass characteristics of 2710A filter.

A = area of the aperture (cm2), Q = field of view of the radiometer
(steradians), and imax — maximum transmittance of the bandpass
filter.

The power incident on the detector from a standard point
source is given by

Pp = HpA(^)imax (A2)
where Hp = the irradiance produced by the point source at the
aperture of the radiometer (w/cm2-m/4

The quantum efficiency, expressed, say, in amp per watt, is
independent of whether the radiation received by the detector
comes from a diffuse or a point source. This yields

ID/HD XQ(A/l)Tmax - Ip/Hp A(Al)im^ (A3)
or

ID/HDQ = Ip/Hp (A4)
Using both a diffuse and a standard point source, the equality
expressed in Eq. (A4) has been verified experimentally. The
current Ip produced during re-entry is obtained from analog
recordings of the output voltage of the logarithmic compression
amplifiers. The relationship between these two quantities has
been determined by the amplifier calibration. Rewriting Eq. (A4)
yields the basic equation for the radiometer calibration

HD = (Hp/Ip&)ID (A5)
With a known radiance Hp produced by a standard point
source, the output current Ip is measured in the prefiight
calibrations.

The radiometer characteristics and the results of the prefiight
calibrations are summarized in Table 1.

Appendix B: The Bow Shock Calculation
For the usual chemical kinetics problem at constant pressure

and temperature, the chemical equations of Fig. 3 are transformed
to eight differential equations, one for each species.

If temperature and pressure are not constant, so that density is
changing, and if it is assumed that the density of each species

Table 1 Radiometer characteristics

Center wavelength of radiometer
Solid angular field of view, Q.

2710A
1.04 x 10 ~ 2 sterad
8.48 x 1(T8 w/cm2-m/i

1 amp
w/amp

8.48 x 104

Fig. 9 Optical layout of experiment.
cm 2-m//-sterad
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changes in the same manner as the total, it is necessary to add
to the right-hand side of each equation a term of the form
(l/p)(dp/dt)V(I), where V(I) is the concentration of the /th
species. In the streamtube problem, temperature and density are
not known but must be calculated along with the concentrations,
as follows.

Thermodynamic variables are pressure p, temperature T,
mass density p (alternatively, number density N\ and static
enthalpy h. Along the streamtube, the velocity u must also be
considered. The geometry of the streamline can be given by the
Cartesian coordinates z and r (see Fig. 4) or by the flow angle 0,
such that dr/dz = tan 6. This gives a total of six variables in
addition to the chemical species.

Figure 4 is a schematic diagram of a typical streamline
starting at the bow shock boundary and ending in the far wake.
Steady laminar flow is described in Regions I-IV; turbulent
flow starts in Region V. Each region is characterized by slightly
different physical conditions. (There is a precursor region in front
of the bow shock, but it will not be considered in this paper.)

Four equations are immediately available and are applicable
in all regions having laminar flow, from the bow shock up to,
but not including, the turbulent far wake. These are

p = NkT (Bl)
(B2)
(B3)

= const
udu = - dp /p

(B4)

Equation (Bl) is the usual perfect gas-law equation of state,
where k is Boltzmann's constant. Equation (B2) is just the
conservation of energy applied to the present conditions.
Equation (B3) is Bernoulli's equation, or conservation of
momentum. Equation (B4) is the caloric equation of state, and
requires some further discussion.

The quantity c~ is a weighted average of the specific heats of
the chemical species involved (eight in this case). Thus

z; = Ic,CB (B5)
i

where ct is the mass fraction of species i, and cp. the specific heat
of species i. In Eq. (B4), the expression A/if(0) is the enthalpy
of formation of species i at 0°K. The quantities cp. and A/i-(0)
have been measured experimentally10 for the eight species.

Two more equations are needed, and these were obtained in
the bow shock region with the aid of the bow shock calculation
made by the Cornell Aeronautical Laboratory7 (CAL). The CAL
code contains a chemistry similar to that of Fig. 3 and will
calculate species concentrations, pressure, density, temperature,
enthalpy, and velocity as a function of position in two
dimensions, as well as give the shape of the shock front.
Although these results meet all requirements, there are certain
disadvantages to this code. For one, the running time is very
long, up to 45 min on an IBM 360/85. In addition, there are
convergence problems for some cases of interest, particularly
small spheres at low altitudes. For example, it is difficult to
obtain convergence for a 15 in. diameter sphere below 175 kft
at a vehicle (freestream) velocity of 21.75 kft/sec. Finally, the
chemistry is fixed in the program and cannot be changed.
Nevertheless, the results of this excellent code provided an indis-

pensible starting point for simpler but more flexible and
economical calculations.

The CAL results for the velocity field may be used to find
a streamline from the fundamental equation

dy/dx = vy/vx (B6)
The CAL results are also used to obtain the final needed
equation. The pressure field, normalized to the quantity p0 v0

2

(where v0 is the freestream velocity and p0 is the ambient
density at a particular altitude) is assumed11 invariant with
altitude or freestream velocity v. This pressure field is fit to a
multinomial p(r, z) where r and z are the coordinates shown in
Fig. 4.

With these assumptions, it is now possible to write the full
set of coupled first-order differential equations for the bow shock
region. These equations can then be numerically integrated,
providing that the right-hand side of each equation is a function
only of the independent variable, the dependent variables, and
the first derivatives which have already been evaluated. To
satisfy this condition, it is necessary to make a change of
variable

FI = NJp (B7)
If this substitution is made in the chemical kinetic equations,
the term (\/p}(dp/dt)Ni mentioned previously is eliminated
explicitly.
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