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Infrared Temperature Measurement
of the Laminar Wake of a Hypersonic Sphere

LEE A. YOUNG*
Avco-Everett Research Laboratory, Everett, Mass.

The temperature of the laminar wake of a 0.22-in.-diam nylon spherical projectile traveling
at 13,000 fps in a ballistic range filled with 95% N2 and 5% CO2 has been measured by observing
the infrared radiation from the CO2 with a gold-doped germanium infrared detector and a
4.39-/X narrow-band filter. The results are compared with theoretical wake temperatures
calculated by a two-step procedure. First, the cooling of the shock-heated gas as it expanded
to ambient pressure was calculated by a streamtube chemistry program (developed by Lin
and Teare). Subsequently, a simple heat conduction calculation was carried out. In the
region from 50 to 400 body diameters behind the sphere the experimental CO2 vibrational
temperatures (determined by fitting the radiation measurements with gaussian temperature
profiles) agree with the calculated translational temperatures within the scatter of the data.
For example, at 200 body diameters the measurements give 1230°K on the centerline while
the theoretical temperature is 1410°K. Nearer the body the experimental values are as much
as 600°K higher than calculated; a possible explanation for the discrepancy is discussed in the
text.

I. Introduction

THIS paper describes the development of the use of in-
frared radiation for the measurement of temperatures in

the wakes of hypersonic projectiles fired in a ballistic range.
Sufficient quantities of infrared radiators, such as NO,

should be produced by a body traveling at re-entry velocity
in air in a ballistic range, so that the radiation from the wake
could be detected with instruments of sufficient sensitivity.
In earlier studies,1-2 however, little infrared air radiation
from the wake has been seen, even when integrated over
broad spectral regions, probably due to the small solid angle
of the optical systems used. In addition, the maximum
speeds available on many ballistic ranges are less than re-
entry velocities.

To overcome these difficulties, 5% C02 was added to the gas
filling of a ballistic range, and an infrared detecting system
having an aperture of relatively large solid angle was built.
The system included a narrow bandpass interference filter
through which part of the 4.3-/z vibrational-rotational spectral
band of C02 was detected. With this arrangement, wake
radiation was observed out to 2000 body diameters behind a
spherical projectile traveling at 13,000 fps, and signal-to-noise
ratios up to 25 to 1 were achieved. Temperatures were ob-
tained from absolute intensity measurements in this one-color
technique; the data were fitted with gaussian radial tempera-
ture profiles whose widths and heights were adjustable param-
eters.

Observation of the radiation from a single species permitted
the intensity measurements to be analyzed in a more quanti-
tative fashion than is possible in photographic and radio-
metric ballistic range experiments3'4 that use little spectral
resolution.
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This method is useful over the temperature range of 800°
to 3000 °K and was appropriate to the relatively low wake
temperatures encountered at the projectile velocity used.
This approach may be contrasted to that of Hooker,5 who has
used visible radiation from sodium D lines to measure tem-
peratures in the range of 3300 ° to 4500° K in the relatively near
wake of a sphere traveling at about 20,000 fps. Since the
C02 radiation is generally a rapidly varying function of
temperature, temperatures determined from radiation meas-
urements can be less affected by errors in pressure estimates
than are temperatures derived from density measurements.6

To check the accuracy of the measurements and to assist in
their interpretation, theoretical wake temperatures are calcu-
lated, and the dissociation, radiation, and vibrational relaxa-
tion of C02 are discussed. A somewhat more comprehensive
account of this work may be found in an earlier report.7

II. Experimental

In this initial study of the infrared technique, the following
experimental conditions in the ballistic range were chosen in
order to simplify the interpretation of the experiment: the
projectile was a 0.22-in.-diam nylon sphere; the total pres-
sure was 10 mm Hg; the average velocity was 13,000 fps
(spread: 11,600 to 13,500 fps); and the gas filling was 5%
C02, 95% N2. The use of a spherical projectile was appropri-
ate for a first test of the infrared technique, because its wake
is dominated by the in viscid flow field, which can be readily
calculated from the shape of the bow shock. At the low
pressure used, the wake is laminar.8 Because the electric

Fig. 1 Oscilloscope photographs of the output of the
infrared detector. In b, the trace goes off scale at the

beginning of the sweep.
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Fig. 2 Geometry for calculation of infrared radiation
from the wake. The infrared detector looks through
regions of varying temperature, given by T(r). y is a

Cartesian coordinate, and r is a cylindrical coordinate.

arc-driven light gas gun was operated at less than its maxi-
mum velocity, the nitrogen filling of the range did not dis-
sociate appreciably. (Oxygen was excluded because of its
greater dissociation rate.)

A gold-doped germanium infrared detector (Westinghouse
type 812) was used. It has a specific detectivity (D*) of 3 X
109 cm-cps1/2/w. An optical system, which included an f/1.3
spherical mirror, produced a 2.5- X 2.5-mm image of the de-
tector's sensitive element at the center of the ballistic range.
From that point, the optical system subtended a solid angle
of 0.09 sr. The detector output was connected to a low-noise
transistorized amplifier.

A narrow bandpass interference filter, obtained from Optical
Coating Laboratory, Inc., was placed in front of the detector.
The bandpass of this filter was centered at 4.39 IJL, just outside
the absorption band of room temperature C02, and had a
width at half maximum of 0.1 /z.

This infrared detecting system was calibrated both with
and without the interference filter using a blackbody source.
The responsivity of the detector at 4.39 JJL was determined
without the filter using the curve of relative spectral response
measured by the manufacturer. The result of this deter-
mination agreed with the direct determination of narrow band
responsivity using the filter within 13%. Individual calibra-
tions of either type were consistent within ±3% during a
seven-week period. The detector was found to be linear to
3%. The peak-to-peak noise level of the over-all infrared
system corresponded to a radiance of 1.5 X 10 ~5 w/cm2-sr.

Two type 6291 photomultipliers located 1.38 ft apart viewed
the visible radiation from the projectile through pairs of
0.010-in. slits. These photomultipliers served to determine
the projectile velocity, and the time of arrival of the sphere at
the infrared detector.

On the side of the ballistic range opposite the infrared de-
tector was a standard Crown Graphic camera whose shutter
was left open during the flight of the projectile. The pro-
jectile thus left a luminous streak on the film. Fiducial
marks at the infrared detector, imaged at the center of the
ballistic range, also appeared on the film indicating the dis-
tance between the axis of the wake and the axis of the in-
frared system. The height of the projectile in the ballistic
range had a total scatter from run to run of 2 cm which
allowed a convenient scan across the wake. Further indica-
tion of the projectile trajectory as well as some indication
of the condition of the projectile and of accompanying dia-
phragm fragments, if any, was given by a 0.002-in. brass shim
stock target at the end of the range.

Examples of oscillograms of the output of the infrared de-
tector are shown in Fig. 1. In Fig. la, taken with a fast
sweep speed, the fast rise of the trace indicates the short re-
sponse time of the infrared system. In Fig. Ib, taken at
slower sweep speed, the infrared signal can be seen for a dis-

tance of 2000 body diameters behind the projectile. There
is a bump in the trace at about 370 body diameters which is
probably due to reflection of the bow shock from the walls of
the ballistic range back to its center. The noise level is low
enough to permit reasonable intensity measurements out to
this point. By using three oscilloscopes with different sweep
speeds and sensitivities a complete radiation history was ob-
tained for each shot. Time scales were converted to distance
scales using the measured velocity.

Each of these radiation histories had a different value of y,
the distance between the wake axis and the infrared detector
optical axis. - (The geometry is shown in Fig. 2.) By cross-
plotting, a series of radiation profiles for various distances
downstream behind the projectile was obtained. These are
of the form N(y), where N is the radiance of the wake in
w/cm2-sr. Examples of these radiation profiles are shown
in Fig. 3 for X/D = 20 and in Fig. 4 for X/D = 200. (Here
X is the distance behind the projectile and D is its diameter.)
The scatter of the data is reasonably small, considering that
each point represents a separate shot on the ballistic range.
The theoretical curves that also appear on these figures are
derived in the following sections.

III. Theoretical

The temperature of the laminar wake has been calculated
by the two-step procedure developed by Feldman.9 From
the bow shock to the point at which ambient pressure is
reached, the flow field is dominated by expansion, and dif-
fusion is ignored. The remainder of the wake is a constant
pressure region in which diffusion is dominant.

The error introduced by the neglect of diffusion in the ex-
pansion region has been considered by Lykoudis.10 He deter-
mined that the centerline enthalpy may be calculated with

to

X/D=20

1.5 2.5 3.5

y/D

Fig. 3 Infrared radiance at 20 body diameters behind the
sphere, y is the lateral distance between the wake axis
and the axis of the infrared optical system, and D is the
diameter of the sphere. The solid line is a theoretical

calculation.
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Fig. 4 Infrared radiance at 200 body diameters behind the
sphere.

sufficient accuracy using this separation if the parameter
Re/M2 satisfies the condition Re/M2 > 25, where Re is the
Reynolds number based on sphere radius and freestream con-
ditions, and M is the Mach number. For our case, the values
are Re = 9600 and M = 11.8, so Re/M2 = 69, and the ex-
pansion/diffusion split is justified. Other approximations
made were: 1) the neglect of the sphere boundary layer on the
wake (the ratio of viscous drag to pressure drag of a sphere is
less than 0.05), and 2) the neglect of the ablation of the
nylon pellet which, although dominating the visible wake,
should have little influence in the infrared.

7000

I 2 3 4 5 10 15 20
DISTANCE ALONG STREAMLINE (BODY DIAMETERS )

25

Fig. 5 Translational temperature (Tt) and vibrational
temperature (Tv) of nitrogen on the centerline stream-
line as functions of the distance along the streamline

from the bow shock.

The shape of the bow shock used in the present calculation
was obtained from a schlieren photograph of unusually good
quality by Lobb11 of a sphere traveling at 17,315 fps, and
from a shadowgraph of a sphere at 15,250 fps taken in 1961
at the Avco-Everett Research Laboratory. This shock shape
is also consistent with that calculated by Feldman.9

Knowing the angle of the shock wave as a function of dis-
tance from the axis, we calculated the temperature, pressure,
density, and velocity behind the shock wave from the Ran-
kine-Hugoniot equations for pure nitrogen. The effect of
C02 was assumed negligible.

A. Wake Cooling in the Expansion Region

The cooling of the gas as it expands behind the bow shock
was determined by means of a computer program12 that
calculated aerodynamic and chemical processes in air along a
streamtube. The required inputs to this program are the
conditions at the beginning of a streamline (starting just be-
hind the bow shock) and the pressure variation along the
streamline. This pressure distribution is assumed to be un-
affected by the details of the chemical process, which the pro-
gram calculates. Diffusion normal to the streamlines is ne-
glected. The program computes all required aerophysical
variables along the streamline as functions of distance and
time, including translational temperature, vibrational tem-
perature, and atomic and molecular concentrations of air
components.

Six streamlines were followed out to ambient pressure. A
gas consisting of 100% N2 was assumed. The pressure dis-
tribution was obtained by fairing a Newtonian pressure func-
tion at the front of the sphere to Lukasiewicz's correlation13 of
experimental measurements at M = 6 to 8 and detailed
calculations at M = 15 to 19 of pressure decay behind axi-
symmetric bodies. According to this correlation, ambient
pressure should be reached by 20 body diameters behind the
sphere. The radial distance from the wake axis to the ends
of the streamlines was determined from the conservation of
mass. One result of these calculations was that only 0.03%
of the nitrogen dissociates along the centerline streamline
(for our low velocity and pressure), with even less dissociation
off the axis.

Nitrogen molecules reach vibrational equilibrium in a short
distance at the high temperatures, high pressures, and re-
duced particle speeds that occur just behind the blunt part of
the bow shock. But as the gas expands, cools, and acceler-
ates, the characteristic distance for vibrational relaxation
increases by a factor of 105, so that, in the time scale of this ex-
periment, nitrogen vibration becomes frozen.

2000 =•--.,
-VIBRATIONAL NON-EQUILIBRIUM]
rVIBRATIONAL EQUILIBRIUM

\ EXPANSION
J REGION

0 1 2 3 4
r/D

Fig. 6 Temperature profiles at the point where the pres-
sure has decayed to ambient value. The solid curve is for
nonequilibrium of nitrogen vibration in the expansion
region; the dotted curve is for nitrogen vibrational equi-
librium, r is the distance from the wake axis (see Fig. 2).
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Nitrogen vibrational and translational temperature histo-
ries calculated for the centerline streamtube are plotted in
Fig. 5. The vibrational temperature rises rapidly at first
and then freezes at a level high enough to depress the trans-
lational temperature significantly compared with the equilib-
rium value.

The entire profile of translational temperature obtained
from this calculation is shown as the solid curve in Fig. 6.
There is an off-axis peak in this curve because off the axis the
excitation of nitrogen vibration is slower, and relatively less
energy is frozen out in vibration. (It is possible that the
nitrogen is strongly coupled to the vibration of the C02, as
discussed below. If the C02 is a very efficient catalyst for re-
laxation of nitrogen vibration, then the equilibrium tempera-
ture distribution shown by the dotted curve in Fig. 6 would
result.)

B. Wake Cooling in the Diffusion Region

The cooling of the laminar wake after expansion to ambient
pressure is governed by the heat conduction equation

i*-f '^n _
r dr\ drj "

in which r is the distance from the wake axis (see Fig. 2), & is
the thermal conductivity (which is a function of temperature),
p is the total gas density, cp is the specific heat at constant
pressure, and the time t refers to events in the history of a
given fluid particle in the wake. We may substitute into
this equation: 1) the ideal gas law pm = pRT, in which pm is
the total ambient pressure and R is the gas constant for
nitrogen, 2) u — dX/dt, the velocity of the wake relative to
the projectile, which was set at a constant value u = O.Oi^oo in
the diffusion region on the basis of the calculations described
previously, and 3) the specific heat for frozen nitrogen vibra-
tion given by cP/R = -J. Combining these expressions we
obtain

- ^-(rk ̂  ] = 3.15r or\ or / (1)

Values of k as a function of temperature were taken from a
calculation by Hansen.14

In taking a constant value for u, we have neglected the
variation of gas velocity with r and X; the viscous conversion
of shearing motion into heat has not been taken into account.
Feldman9 has shown that little error is introduced by neglect
of these effects.

Equation (1) was converted into a difference equation and
integrated using the solid curve in Fig. 6 as an initial condi-
tion. No assumption was made about the form of the initial

N2 VIBRATION NON-EQUILIBRIUM
N2 VIBRATION EQUILIBRIUM

400

Fig. 8 Cooling of the wake along the centerline. The
abscissa is the distance behind the sphere in body di-
ameters. The points are the heights of gaussian temper-
ature profiles which best fit the measured radiation. The

error bars represent the scatter of the data.

or subsequent radial temperature profiles. This is in contrast
to the work of Feldman who had assumed gaussian profiles.
The profiles calculated in this way are plotted in Fig. 7 for
various distances behind the body. The resulting curves are
not quite gaussian; the profile for X/D = 200 is 5% higher
at its shoulder than a gaussian fitted at the peak and l/e
points.

The variation of the centerline temperature T(Q) with
X/D is given by the solid curve in Fig. 8. Because of the
initial off-axis peak, the temperature rises slightly before de-
caying. (If the nitrogen vibration is relaxed by the C02 in
the expansion region, then one must use the dotted curve in
Fig. 6 as the initial condition for the cooling calculation. The
resulting centerline temperatures are given by the dotted
line in Fig. 8.) The curve in Fig. 9 shows the gradual in-
crease of a, the l/e width of the theoretical temperature pro-
files T(r)j defined by the relation

T(a) = - 300°K]/e + 300°K

C. CO2 Dissociation

When this experiment was begun, the available data15 in-
dicated a rather slow rate of dissociation for C02 up to
2730° K. Recently, however, experiments have been reported
on C02 dissociation at higher temperatures.16' 17 These re-
sults indicate that the dissociation of C02 proceeds quite
quickly behind the blunt portions of the bow shock of the
spheres fired in this experiment.

An estimate of these effects was made on the basis of the
reaction

2000 -

T(°K)

1000 -

Fig. 7 The cooling of the wake by heat conduction, shown
by temperature profiles at various distances behind the

body.

The reaction 20 -*• 02 and the reactions of 0 atoms with the

a/D 2 -

Fig. 9 Wake growth. The ordinate a is the l/e width of
the temperature profiles. The points are the widths of

gaussian profiles which best fit the measurements.
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Fig. 10 Dissociation of CO2 in the flow field of a sphere.
The results of a nonequilibrium calculation are given by
the solid lines; the dashed lines show the equilibrium
values. In the expansion region, the dissociation is shown
along two streamlines whose distance off the axis at X/D
= 20 is given. In the diffusion region these values for r/D

are held constant.

N2, which may follow the C02 dissociation, were not included
in the calculation. The dissociation rate kd has been meas-
ured by Davies17 for C02 dissociation in nitrogen at tempera-
tures between 3500° and 6000° K. He fitted his data with the
Arrhenius equation

kd = 2.45 X 1011Tri/2exp(-37,500°K/77) sec"1 (moles/cm3)-1

which we have used to extrapokte the dissociation to higher
and lower ^temperatures. (An expression from classical col-
lision theory, which fitted the data just as well, would have
given different values outside the temperature range of the
measurements.) The recombination rate kr has not been
measured directly; therefore, it was calculated from kd and
the equilibrium constant18 for reaction (2).

The differential equation for the variation of C02 concen-
tration due to this reaction was integrated along streamlines
in the expansion region using a Runge-Kutta scheme. The
gas density and temperature histories were taken from the
previously described chemistry program for 100% N2; the
effect of dissociation of C02 (which was initially only 5% of the
gas mixture) on the temperature was not included. The re-
sults in the expansion region are shown by the solid curves in
Fig. 10 for two streamlines. The curves are labeled by their
distance away from the axis at the end of the expansion region
(20 diam behind the body). On other streamlines farther off
the axis, the degree of dissociation was less than 1%. The
figure also shows the degree of dissociation which would be
reached if the reaction had reached equilibrium at each point.

The calculation shows that immediately behind the bow
shock the C02 starts to dissociate but as the gas expands at
the shoulder of the body the level of dissociation becomes
frozen. The rate of recombination is negligible even after
the equilibrium degree of dissociation has fallen below 1%.

Because of the appreciable concentration gradients per-
pendicular to the wake axis, the degree of dissociation near
the axis will be reduced due to diffusion. To study this effect,
the diffusion of the undissociated C02 molecules in the direc-
tion of the axis was calculated. A computer program very
similar to the one used to integrate Eq. (1) for wake cooling
was employed. The diffusion calculation started at X/D =
20 (where ambient pressure is reached), and the results of the
streamtube calculation described previously were used as
the initial condition. The results of the diffusion calculation
are shown in Fig. 10 both on the axis and 0.4 diam off the axis.
In the diffusion region the value of r/D is held constant for
each curve shown (we are no longer following streamlines
here). In this region the ordinate gives the relative amount
by which the mole fraction of C02 is reduced below its original
value. It is evident that the C02 diffuses rapidly. At 30
diam behind the body, the C02 concentration is depressed by
only 7%.

The CO (which was produced by the dissociation of C02)
diffuses away from the axis at the same time. Its diffusion
coefficient is about the same as that of C02 (it is actually
slightly larger), so in the diffusion region the ordinate of Fig.
10 retains approximately the same definition that it had in the
expansion region, namely, [CO]/([CO] + [C02]).

The sharp knee at 20 diam in Fig. 10 shows that the separa-
tion of the flow field into regions of pure expansion and pure
diffusion, which was reasonable for temperature calculations,
is inappropriate for an accurate calculation of species^ con-
centration. The results shown are merely an upper limit to
the maximum amount of dissociation. If diffusion had been
included in the region where the gas is still expanding, the
apparent degree of dissociation would have been lowered
sooner than shown in Fig. 10. We conclude that the C02
concentration may be considered restored to its original 5%
concentration (to the accuracy with which radiation intensity
can be measured in this experiment) by about 20 to 25 diam
behind the body.

IV. Properties of CO2

In this section a brief survey of C02 infrared radiation and
vibrational relaxation is presented. Additional references
and a more detailed discussion are given in Ref. 7.

A. CO2 Infrared Radiation

The infrared detector used in this experiment, together
with a filter, viewed a portion of the 4.3-/z band of C02 which
contains thousands of spectral lines. A variety of mathe-
matical models exist which may be used to calculate the band
radiation from homogeneous gas samples with reasonable
accuracy for a wide range of conditions. (Plass19' 20 has given
useful discussions of these approximations.) Such simple
procedures may be applied to inhomogeneous gas samples
such as the wake that we are considering only if the self-ab-
sorption of radiation within the gas sample is negligible.

Plass20 has analyzed self-absorption in terms of two dimen-
sionless parameters x and /3, defined by

(3)

(4)
and

== 2ira/d =

Here S is the average strength of the spectral lines over the
spectral interval viewed; d is their average spacing in (centi-
meters)"1; p is the partial pressure of the radiating species in
atmospheres; c = p/pt is its fractional concentration; pt is
the total gas pressure in atmospheres; I is the thickness of the
homogeneous gas sample in centimeters; a = otopt is the half-
width at half amplitude, in (centimeters)"1, of the spectral
lines, which we assume for the present to have pure Lorentz
line shape. Plass has shown that there is less than 10% self-
absorption within a gas sample if the following criteria are
satisfied: x < 0.2 and fix < 0.2. (This analysis is based on
the use of either the Elsasser model or the uniform statistical
model of band radiation.19) If both of these inequalities are
satisfied, then the emissivity of a homogeneous gas sample is
given, to 10% accuracy or better, by the linear approximation

e = fix = (S/d)pl (5)
where pi is the optical thickness of the gas sample.

The region of validity of the linear approximation is indi-
cated by the unshaded area of Fig. 11. If fix > 0.2, then sig-
nificant self-absorption due to overlapping of spectral lines
occurs. If x > 0.2, then self-absorption at the centers of in-
dividual lines becomes important.

In the linear region important simplifications are possible.
First, the emissivity of gas of a given optical thickness pi
depends only upon S/d, i.e., upon the strengths of the lines
and their spacing; it is independent of the line shape. Thus
Eq. (5) may also be used for lines of pure Doppler contour, or
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for mixed Doppler and Lorentz shapes. Second, the treat-
ment of inhomogeneous gas samples is simple in the linear re-
gion. Because self-absorption is negligible, the total emis-
sion is simply the sum of the emission from all parts of the gas
along the line of sight:

e = f(S/d)pdl

(In this integral, S/d and p may be variable functions of posi-
tion.) We will show later that this simplification is indeed
allowable for the conditions of this experiment. Otherwise,
analysis of the radiation from a wake, which is not all at the
same temperature, would be very difficult, since the general
problem of emission from an inhomogeneous gas sample over
a finite spectral interval has not been solved.

The quantities S/2ir(xQ, 27ra0/d) and S/d appearing in Eqs.
(3-5) may be obtained from calculations by Malkmus21 of the
spectral emission from the 4.3-^t band of C02 up to 3000° K.
These calculations have been extensively checked by a variety
of experimental techniques.22"25

We first use Malkmus' results to show the validity of the
linear approximation [Eq. (5)] in this experiment. For the
conditions in the ballistic range, we have c = 0.05 and pt =
0.0132 atm. A homogeneous gas sample whose thickness
matches the full width of the wake would have I « 2 cm.
The wave number of the center of the interference filter is
v = 2280 cm"1. Values of j8 and x calculated for these con-
ditions as a function of temperature are plotted on Fig. 11.

The calculated points all lie within the linear region but
approach its boundary at 600° K, where x = 0.15 for I = 2
cm. There is no danger of lines overlapping at that point,
but there may be slight absorption at line centers. It can be
shown that in this case Eq. (5) is accurate to 7.5%.

At these low pressures Doppler broadening cannot be neg-
lected. However, the addition of Doppler effects will simply
lower the strengths of the lines at their centers and increase
them at the wings. Hence our chief worry, possible absorp-
tion at line centers, is reduced by Doppler broadening. We
would not intuitively expect trouble from overlapping of
Doppler broadened lines either, since the f$x = 0.2 boundary
on Fig. 11 is so far away. Indeed, it can be shown on the

io-2

CM

00.

C = 5%C02

pt= .0132 ATM ( = 10 MM HG)
£= 2CM
j / = 2280 CM

.3000°K
^2400° K

•J8000K

300°K

.01

Fig. 11 Map of the linear region (unshaded area) of emis-
sion from a band of spectral lines, where self-absorption of
emitted radiation causes an effect of less than 10%, for
the Elsasser model or the uniform statistical model. The
parameters x and j8 are defined by Eqs. (3) and (4). The
points are calculated for COz under the conditions listed
and show that, for that case, self-absorption is negligible.

Fig. 12 Spectral radiance N(v) per unit of optical thick-
ness pi obtained from Malkmus calculations. The spec-

tral location of the interference filter used is shown.

basis of Plass' work19 that, if self-absorption due to over-
lapping of pure Lorentz lines is negligible, it is also negligible
for pure Doppler lines.

If Malkmus' result for S/d is multiplied by N°(v), the
spectral radiance of a blackbody (in w/cm^sr-cm"1), we ob-
tain dN(v)/pdlj the spectral radiance per unit optical thick-
ness of C02 in the 4.3-jii region. The latter quantity is
shown in Fig. 12, along with the spectral location of the inter-
ference filter used.

This figure shows that C02 (as viewed through the filter)
is a fairly sensitive thermometer at 1200°K, where a 10%
change of temperature produces a 25% change in radiance.
The sensitivity gradually decreases to zero, however, at
about 2600° K. For higher temperatures, a longer wave-
length filter could be used. (A two-color temperature meas-
urement could be made by measuring the ratio of the radia-
tions from C02 at two different wavelengths. An attempt
to do this in this experiment was frustrated because the
second spectral channel used (at 2210 cm"1) was sensitive to
radiation from CO, which is produced when some of the C02
dissociates.)

B. CO2 Vibrational Relaxation

The rate of vibrational relaxation of C02 has been exten-
sively studied.15' 26~31 According to some of these experi-
ments, the three modes of vibration of C02 relax together,
whereas others indicate that the modes may have separate
relaxation times. The *>3 mode, which is responsible for the
radiation observed in this experiment, may be studied in-
dividually by the spectrophone,32"34 but the validity of that
technique has yet to be fully established.

If the measured relaxation times are plotted7 and the aver-
age trend of the data extrapolated to 1500°K, we obtain a
relaxation time of about 40 jusec for pure C02 at the total
pressure in the ballistic range, or a relaxation distance of 28
body diameters. Such a response time would be adequate
for the present study of slowly varying temperatures.
(These rates might be speeded up by a factor of 2 or so by
water vapor in the concentrations that were possible in the
ballistic range.)

The gas in the range is 95% N2, however, which may pos-
sibly be less efficient than C02 for relaxation of other C02
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molecules. Slobodskaia and Gasilevich, who studied the ?3
mode with a spectrophone,33 have found an indication of such
an effect, but this conclusion has not yet been verified else-
where, f Camac35 has recently studied the vibrational re-
laxation of C02 in a low-density shock tube. He concludes
that all modes of C02 vibration relax together with a single
time constant.

V. Results
For the most direct comparison of theory and experiment,

we have calculated the infrared radiance of the wake (in
w/cm2-sr) from the theoretical temperature profiles T(r)
given in Fig. 7. For several values of y (the lateral distance
between the optical axis of the infrared detecting system and
the wake axis) the radiation was integrated along the path
shown in Fig. 2. In making these integrations it was assumed
that: 1) the total pressure was at ambient level; 2) the frac-
tional concentration of C02 was at its original value (5%);
and 3) the vibrational temperature of C02 was equal to the
translational temperature.

Examples of the resulting radiance profiles N(y) are shown
by the solid lines in Figs. 3 and 4. At 20 body diameters be-
hind the sphere, the observed radiation exceeds the amount
expected by a factor of 2 or more. At 200 body diameters
the agreement between the calculated and observed radiance
profiles is very good for small values of y, but the observed
profile is wider than the theoretical one. It is physically
more interesting, however, to compare theory and experi-
ment in terms of temperature. For this purpose gaussian
radial temperature profiles of the form

T(r) = [7X0) - 300°K] exp[-(r/a)2] + 300°K
were used. The height T(Q) and the width a were adjusted
for the best fit to the measured radiance profile N(y). The
dashed line in Fig. 4 is an example of the closeness of fit to
the data that can be obtained.

The centerline temperatures derived from this two-param-
eter fit to the measurements are shown as data points in Fig. 8
for various distances behind the body. The agreement be-
tween these experimentally determined C02 vibrational
temperatures and the calculated translational temperatures
is best at 50 body diameters or more behind the sphere.
In that region, the experimental values lie within about
150°K of the theoretical curve and have a spread of about
±150°K.

In the near wake, between 20 and 50 diam behind the
sphere, we see that the experimentally determined vibra-
tional temperatures start out about 600°K above the theo-
retical values (whereas the data scatter corresponds to only
about ±200°K) and decrease much more rapidly with X
than can be accounted for by heat conduction alone.

The excess radiation seen might be explained by as-
suming that the pressure is about 1.5 to 2 times ambient
value at X/D = 20, and decays to ambient value only at
about X/D = 50. This conclusion would be in contradiction
to Lukasiewicz's correlation13 of pressure decay, which has
not yet been verified experimentally at high Mach numbers
and high enthalpy. The experimental values of the wake
widths are shown in Fig. 9. They are about 50% greater
than the theoretical values.

VI. Conclusions
Infrared radiation from C02 has been shown to give a

reasonably accurate measure of the temperature over an ex-

t Since the completion of the present work the writer has made
some shock-tube measurements of the rate of excitation of the
vs mode of CO2 in 5% CO2-95% N2 mixtures over the temperature
range 1300-3200°K. The CO2 emission at 4.7 fj. was monitored.
The preliminary results of these measurements, scaled to the
conditions of the present experiment, give a relaxation distance
of about 80 body diameters at 1500°K.

tensive region of the wake. Thus, one is encouraged to con-
sider extensions and improvements of the infrared technique.

One awkward aspect of the present study is that the C02
tracer gas travels through a very hot region in the vicinity of
the body en route to the much cooler wake. A more detailed
study of the resulting C02 chemistry than that given in this
paper would be possible, but would not be very relevant to
our main field of interest: the flow of air and its components
around hypersonic projectiles and in their wakes. Therefore,
the most fruitful continuation of this work with blunt bodies
would probably be the infrared study of NO produced by
such projectiles traveling at re-entry velocity in air in a bal-
listic range. Here the chemistry involved would be of more
practical interest.

Another promising application of the infrared technique
would be to the wake of slender bodies. Here the tempera-
tures around the body are much lower. A calculation similar
to that described previously shows that there will be very little
dissociation of C02 in the vicinity of a l-in.-long sharp cone
traveling at 15,000 fps, for example. Thus the use of C02
as a thermometer to measure the temperature of the near
wake of a pointed cone in a ballistic range, for example,
should be more straightforward than in the present measure-
ment.
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Unsteady Three-Dimensional Laminar Jet Mixing
of a Compressible Fluid

S. I. PAI*
University of Maryland, College Park, Md.

The fundamental equations of an unsteady three-dimensional laminar jet mixing of a com-
pressible fluid have been discussed. These equations are simplified by introducing two
stream functions. Finally, the unsteady jet flow that deviates slightly from an unsteady uni-
form flow is studied in detail. It was found that, for arbitrary three-dimensional jets, the
velocity and temperature distributions tend to be axisymmetrical at large time-from-start
and far downstream. Some numerical examples are given.

I. Introduction

MOST of the free jet-mixing problems consider the cases of
steady flow2 of two-dimensional or axisymmetrical or

rotationally symmetrical3"5 configuration in which the flow
variables are functions of two spatial variables only. Little
has been done for the case of general three-dimensional flow
in which the flow variables are functions of all three spatial
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variables as well as time. In practice, the jet flow may oscil-
late, and the general stream in which the jet flow is located
may be unsteady itself. Furthermore, the directions of the
general stream and of the jet may not be the same. Hence,
the three-dimensional character of the jet-mixing problem is
important. In this paper, we discuss the general behavior of
an unsteady three-dimensional jet-mixing region in a uniform
stream of a viscous and compressible ideal gas.

We consider a jet issuing from a nozzle into an unsteady
freestream. The deviation of the direction of the jet from
that of the freestream is assumed to be small. We further
assume that the deviation of the cross section of the exit of
the nozzle from a circular cross section is also small. As a
result, the radial component of the jet flow will be small,
and the jet behaves as a free boundary-layer flow with a large
gradient in the radial (r) direction. If we take x as the direc-


