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Experimental Investigation of Small Scale Transport
Mechanisms in the Stratosphere

N. W. ROSENBERG,* R. E. GOGD,t W. K. VlCKERY,J AND E. M. DEWANf
Air Force Cambridge Research Laboratories, L. G. Hanscom Field, Bedford, Mass.

Transport properties in the stratosphere were measured in an experimental program where smoke trails, deposited
by rockets and aircraft, were recorded by time-lapse photography. This allowed winds, wind shears, and the rate of
dispersion of the smoke to be calculated. Radial growth of the trails conformed to a turbulent diffusion rate; the
effective diffusion coefficient at 20 km was approximately 0.7 nr sec. The spatial turbulence structure was
determined from measured wind shears. Average energy spectra were obtained for total vertical profiles and segmented
profiles of horizontal winds. A consistent finding was that the energy spectrum dependence exponent was close to
n = - 2.8. In the case of segmented profile spectra we found that 20% of the sample population showed
n < 2.2 (indicating an inertial subrange). This is consistent with the presence of intermittent thin layers of efficient
mixing in the 5-18 km height range. We also found an increase of wind shear and amplitude with altitude in this
region.

Nomenclature
A = drag reference area
CD = drag coefficient
/ = L/2. where / is a positive integer and L is the total trail length
g = acceleration of gravity
k = wave number (spatial frequency)
K = eddy diffusion coefficient
n = frequency exponent
P = energy spectrum
r = full radius of turbulent wake
R = Gaussian radius
Ri = Richardson number
S = aircraft wingspan
t = time
T = temperature
v — velocity
w = aircraft weight
x,y,z = coordinates
X = distance downstream of vehicles
/? = proportionality constant of Prandtl mixing length to wake

width
g = mean dissipation rate
T = dry adiabatic lapse rate (9.9°/km)
(/> = smoke concentration
A = wavelength
p = atmospheric density

Subscripts
( )b = rocket body
( )0 = initial value
( )N = Nyquist

1. Introduction

THE objectives of this experimental program were to measure
simultaneously the vertical profiles of the horizontal wind,

temperature, and the radial growth of tracers at stratospheric
altitudes. The measurements were directed toward a better
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understanding of transport mechanisms in the stratosphere; in
particular, the rate of mixing and diffusion of exhaust products
into the stratosphere. Diffusion coefficients were directly
estimated from the radial growth of rocket and aircraft trails.
To complement such measurements, lower bounds can be
estimated, under certain conditions, from spatial frequency
spectra of winds, temperatures, and density fluctuations along
the tracer trail. This can only be done when the spectra reveal
an inertial subrange over a region of k. This was one of our
original motives for obtaining such spectra (see Appendix).
However, for reasons to be given below, our data did not permit
this approach to be used here. Thus, actual application of this
technique must be deferred to a future report. The energy
spectra, however, were found useful in other ways, as will be
seen.

2. Tracer Releases
Miller et al.1 obtained several stratospheric wind profiles by

forming smoke along a rocket trajectory. They photographed
the white smoke formed by hydrolysis of released liquid TiCl4
with ambient water vapor. They also reported a few trails made
to altitudes above 20 km by the simultaneous release of TiQ4
and liquid water. We adopted this dual release method in a series
of three launches from White Sands Missile Range on Feb. 2,
1973. The smoke trails covered the altitude range from 15 to
24 km. A montage of time lapse photography is shown in Fig. 1.
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Fig. 1 Rocket smoke trails: distortion over time.



AUGUST 1974 SMALL SCALE TRANSPORT MECHANISMS IN THE STRATOSPHERE 1095

301

8O M/S
0 M/S

Fig. 4 Section of rocket
smoke trail: distortion over

time.

Fig. 2 Wind profile from Rawinsonde data.
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SMOKE TRAIL AT 23 KM ALT.

In this figure, the distortion of the smoke trail clearly revealed
the strong wind field and vertical shears of the horizontal wind.

In addition to the smoke drift measurements, meteorological
sounding balloons were launched almost simultaneously. The
balloon-measured stratospheric winds are shown in Fig. 2.
Tropospheric data from Jimspheres (2 m, spherical balloons with
devices to prevent vortex shedding) are shown in Fig. 3. Similar
TiCl4 tracer releases from an aircraft were scheduled but venting
failure prevented the TiCl4 release and a fuel (kerosene) dump
was substituted. The fuel dumps at 17 and 18.5 km altitude
coincided in time with other measurements so that atmospheric
wind and temperature structure were known at these locations.
The fuel release of 10 kg/sec from an aircraft flying with a velocity
of 200 m/sec (50 g/m) was photographed for about 200 sec. The
TiCl4-H2O release at 1 kg/sec from a rocket flying at 1 km/sec
(1 g/m) was photographed for 600 sec. Thus the kerosene was
100 times less effective for scattering sunlight, which was probably
due to a 100-fold larger particle size obtained from fuel compared
to the 2 ^ TiCl4 smoke particles. The TiCl4 dispense rate
provided an optical thickness of unity with an initial trail
diameter of 0.5 m and a brightness 10% above sky background
at a trail diameter of about 50 m.

The trails were photographed from several sites with cameras
of focal lengths ranging from 50 mm to 1600 mm. Trail triangula-
tion used 500 mm focal length camera records (Fig. 1) with a
field of view of 15 x 15 km at the trail. Figures 2, 3, 8, and 9 are
based on data obtained by R. O. Olsen et al.2 at the White
Sands Missile Range, U.S. Army.
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White Sands Missile Range provided excellent phototheodolite
coverage (1270 mm focal length) as shown in Figs. 4 and 5.
Figure 5 contains three side view (elevation angle 28°) photo-
graphs of the fuel dump at 17 km. The fuel was dumped from
a WB-57F aircraft in two streams, each at 10 kg/sec. From Fig. 5b,
it is seen that the fuel droplets descended at an initial rate of
approximately 3 m/sec. Figure 5c indicates that the main portion
of the fuel dump dropped 60 m leaving a visible residue behind it.

3. Radial Growth
The radial growth of the smoke trail can be caused by 1)

atmospheric diffusion, and 2) turbulent wake expansion. The
growth due to diffusion is defined by

KV2(/> (1)
Assuming that the initial concentration is gaussion as a function
of trail radius, it is known3 that the "gaussian radius," R, depends
on time as R2 = R0

2 -\-4Kt where R0 is the initial radius. Thus
the effective diffusion coefficient K can be obtained from the
slope of the plot R2 vs time.

In order to measure the radial growth of both the fuel dump
and smoke trails, an interactive computer controlled densito-
meter,4 was employed. Photographs shown in Figs. 4 and 5
were scanned and a digital record of density was stored onto a
disk. These film densities were converted to line of sight bright-
nesses and the background was subtracted. Next, the trail images
were "unbent" to provide the straightened images shown in
Fig. 6. Going from left to right in this figure we pass from
earlier to later times of the same piece of trail. As time passed,
progressively more trail straightening had to be done. The trail
radius (also) increased with time as did the lumpy nature of the
trail. In order to cope with this irregular, lumpy quality, it was

Fig. 5 Section of aircraft fuel
dump trail: distortion over time.
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Fig. 3 Wind profiles for Jimsphere data.
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Fig. 6 Densitometer images: "unbent by computer manipulation of
stored images (time from left to right). The left member of each of the

3 pairs is the straightened image.

necessary to compute the radial distribution by summing bright-
ness over a series of lines parallel to the trail. The measurement
was made line by line across the diameter of the trail, and
provided an integrated radial distribution of object density, from
which estimates of gaussian widths were made. The gaussian
radii were plotted in Fig. 7. Initial radii grew from approximately
3 m to approximately 17 m over 130 sec. These growth rates
lead to computed diffusivities of 0.7 m2/sec from the rocket and
0.8 m2/sec from the aircraft, about 100-fold greater than
molecular values. Of course, it is crucial to show that this
diffusivity is due to ambient turbulence and not to wake effects.

The rocket itself, which was not thrusting during smoke
release, generated a turbulent wake as it passed through the
atmosphere. Axisymmetric wakes are known5 to grow in width as
Jf1/3. Thus as an order of magnitude estimate, assuming an initial
wake diameter equal to the body diameter, the rocket turbulent
wake radius can be represented as

r/rh = (X/rby>3 (2)
A more precise representation of the wake dimension was given
by Chang6

r = (l34)1/3p2/3(CDAXY/3/2 (3)
Schlichting7 reports /? = 0.18 for two-dimensional wakes. The
CD A parameter was obtained by matching the drag equation to
the observed trajectory. At the altitude of interest, CD A =
0.085 m2. For an area based on the body diameter of 0.41 m,
CD = 0.64.

The two equations for rocket wake radius agree within 5%.
The rocket velocity of about 66 m/sec, which is nearly horizontal
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Fig. 7 Radial growth of trails with time, and theoretical growth of rocket
wake.
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Fig. 8 Richardson number vs altitude from Rawinsonde data.

as the rocket passes over apogee, was used to evaluate X as a
function of time. The predicted full radius of the rocket's turbulent
wake is shown in Fig. 7. It is seen that the rocket turbulent wake
has negligible effect on the growth of the smoke trail gaussian
radius. It is therefore concluded that K = 1 x 103 cm2/sec
represents the actual atmospheric vertical diffusivity.

Our estimates of diffusivity are comparable with some of the
measurements already reported at these altitudes,8 K ~ 103-104

cm2/sec. It should be emphasized that the above mentioned
diffusion rate was taken at only 1 altitude in a region where
there was no high shear present at the time.

In the case of the aircraft, one can determine the time interval
of the wake vortex regime9 by 2 < t/i < 10 where i = pvS3/w.
The values were: w - 26,928 kg, S = 37.3 m, p = 1.42 x 10"x

kg/m3, v — 200 m/sec. Thus the wake vortex regime occurred in
the interval 11 < t < 55 sec and hence it dominated the dispersion
of the fuel dump. Consequently, the diffusivity measured in this
way is not valid. Subsequent observations of aircraft wakes have
been observed for 30 min and may provide reliable diffusivities.

4. Atmospheric Stability
Since we were concerned with the determination of turbulent

regions, we were interested in the stability profile of the atmos-
phere. A measure of stability of a stratified fluid in a gravitational

TEMPERATURE (°C)

Fig. 9 Temperature profile.
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Fig. 10 Exponent n as measure of fine structure: synthetic and real
wind profiles.

field is given by the Richardson number which is defined as the
ratio of the square of the buoyancy (Brunt-Vaisala) frequency
to the square of the vertical shear in the horizontal velocity.

Ri = (4)

The Richardson number profile as determined from Rawinsonde
balloon data taken at 1020 MST is shown in Fig. 8. The
temperature profile (Fig. 9) was provided by the White Sands
Missile Range.2 This figure shows the tropopause at 16 km with
a slight inversion at 10 km (double tropopause).

When Ri < 5, free shear flows of the type considered here
become unstable.11'12 As can be seen from Fig. 8 the strato-
sphere and upper troposphere were on the whole quite stable,
Ri 5> ^. Note also that in the stratosphere there are only three
narrow regions where Ri < 2. This result may be modified when
more detailed data are available.

5. Spatial Frequency Analysis of Wind Profiles
As mentioned earlier, the turbulent energy spectrum5 (obtained

from spectral analysis of wind profiles) can be used for estimates
of diffusivity as well as for other information relating to
turbulence (e.g., the energy dissipation rate, and the presence of an
inertial subrange, etc.). In general, higher values of energy at the
high wave number end of the spectrum should tend to indicate
higher amounts of mixing.

In order to characterize the energy spectra derived from the
vertical velocity profiles, the A and n parameters of the following
equation were determined by least-square fit§:

logP = A-nlog(/) (5)
using data from frequency 5 up to half the Nyquist frequency,
fN. At higher frequencies, noise effects dominate the results.lj

An alternate form of Eq. (5) is
P(/) = P(1)/-" (6)

where P(l) is the energy density per unit mass at frequency 1
extrapolated from the/ = 5 tofN/2 fitted data. The exponent n
characterizes the spectrum. For example if a wind profile yielded
n ~ |, we would most likely have turbulent winds that are

§ This form is employed because each turbulence subrange5 (inertial,
buoyancy, viscous convective, etc.) is characterized by the parameter
n.

11 In all our trail analyses, we limited ourselves to frequency ranges
below/y/2 in order to avoid noise artifacts. The latter were treacherous
because (as will be shown elsewhere) they could sometimes "imitate"
inertial ranges reasonably well.

isotropic and which have an inertial subrange of turbulence in
that region.**

First we spectral analyzed entire trails. Figure 10 shows one
of the Miller and Henry smoke trail velocity profiles illustrating
the "raw data" before spectral analysis. In addition, this figure
shows two synthetic profiles generated with exponents n — 2
and n = 3. By inspection it is evident that the n of the observed
profile lies between the two synthetic profiles.

Since the smoke trails made in Feb. 1973 were not yet reduced
to wind profiles, we examined two groups of data: 2 Jimsphere
trails on Feb. 13, and 20 NASA trails.1 All of these trails were
in the 5 km to 18 km altitude range and were measured at 25 m
spacing, providing 512 data points, with/y = 256 (50 m). Our
analysis showed the 20 trails to have n = 2.75+0.1, and no such
n's were found below 2. (This is for the range / = 5 to fN/2, or
3600 m to 100 m). Similar results were found by other workers.
For example, Collis et al.13 found n = 3, and Fichtl et al.14 found
values of n, 2.47 < n < 2.70. Mather15 also noted such values of M
in the lower wave number part of the spectra (he observed inertial
ranges for the higher wave number end) and he associated such
large negative slopes (n) with the "buoyancy subrange."5 He
also pointed out that further study is needed before one can
conclude that this type of turbulence is the mechanism. Since
at the altitude of interest here, most of the winds are pre-
dominantly laminar, it would seem that turbulence (in the usual
sense) would not be involved in the mechanism.

One relatively well accepted picture of turbulence in the strato-
sphere characterizes it as occurring in thin horizontal patches
presumably brought about by the so-called Kelvin-Helmholtz
instability (i.e., a combination of high shear across a statically
stable horizontal layer of fluid in a gravitational field). Briefly,
when the Richardson number is below £, a gravitational wave of
wavelength 7.5/z (where h is the thickness of the layer) builds up
until it breaks and goes into turbulence. Can spectra be used to
detect such patches? The answer is affirmative; one should look
for the inertial range value of n = f.

Analysis of segments of the trails by spectral decomposition
was performed on 1.6 km lengths of the original trails to search
for possible "local" inertial ranges. Again we restricted the
frequency range to / = 5 to fN/2 (300-100 m wavelengths). In
this group of 160 samples (8 heights x 20 trails), the same mean n
was obtained (n = 2.75), but fully 20% of the samples had
exponents below 2.2, and might be considered to show inertial
subranges.

As a matter of prudence, we checked this mathematical
procedure by generating a group of 20 synthetic trails with "a
spectral exponent" n of 2.8 for 12.8 km long profiles. These
synthetic trails matched the real trails in the full-trail analysis,
and surprisingly also in the segmented analysis. In other words,
about 20% of the 1.6 km blocks showed exponents below 2.2.
Thus the standard deviation of the exponent widens as the trail
length analyzed decreases, and selected regions indeed had
exponents consistent with an inertial subrange of turbulence.
This finding must be considered when one interprets the above-
mentioned experimental results. While the latter are consistent
with the possible presence of thin turbulent layers, they could
not be conclusive evidence for their presence on the basis of this
information alone. In other words, caution is needed here.

Our analyses of the Jimsphere data showed that maximum
shears increased with altitude from 0.03 sec"1 at 7 km to
0.05 sec"1 at 17 km. Amplitude and Richardson number also
increased with altitude. In contrast, the exponent n showed no
significant altitude dependence. Furthermore, the Richardson
number showed no significant correlation with exponent n (one
would expect it to be < 2.2 when Ri < |). In other words, in the
160 samples 30% showed Richardson number values below 0.25,

** The term "inertial range" refers to a turbulent condition where
there is a range of eddy sizes in which the major portion of "energy
input" to a given eddy is from larger eddies and in which most of the
energy output is from dissipation to smaller eddy'sizes with negligible
viscosity effects. This is the famous "energy cascade" effect.
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and 20% showed n below 2.2, but no correlation between the
two was evident from the data. Figure 11 shows such an analysis
for one of the trails. It should be noted that in this analysis, the
Ri were obtained from model atmospheres and the more detailed
measurement of winds together with simultaneous temperature
measurements now in progress should result in the theoretically
predicted correlations. In any event, this finding adds further
indication for caution.

A technical summary of our spectral analysis procedure is the
following: each 64 ppint sample was 1) prewhitened16 (a method
of processing data which avoids "leakage" artifacts in the com-
putation of spectra), 2) Fourier transformed, 3) corrected for pre-
whitening, 4) multiplied by fm (see Fig. 12) where m was the
estimated power dependence, 5) smoothed by a tapered weighted
average over a 20% frequency bandwidth, and 6) least square
fitted for Eq. (5) over the range /I = 300 m to 100 m, the latter
A corresponding to the fN/2. Parameter values for Eq. (5) were
log P(l) = 0, and n = 2.8. Standard deviations were 0.8 for 160
samples. The standard error for the mean exponent was 0.05
both for 20 whole trails and 160 trail segments.

Conclusions
Tracer trails gave a value for turbulent diffusivity in the 20 km

region of about 0.7 m2/sec. Spectral analysis of wind profiles gave
n = 2.8 in agreement with the findings of others and reminiscent
of the "buoyancy subrange" type of spectrum. Spectral evidence
in 20% of the profile segments suggested the presence of thin
turbulent patches (clear air turbulence) in the 5-18 km height
range, but the lack of correlations with Ri, and simulation
studies with synthetic spectra both suggest the need for caution
on this interpretation of the data. Finally we found that shear
and amplitude both increased with altitude in this region.

Appendix: Wind Profile Spectral Analysis and Estimation
of Turbulent Diffusivity

Zimmerman and Loving17 have described a method for
deriving a lower bound estimate of turbulent diffusivity, K,
directly from spectral data under the conditions that there is a
high frequency inertial range. Since this information is not yet
easily accessible, we give a brief outline of the theory and
procedure here. The spectrum (energy density per unit mass of the
velocity field, P(k)) is related to K(ki) (the diffusivity produced
by turbulence beginning at the lowest wavenumber, fcj by18
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Fig. 12 Spatial frequency spectra of total wind profiles (Miller-
Henry 20 trails) with ordinate in arbitrary units.

In the inertial range one has5

/3 (A2)
where e is the dissipation rate and a is a constant. Inserting
Eq. (A2) into Eq. (Al) and integrating, we obtain

X(fc1) = a1/2C1e1/3k1-4/3 (A3)
where kv is the smallest k in the inertial range, and e is obtained
from Eq. (A2). The estimate of ki is obtained17 from a theory
which assumes that the inertial range is limited by buoyancy.
The lower estimate19 for kl obtained in this way is

k1 = C£-1'2N312 (A4)
where N is the buoyancy frequency. Zimmerman and Loving
estimated that a ~ 0.5, and it is assumed that d = 1. Using
Eq. (Al) in conjunction with Eq. (A2) to Eq. (A4) one can
estimate a lower bound on K. Their paper describes several
limitations of the technique.

As a result of the reasons for caution regarding the "inertial
ranges" found here and mentioned previously, we postponed the
determination of K in this manner until the more detailed data
are analyzed.
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Coupled Nongray Radiating Flow about Ablating Planetary
Entry Bodies

KENNETH SUTTON*
NASA Langley Research Center, Hampton, Va.

A method of solution for the fully coupled radiating gas flow about an ablating, planetary entry body is developed
and applied to Venusian entries. The method couples an inviscid flow solution and a boundary-layer solution
(laminar or turbulent) in which the divergence of the radiative flux is included in the energy equation for the solution
of each gas layer. The treatment of radiation includes molecular band, continuum, and line transitions with a detailed
frequency dependence of the absorption coefficient. Results are presented at typical conditions for unmanned,
scientific probes during Venusian entries. These results show that the radiative flux toward the body is attenuated
in the boundary layer at downstream regions of the body as well as at the stagnation point and that, even when
radiation absorption by ablation products is accounted for, the radiative heating rates along the downstream regions of
the body can, under certain conditions, exceed the stagnation-point values. It is also shown that, for Venusian
entry, the spectral distribution of radiative flux and the magnitude of radiation absorption by ablation products
depend strongly on entry velocity, and that the state of the boundary layer (i.e., laminar or turbulent) can
significantly influence the amount of ablation product absorption or emission that occurs in various spectral regions.

Nomenclature
A, B, C,D,E = parameters defined by Eqs. (11-15)
C2, C3 = parameters defined by Eqs. (25) and (26)
cp = specific heat
c_p = specific heat parameter defined by Eq. (34)
D = self-diffusion coefficient of a reference species
FR = divergence of radiative flux defined by Eq. (16)
FJ = diffusion factor of jth chemical species
H = total enthalpy, h + u2/2, in Eq. (30)
h = enthalpy
R = enthalpy parameter defined by Eq. (34)
ji = diffusional mass flux of chemical element i
K = body curvature parameter defined by Eq. (19)
Ki = mass fraction of chemical element i
k = thermal conductivity
M = molecular weight
ma = ablation rate of the heat shield
p l f p3 = thermodynamic variables defined by Eqs. (20) and (21)
P — pressure
qc = convective heat flux, see Eq. (33)
qR = radiative heat flux
Ree = momentum thickness Reynolds number for boundary

layer
Rn = nose radius of body at s = 0, see Fig. 3
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r = radial distance from axis of symmetry of body, see Fig. 3
rb = body radius from axis of symmetry, see Fig. 3
S,Y,T = transformed s, y, t coordinates, defined by Eq. (6)
s,y = body-oriented coordinates, see Fig. 3
T = temperature
t = time
u,v = velocity components, see Fig. 3
V^ = freestream velocity
Ve = entry velocity
W = weight of entry probe
W/CdA = ballistic coefficient
Xj — mole fraction of chemical species j
Zj = quantity for jth chemical species defined by Eq. (34)
Z{ = quantity for ith chemical element defined by Eq. (34)
ty.^ = mass fraction of chemical element i in chemical species j
p = angle between shock and body, see Fig. 3
ye = entry angle
d = shock standoff distance of inviscid layer
d* = boundary-layer displacement thickness defined by Eq.(2)
6* = total thickness of shock layer defined by Eq. (1)
6 = body angle, see Fig. 3
6C = cone half angle for a spherically capped, conical body
/ = curvature parameter defined by Eq. (17)
Aa = value of A at y = 6, see Eq. (18)
\n = viscosity
Mi. A*2 = parameters defined by Eq. (34)
p = density
p£d = turbulent eddy diffusivity
peh = turbulent eddy conductivity
pem = turbulent eddy viscosity
TW = aerodynamic shear at the wall
(j) = azimuth angle, see Fig. 3


