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Studies of the Luminous Hypersonic Wake
R. L. TAYLOR,* B. W. MELCHER II,f AND W. K. WASHBURN}

Avco Corporation, Everett, Mass.

Measurements of the width of luminous wakes behind hypervelocity hlunt bodies launched
in ballistic ranges are presented. Experiments utilizing an image converter camera, a race
track drum camera, and a photoelectric wake scanner have obtained data over 1200 body di-
ameters of wake length on 0.22, 0.55, and 1.0-in.-spherical projectiles for freestream pressures
from poo = 0.2 to 10.0 cm Hg and projectile velocities from Vm = 12,000 to 20,500 fps. The re-
sults of the luminous wake width measurements are shown to agree well with the viscous core
width data obtained with shadowgraph and schlieren techniques. It is found that the lumi-
nous wake growth has a pressure dependence in the transition and laminar flow regimes, but
not in the turbulent regime from 2.0 to approximately 76 cm Hg. The turbulent experimental
results are compared to the wake growth theories of Lees and Hromas and Lykoudis. The
simple asymptotic turbulent wake growth correlation, w/(CDA)112 = K[x/(CDA)ll2]lt\ is shown
to give good agreement with the data with K = 0.66. Finally, the occurrence of asymmetries
in the wake is documented. The polarization of these asymmetries seems to add further ob-
servational evidence of the occurrence of large scale structure in the turbulent hypersonic
wake.

I. Introduction

THE structure of the wake behind bodies traveling at
hypersonic speeds in air is controlled by a complex inter-

action of aerodynamics and chemistry, with the added com-
plexity of flows that may vary from laminar, unsteady, and
periodic, to fully turbulent. Several attempts have been
made to predict some of the gross features of the hyper-
sonic wake such as the rate of growth of the inner viscous core
or boundary-layer induced wake.1"4 These theoretical
predictions have been compared with measurements of the
width of the turbulent viscous wake obtained in various ballis-
tic range experiments.5"9 All of the experimental measure-
ments on wake width reported to date have utilized the
schlieren or shadowgraph technique and, therefore, measure a
region in the wake defined by density gradients. The
sensitivity limit of these techniques has, until now, restricted
their applicability to measurements of the unsteady or
turbulent wake.

When plastic projectiles are fired at hypersonic velocities
into a ballistic range, considerable ablation occurs and the
wake becomes highly luminous.10. n The ablation products
may be thought of as a dye, which defines the viscous wake
in much the same manner as dyes are used to delineate low-
speed flow patterns.12 If this assumption is correct, then
the luminous wake seen in hypersonic experiments should
correspond to the viscous wake. In the present investiga-
tion, these ablation products are used as an observable to
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define the width and rate of growth of the luminous viscous
wake in both laminar and turbulent flow out to 1200 body
diameters behind blunt bodies. Measurements were made
on 0.22-in.-diam lexan spheres in the velocity range of 12,000
to 15,000 fps and on 0.55- and l.O-in.-diam lexan spheres, un-
saboted and saboted, respectively, fired at the Canadian
Armament Research and Development Establishment
(CARDE), Valcartier, Quebec, Canada, at velocities of 15,000
to 20,500 fps. The measurements were made over a range
of freestream pressure of 0.2 to 10.0 cm Hg of air.

Three experimental techniques have been employed in
the present study: an image converter camera used to
photograph the near wake region out to 10 body diameters
downstream, a racetrack technique used from 7 to 100 body
diameters, and a wake scanner instrument used to measure
the width of the luminous wake out to 1200 body diameters.

II. Experimental Techniques and Data

Image Converter Camera

Near the body where the radiation intensities are the high-
est, a snapshot technique may be used to photograph the
luminous flow field provided that fast shuttering is available
to stop the motion. The image converter camera13 is an
instrument in which fast electronic shuttering plus a limited,
amount of light amplification are available, and, therefore,
it is ideally suited to photographing the base and near wake
region.11, 14, 15 The instrument! used in this study employs
an RCA tube with S-ll spectral response and has a light gain
of about 50 from the photocathode to the photoanode. A
framing unit is used which allows three consecutive exposures
to be made with preset time intervals between frames. Fig-
ure la illustrates a typical image converter photograph of a
0.22-in.-diam lexan sphere fired into air. The exposure
conditions are given in the caption. Considerable detail of
the luminous flow field around the body and in the base re-
gion out to about 10 body diameters is evident. By calibrat-
ing this camera against a known scale, it is possible to meas-
ure the dimensions of the luminous wake from such a photo-
graph. Figure Ib shows reduced width data of the lumi-
nous wake w plotted against distance downstream of the pro-
jectile x, both normalized by the body diameter d. The

§ Model C image converter camera manufactured by STL
Products, Inc., Los Angeles, Calif.
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Fig. 1 a) Image converter photograph of the base flow
region of a 0.22 in.-diam lexan sphere fired into air. There
Mre three frames per picture. The time sequence runs
from top to bottom as the projectile moves from right to
left. The camera conditions are: lens, f/2; exposure,
0.2 jusec; and time between frames, 5 /xsec. b) Reduced
width data w/d plotted against distance downstream,

x/d) from the image converter photograph in a.

solid curve is a quartic, least-squares-fit to the data. Around
the projectile, it can be seen that the luminous wake width
is considerably larger than the body, indicating that in this
region there may be a contribution of inviscid gas to the
luminous wake. Also in this region of the flow field, the
radiation intensity is the highest, and overexposure could
be contributing to the wake width. The luminous wake
contracts in the base flow region producing a minimum width
of about 0.8 diam at 3 to 4 x/d downstream. Then the wake
begins to expand. At about 8 to 10 x/d, the luminous wake
again appears to contract as the intensity of the wake falls
below the sensitivity of the instrument. Vignetting of the
image by the instrument also contributes to the rapid ex-
tinction of the luminous wake. The experimental condi-
tions employed in this study with the image converter camera
are shown in Table 1. Useful wake widths were generally
obtained out to about 10 x/d.

Race Track Technique

Further downstream in the wake where the temperatures
.are lower, and therefore the radiation considerably less in-
tense, techniques with higher effective exposures must be
used to photograph the wake. The race track flow visuali-
sation technique16. 17 is one such method. A portion of lu-
minous wake is tracked by film on a rotating drum as the event
traverses a vertical slit placed between the wake and the
drum camera. Since the motion of the wake is primarily

Table 1 Experimental conditions

Instrument

Image Converter
Race track

Wake scanner

Poo,
cm Hg

2-10
•0.6-10

0.76-7.6
0.2-10

Fco,

kft/sec

12-15
16-20.5
15-16
16-20.5

d,
in.

0.22
0.55
1.0
0.55

Sabot

No
No
Yes
No

w/d

POD = 7.60 cm Hg Va>= 15,900 ft/sec

b)

w/d

2 '4 6 8 10 20 40 60
x/d

Fig. 2 Race track photographs of the luminous hyper-
sonic wake behind the 0.55-in.-diam spherical body fired
into air. a) representative of the unsteady wake near
the transition to laminar flow; and b) fully turbulent
luminous wake. The luminous wake growth data
obtained from these photographs are plotted beneath

each race track picture.

one-dimensional, the exposure level on the film can be in-
creased by tracking without sacrificing resolution.

Examples of photographs of the self-luminous wake taken
by this method are shown in Figs. 2a and 2b for firings of 1.0-
in.-diam. spheres into air. In this data, the drum speed was
set to track the wake in the expansion controlled region
causing mistracking and loss of detail in the base and near
wake region (x/d < 7). Also, the radiation intensity around
the projectile is sufficiently high so that the film is over-
exposed for several body diameters. Because of this mis-
tracking and overexposure, the race track data reported
herein are not useful at distances less than 7 x/d downstream
in the wake. In interpreting these photographs, it is im-
portant to realize that they are not snapshots. Since differ-
ent parts of the photograph are exposed at different times, a
distortion results in which the apparent distance from the
body is shortened, although the local structure of those events
that are being tracked is correctly reproduced. It has been
calculated from experimental data on wake velocity10 that a
mistracking error of about 5% in x/d can occur in the re-
gion, 7 to 100 x/d, because of the wake velocity varying from
an assumed constant value. The interpretation and reduc-
tion of race track pictures have been thoroughly discussed
by Washburn and Keck.16

Wake widths measured from the race track photographs
are shown below each picture in Figs. 2a and 2b, together
with quartic, least-squares curves fits to the data. It is to
be noted that in Fig. 2a the width of the wake begins to de-
crease at about 50 x/d as the sensitivity limit of the tech-
nique begins to be approached. The race track technique
has been used to obtain width and growth data for luminous
wakes from about 7 to 100 body diameters for the experi-
mental conditions given in Table 1. Data covering the range
between fully turbulent and unsteady wakes have been ob-
tained, i.e., Figs. 2a and 2b. By using two race track instru-
ments that are arranged orthogonal to each other on the
ballistic range, it also has been possible to study the symmetry
of the luminous wake.
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Fig. 3 a) Wake scanner oscillograph records of the lumin-
ous wake width for a 0.55-in.-diam spherical body fired
into air. The reduced data obtained from these pictures

are plotted beneath the oscillographs in b.

Wake Scanner

In order to study the luminous wake further downstream
where the race track method is not sufficiently sensitive, a
photoelectric instrument, the wake scanner, was devised.18

This instrument utilizes a six-faced rotating mirror, a set of
up to 17 fixed apertures, and a photomultiplier tube to meas-
ure the radiation intensity from a small volume element that
is repetitively scanned in a vertical direction across the wake.
The spatial resolution and scanning frequency can be widely
varied and are controlled by a combination of optical param-
eters of the instrument and rotational velocity of the mirror.
Under optimum conditions, resolution of a small fraction of
a body diameter is possible with repetitive scans every few
body diameters in the wake.

Sample data from the wake scanner are shown in Fig.
3a for the firing of a 0.55-in.-diam lexan sphere into air.
In Fig. 3a, the upper beam of the oscillogram, labeled PER,
is a time mark; the downward deflection of this beam just
after triggering indicates the passage of the stagnation point
of the model by the instrument location. The lower beam
on this oscillogram, labeled WS, is the signal from the scanner.
Radiation profiles are obtained about every 17 /zsec, cor-
responding to about every 6 body diameters in the wake.
The right-hand oscillogram shows a section of data recorded
more than a millisecond or more than 500 body diameters
after the projectile passage and demonstrates the capability
of the instrument to record luminosity in the far wake.
Figure 3b shows reduced wake scanner width data for this
round as a function of distance downstream in the wake. In
the near wake, at less than 10 x/d, the present wake-scanner
measurements are not too reliable as a width measurement
because of a large background signal; the sensitivity of the
instrument has been intentionally set high in order to make
observations in the far wake. The wake scanner has pro-
vided profiles of the radiation history of the wake up to 1200
body diameters downstream of the model for the flight condi-
tions listed in Table 1. This flight regime covers a range of
Reynolds number which encompasses laminar, unsteady, and
turbulent wakes.9

Accuracy and Presentation^ of Data

As just indicated, these experimental techniques have
certain regions of applicability defined either by their in-
herent sensitivity or by the manner in which they were oper-
ated in the current study. Within these regions of applica-

Image converter
Race track camera
Wake scanner

w/d, %

±14
±10
± 8

x/d, %

±14
±11
± 6

bility, the estimated precision of the over-all measurements
are summarized in Table 2.

The data on the width of the luminous wake have been
analyzed in this paper in terms of equivalent drag area, i.e.,
nondimensionalized by (CDA)1/2. It is realized that the wake
growth data presented here does not extend far into the
asymptotic growth region of the wake where (CnA)112 is most
properly justified as the correlating parameter. Also, for the
projectiles employed in this study, there is insufficient vari-
ation in (CnA)112 to establish its validity as a scaling param-
eter. However, for consistency with other published work,20

and considering the physical significance of this parameter
from momentum considerations, it is used here as the scaling
parameter. For spheres, ((7z>A)1/2 ̂  0.89 d, and use of the
body diameter as a scaling parameter introduces only small
variations from the present results.

In the present study, two of the projectiles, the 0.22- and
1.0-in. diam, were spheres. The other model, a 0.55-in.-
diam quasi-sphere, is shown in cross section in Fig. 4a. This
axisymmetric body has a spherical nose and a cylindrical
body with flare that is supposed to shear off during launch.
The dimensions shown in Fig. 4a are for the body before
launch; significant deformations were observed during flight
as shown by the shadowgraph in Fig. 4b. The drag coefficient
for this body was calculated from Newtonian theory for the
actual shapes observed in shadowgraph pictures that were
taken on each run to observe projectile integrity, attitude,
and velocity. The variation of CD with 6T is shown in Fig.
4c. Also shown are the average and extreme values of OT
measured from shadowgraphs and the values of OT before
launching. As can be noted, the value of CD calculated
from the shadowgraphs is within a few percent of CD = 1.28
which makes (Cz>A)1/2 = d. For convenience, this was the

a)

c)

CD i.o

More details on this section may be found in Ref. 19.

Fig. 4 Quasi-sphere geometry and in-flight drag estima-
tion, a) The projectile before launching; b) a shadow-
graph of the projectile in flight showing some distortion;

c) the calculated drag coefficient, CD vs. 0t.
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Fig. 5 Comparison of the lumi-
nous wake width data obtained by
the wake scanner, race track,
and the image converter camera.
The experimental conditions for
these data are given in Table 1.
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value of CD used in the data reduction for the 0.55-in. quasi-
sphere.

To facilitate presentation, analysis, and discussion, the
data were fit to a fourth-degree polynomial by the method of
least squares. The quartic polynomial has the advantage of
having well-known curve fit solutions and computer pro-
grams. The quartic fit was made to the logarithms of the
data for two reasons. First, studies indicate that the sta-
tistical distribution of the deviations in the data were more
nearly normal in the logarithmic form as compared to the
algebraic form. Secondly, the effect of the preponderance
of data points at the high values of the radial and axial co-
ordinates were lessened by the logarithmic polynomial form.

III. Results

Comparison of Techniques

Data obtained with the three experimental techniques are
compared in Fig. 5. For each of the three instruments, the
figure shows sample data and the quartic curve fit to that
data. This figure was prepared from 77 rounds with free-
stream pressures 1.9 < pm(CDA)112 < 17.1 cm Hg-cm. Ex-
perimental data are presented in a following section which
indicate that in this pressure regime, where the wake is fully
turbulent, the width measurements are independent of
ambient pressure effects. In Fig. 5, only a sample of about
300 data points out of a total of almost 3500 have been plotted
for illustration. These points represent a sample of all the
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Fig. 6 Combined luminous wake width data compared
with shadowgraph and schlieren measurements. The
luminous wake width data are presented as the rms

band (shaded area) to the quartic fit of the data.

data and are not necessarily restricted to the previously dis-
cussed regions of applicability of the various techniques.

It is apparent from Fig. 5 that the three measurement
techniques provide consistent results within the fluctuations
of the data and the regions of overlapping coverages and
applicability. The image converter camera is effective in the
base region and near wake where the race track camera is
subject to mistracking and overexposure and where the wake
scanner traces are difficult to interpret because of the high
background signal. Beyond the region of applicability of
the image converter #/(CVl)1/2 > 10, the race track pro-
vides clear definition of the luminous wake width out to
about 100 x/(CnA)112. The wake-scanner data are generally
valid for x/(CDA)112 > 10 and extend to beyond 1200
z/(CWL)1/2. The differences between the wake scanner and
the race track camera results in the region 7 < x/^CnA)112 <
30 is believed to be interpretive in nature.19

Comparison with Other Wake Width Measurements

The results of the present investigation are compared with
other experimental results in Fig. 6. The luminous wake
growth curve shown in this figure is the envelope of the rms
deviation to the composite quartic fit to all the image con-
verter, race track camera, and wake-scanner data presented
in Fig. 5. The other results presented are shadowgraph and
schlieren measurements of the viscous core of the wake and
were obtained at the pm(CDA)11* values indicated on the
figure. Shown are the quartic fit and rms deviation to
the shadowgraph data of Fay and Goldburg9 taken at 1-atm
pressure for a 0.22-in.-diam sphere, the data points from
schlieren studies of Slattery and Clay5,6 for the 0.25- and
0.50-in.-diam spheres at 4.1 to 76 cm Hg, a median line and
envelope to the shadowgraph data of Murphy and Dickinson
for 0.125- and 0.25-in.-diam spheres at 1 atm, and the aver-
age curve and spread of the shadowgraph data of Dana and
Short for a 0.22-in.-diam sphere fired into 1 atm. Beyond
x/(CDA)l/2 « 7 and to the limits of the data [x/(CDA)1/2 c*
1200], the luminous wake widths are in good agreement with
the viscous core measurements, particularly the results of
Dana and Short7 and Murphy and Dickinson.8 In the re-
gion 7 > x/(CDA)112 < 60, the data of Slattery and Clay5,6"
lie above the other results, whereas, for o:/((7z»A)1/2 < 7, the
luminous data appear to be somewhat larger than the shadow-
graph and schlieren results.

If the temperature profiles across the wake are shrinking
with distance downstream, once the threshold of sensitivity
of a given instrument has moved into the viscous core, it will
not reverse this trend and move back into the inviscid flow
field. It is less obvious that this threshold does not lie inside
the viscous core. There are several facts, however, that
cause the contours of constant radiant power to increase-
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abruptly along the edge of the viscous core in the region of the
wake characterized by small scale turbulence. First, the
ablation products of lexan projectiles C2, CN, and carbon
particles11. 21 are all much stronger radiators than air and are
contained only in the viscous core. Secondly, the enthalpy
or temperature profiles of the viscous core are probably rela-
tively flat with very steep gradients at the edges of the core.2
The presence of this relatively flat temperature profile means
that lines of constant radiant power will move abruptly into
the viscous core when the wake has cooled far downstream.
Examination of the data from the wake scanner has verified
the presence of the abrupt gradients in radiant intensity at
the edges of the viscous core. Experience with the data from
all three techniques showed that an abrupt decrease of the
luminous width did indeed occur when the instrument
thresholds were reached. It may be concluded, then, that
the luminous widths observed correspond to the viscous core
of the wake for x/(CDA)112 > 7 and as far back in the wake
as the data presented herein extended (x/(CvA)1/2 ~ 1200).

The base and near wake region [x/(CDA)1/z < 7] is subject
to several significant effects. First, in this region of the flow
field, there is considerable radiation from the shock-heated
inviscid flow field, in addition to that from the ablation prod-
ucts in the viscous flow. This conclusion is supported by
examination of the present data (Fig. 1) and from similar
results obtained at GARDE.21 The extent of this radiation
is strongly dependent on the projectile velocity (for a given
shape) and the sensitivity of the instrument. The present
experiments were directed primarily toward obtaining data
over a long length of the wake rather than to establishing the
•details of the radiation profiles in the region about and just
behind the body. Secondly, for 69 of the 77 rounds included
in this composite luminous wake growth curve, the quasi-
spherical projectile was employed, whereas spheres were
used for the density gradient measurements. The entire
flow field about the former body, and thus the initial enthalpy
profiles and pressure in the near wake, is modified consider-
ably by the increased bluntness and the cylindrical portion of
this body compared to a spherical model. For example, the
free shear layer is expected to have a smaller angle relative
to the body axis than for a sphere, resulting in a wider vis-
cous wake at the neck region. Also, the strength of the
recompression shock is directly related to the flow turning
angle, i.e., to the flow about the base of the body. As a re-
sult, the initial properties of the viscous core which deter-
mine its early growth2 are subject to considerable variation
with body shape. From these considerations, it should not
be anticipated that the present luminous results for the quasi-
spheres would show coincidence with density gradient meas-
urements of the boundary-layer induced core for spheres in
the near wake region.

Effect of Saboting

Since data have been taken with both saboted and un-
saboted projectiles, it is of interest to see if there is any ap-
parent effect of saboting on the luminous growth measure-
ments. It is evident from Fig. 5 that the data for the 1.0-in.-
diam saboted spheres are in excellent agreement with the
measurements made with the 0.55-in.-diam unsaboted
models. There is some experimental evidence obtained at
CARDE21 from absolute radiometric and spectroscopic meas-
urements that the radiation intensity from wakes of saboted
projectiles is less than from wakes of unsaboted projectiles
under similar conditions of velocity and freestream pressure.
However, it is not clear whether this effect is entirely due
to the sabot launching technique since the saboted spheres
were fired under much more closely controlled conditions of
range purity and projectile cleanliness.

The unsaboted projectile will be friction heated in the gun
barrel and may be at a higher temperature than the un~
saboted model. However, it does not seem likely that this
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Fig. 7 Comparison of wake scanner data for various free-
stream pressures. In a, the composite quartic curve fits
are shown for six pressures from 1.5 to 10 cm Hg where the
wake is turbulent. In b, the curve fits are shown for six
other pressures in the laminar and transition regimes,

0.2 to 1.2 cm Hg.

effect would change the wake growth since the only require-
ment to provide a concentration of luminous ablation prod-
ucts in the viscous wake is that ablation has begun at the
measuring station. For the data reported here, the time to
start ablation is calculated22 to be much less than the flight
time to the data-gathering stations on the range.

Freestream Pressure Effects

The effect of the freestream pressure or Reynolds number
on the growth of the boundary-layer induced wake was in-
vestigated with data from the wake scanner obtained on the
0.55-in.-diam quasi-spherical body. Composite plots were
formed from data at each of twelve pressures in the range
0.2 < POO < 10.0 cm Hg, which included velocities of 15,000
to 20,500 fps. The curve fits to the data at each pressure
are shown in Fig. 7a for pressures sufficiently high so that
the viscous wake is completely turbulent23 and in Fig. 7b
at pressures where the wake is in the laminar and transitional
regime.

Figure 8 illustrates more clearly the pressure or Reynolds
number dependence of the luminous wake growth data. The
points are the average widths obtained from the curve fits
to the data at 100, 200, and 400 x/(CDA)112 units downstream
of the projectile. Interpolated values of the shadowgraph
and schlieren data of other investigators6"9 are also shown
(see Fig. 6). The abscissa is the pressure parameter, pm
(CnA)112, suggested by Goldburg23 for the correlation of wake
transition for blunt bodies. The division into laminar and
transitional or turbulent regimes is based on a transition
Reynolds number at the shoulder of Res = 6000, in agree-
ment with the transition correlation of Fay and Goldburg.9
The data of Figs. 7 and 8 indicate that for values of p^
(Cz>A)1/2 > 2.0 cm Hg, where the wake is expected to be
turbulent, the width of the boundary-layer induced wake is
relatively insensitive to pressure. In the transition regime,
0.5 < pm (CDA)112 < 2.0, the width appears to reach a mini-
mum and then increases again in the laminar regime.

The solid curves on Fig. 8 show the pressure dependence
of the wake width at x/(CDA)1/2 = 100, 200, and 400 based on
the diffusion relation24:

w
(CV4)1/2 r^_ r r>

(C< AM/2 \ I|_ v O Z)-/i ) I I J
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Fig. 8 Illustration of the pressure dependence of the
luminous wake growth data and width data obtained with

shadowgraph and schlieren techniques.

The diffusivities v for laminar and turbulent flow, respectively,
are given by

5/?cE (2)

(3)VT = wAu/15

where p « pm downstream of the expansion region and the
Sutherland temperature dependence for the viscosity jit has
been used for the laminar case. Using these relations, it
can be seen that the laminar wake growth should have an
inverse square root pressure dependence, whereas, in the
turbulent regime, the growth is predicted to be independent
of freestream pressure. In plotting Eq. (1) on Fig. 8, the
constant of proportionality has been arbitrarily obtained
from the data at pm(CDA)1^ = 0.275 cm Hg-cm for the

THEORY OF WEBB$ HROMAS; REE25

THEORY OF CYKOUOIS(X-0.5); REF. 3

laminar condition and from the averaged data for pm(Ci)A)1/2

> 2.00 cm Hg-cm for the turbulent regime.
The suggested pressure dependence is seen to be partially

confirmed in Fig. 8. In the turbulent regime, both the pres-
ent data and the shadowgraph and schlieren data of other
investigators5"9 indicate a width essentially independent of
pressure over a factor of about forty in the parameter
pa>(Cz>A)1/2. The inverse square root pressure dependence
predicted for laminar wake growth is not established by the
present data because of the lack of sufficient coverage at
low pressures. In fact, the luminous data at the one pres-
sure available well into the laminar regime indicates a stronger
pressure dependence (more like 1/p) although the scatter hi
the data precludes precise evaluation. It should be noted
from Fig. 7 that this pressure effect is observed only for
x/(CnA)1/2 > 60, i.e., in the region where diffusion begins to
dominate.

Comparison of Theory and Experiment

The results of these experiments are compared with various
theoretical investigations in Fig. 9. The quartic fit of the
turbulent luminous wake measurements is compared to theo-
retical results of Lees and Hromas2. 20 and Lykoudis3 and a
semi-empirical correlation suggested by Fay.24 Lees and
Hromas developed a momentum integral method for the
turbulent boundary-layer induced core that results in a nu-
merical calculation for the wake width depending upon
empirical results for the initial conditions and
the turbulent diffusivity. The curve shown on Fig. 9 is a
calculation by Webb and Hromas25 of the growth of the vis-
cous wake for the experimental conditions of pm = 6 cm Hg
and To, = 18,300 fps., using initial conditions calculated
to be appropriate for the 0.55-in.-diam projectile used in the
experiments. As can be seen, the theory matches the experi-
mental curve until about x/(CoA)112 ^ 200 at which point
the theory predicts a wake growth significantly greater than
the data. This rapid growth in the theoretical curve takes
place when the viscous core grows out into the region of large
gradient of the in viscid enthalpy profile. It is interesting

17,900 ft/sec
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Fig. 9 Comparison of luminous wake growth data with
various theoretical calculations.

Fig. 10 Illustration of wake asymmetry. The race track
photographs show the top view consistently larger than the
side view. Because of a difference in the rotational velocity
of the two recording drum cameras, the top view is not to
the same axial scale as the side view. Direct correlation of
events can be made by following the guide lines running

between the photographs.
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that the experimental data show no such effect out to at least
1000 body diameters.

Lylsoudis3 obtains a closed form solution for the wake
growth incorporating the same physical considerations as
Lees and Hromas. His results for Mm = 16 and X = 0.5 for
a sphere of CD = 1.0 are also presented in Fig. 9. Good
agreement with the luminous wake measurements is indicated
for both the growth rate and the width, although the theo-
retical values in the range x/(Ci>A)112 > 40 are somewhat
above the experimental results. Consideration of the neck
stagnation enthalpy scaling relation in Ref. 3 indicates a
value of X somewhat smaller than 0.5 would provide better
agreement between the theory of Lykoudis and the present
experiments. Lykoudis also considers the effects of Mach
number variation. Unfortunately, the scatter of the present
data (about 20%) exceeds the theoretical change in wake
width of about 10% at x/(CDA)lf2 ~ 100 for a change of
Mach number from 16 to 19.

For hypersonic wake growth for blunt bodies, Fay24 sug-
gests the use of the simple result of dimensional arguments:

where K = 0.9. This semiempirical expression was fit to the
present luminous wake growth data and the constant K de-
termined to be 0.66 for values of 2 < x/(CDA)112 < 1200.
The fit of Eq. (4) has an rms deviation of 23% compared
to the deviation of 20% obtained with the quartic fit. It is
concluded from the comparison of the quartic fit and the fit
of Eq. (4) on Fig. 9 that a simple semiempirical expression,
such as

is adequate for prediction of the width of the luminous wake
within the scatter of the data, although the rate of growth is
not accurately predicted in some regions.

IV. Asymmetry of the Hypersonic Turbulent
Wake

Photographs of the hypersonic turbulent wake have been
recorded using two drum cameras mounted orthogonal to
each other on the ballistic range. These two views of the
wake, oriented at 90° from one another, allow the symmetry
of the luminous wake to be determined. A total of 14 sets
of pictures were obtained at pm ~ 6.0 cm Hg for the 0.55-in.-
diam projectile covering a velocity range of 16,600 to 18,600
fps. Two conclusions may be drawn from these data: 1)
the luminous wake can be asymmetric or elliptical for much
of its length, and 2) the asymmetries show an oscillation
suggesting a large scale flow structure in the wake.

Typical data illustrating the first point are shown in Fig.
10. It is apparent from the race track photographs in this
figure that the top view is wider than the side. Below the
photographs, the ratio of the top to side widths, WT/WS, and
also the actual width as a function of distance downstream
in the wake have been plotted as obtained from the pictures.
There are two scales used to plot the data: x/(CDA)112,
the usual body-fixed coordinate system, and x/d, the local
nondimensionalized distance between events in the wake
which are tracked.**

The average value of the ratio of widths, WT/WS, was
calculated for each of the 14 orthogonal runs by averaging
the ratio measured every 2z/(Cz>A)1/2 for the length of
luminous wake available. This average ratio is plotted in
Fig. 11 as the number of rounds within a certain range of
asymmetry and illustrates the distribution of asymmetries.
Although 14 cases are insufficient for a meaningful statistical
study, it is apparent from Fig. 11 that the observed average

Fig. 11 Bar graph
distribution of (WT/WS)
for tlie 14 cases studied
for asymmetry, where
(WT/WS) represents the
value of the top to side
width ratio averaged
over the entire length of
race track data recorded

in each case.

wake asymmetries suggest a random distribution centered
around the symmetrical case WT/WS = 1.0.

The second observation of interest in this study is the
interchange of the total wake width from top to side as one
proceeds downstream in the wake, illustrated in Fig. 12. The
scale of this phenomenon is about 1 to 2 x/d. This observa-
tion strongly suggests the presence of large scale eddies as
proposed by Fay and Goldburg.9

The initial investigation of the symmetry of the turbulent
hypersonic wake was carried out using a 0.55-in.-diam un-
saboted quasi-sphere. Wake asymmetries could possibly
have resulted from body angle of attack and rotation, and
barrel heating. These phenomena were studied in Ref. 19
and found to be minimal in their effects on the observed wake
asymmetry. Subsequent to these initial tests, a series of
firings were conducted using a l-in.-saboted lexan sphere
to further verify these findings. Analysis of these results
indicated similar asymmetries occurred, though noticeably
subdued in length of ellipticity and amplitude of interweav-
ing widths. The distribution of <WT/WS> for the saboted
firings supports the initial results shown in Fig. 11 for the first
test series.

v00= le.eoo ft/sec
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** The scale x/d used here is the same as (x/d)nim used in Ref.
16.

O" 10 20 30 40 50 60 7O 80 90 100

Fig. 12 Illustration of interweaving widths yielding an
asymmetry that does not consistently remain oriented in

one view.
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V. Summary

The results of this investigation of the luminous hyper-
sonic wake may be summarized as follows:

1) It has been possible to measure the width of the lumi-
nous wake from the model out to about 1200 body diameters
by the combined use of three techniques: image converter
camera, race track camera, and wake scanner.

2) These luminous measurements are interpreted as de-
fining the viscous boundary-layer induced core of the wake
and are shown to agree with other shadowgraph and schlieren
measurements of the width of the viscous core.

3) In the fully turbulent regime, the width was essentially
independent of pressure; in the transition regime, the width
was observed to reach a minimum; and for 0.2 cm Hg, where
the wake should be laminar, the width was observed to in-
crease again.

4) The turbulent theory of Lees and Hromas predicts a
faster growth than the data beyond about 200 body diam-
eters, whereas that of Lykoudis appears to give good agree-
ment if the proper stagnation enthalpy at the neck is used.
The simple asymptotic growth law can be made to fit the
present data within the experimental uncertainty by an
adjustment of the constant of proportionality from Fay's
value of 0.9 to 0.66.

5) Photographs taken with two orthogonal race track
cameras indicate significant asymmetries of the luminous
unsteady hypersonic wake.
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