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Measured Transition from Laminar to Turbulent Flow and
Subsequent Growth of Turbulent Wakes

W. G. CLAY,* M. LABITT,f AND R. E. SLATTERYJ
Lincoln Laboratory',§ Massachusetts Institute of Technology, Lexington, Mass.

Turbulent transition distances and growth of turbulent wakes behind yg--in. copper-clad
aluminum spheres traveling through rarefied air at 18,000 to 20,000 fps are presented. The
data are taken by two independent methods: twin schlieren systems (optical) and a UHF
microwave cavity (electronic). The turbulent transition distances are measured to several
thousands of sphere diameters at the lower pressures by both methods. Turbulent wake
widths are also determined by both techniques and the J power growth rate is confirmed for
these velocities.

Introduction

OVER the past several years, various measurements of the
transition from laminar to turbulent flow in the wake

behind various hypervelocity bodies have been reported.1"3

These measurements, in most cases of direct observation,
have been limited to transition occurring quite close to the
body, since they have depended either on schlieren or shadow-
graph techniques of limited sensitivity or on the observation
of rapidly decaying radiation. Indeed, a body of opinion
has grown up which considers that transition never occurs
further behind a body than approximately 100 body diam-
eters.4 In order to investigate this problem and several others,
new microwave techniques for measuring the width of the elec-
tron wake have been developed and combined with improve-
ments in schlieren sensitivity at Lincoln Laboratory. These
techniques have permitted the measurement of transition
several thousands of body diameters behind hyper-velocity
spheres in the ballistic range. In addition, these techniques
have been used to measure wake growth by observation of the
electron wake and the gas density gradients. The effects of
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projectile velocity on both of these phenomena have also been
investigated and are reported in the paper.

This paper is divided into two parts: techniques and re-
sults. In the former, the schlieren and microwave techniques
are described; in the latter, the experimental results are pre-
sented and discussed.

Measurement Techniques

The schlieren results have been accumulated by utilizing
two spark schlieren systems of very high sensitivity which are
physically side by side in the same experimental chamber at
our larger ballistic range. The systems are completely inde-
pendent, and the pictures that they take are independently
timed from a common trigger pulse that originates when the
projectile is in the center of the first schlieren system.

Figure 1 is a sketch of one of the systems being used. It is
a double-pass system similar to those previously described by
two of the authors5 but utilizing line spark sources. Each
mirror is a 12-in.-diam first-surface sphere of 12-ft radius of
curvature. The sensitivity of a schlieren system depends on
the focal length of the mirror employed, the number of times
the light rays pass through the disturbance being observed,
and the size of the light source.6 Generally, the size of the
light source is limited by the requirement that sufficient
light be provided to take spark photographs, since the emis-
sivity of the spark plasma remains roughly constant as the
size is changed. However, in the case of knife-edge schlieren
(as opposed to dot or other nonlinear schlieren obstacles) the
results are unaffected by extending the light source parallel
to the knife edge. Thus, one may narrow the slit, obtaining
improved sensitivity of a smaller source, while the total light
intensity is held to the required value by making the source
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Fig. 1 Sketch representation of the schlieren system.

fairly long. In this work the authors have utilized a spark
designed by A. P. Ferdinand of Lincoln Laboratory. It is
characterized by great spacial stability, high and uniform light
output, and relatively short duration (0.25 jusec)^ Geo-
metrically, the spark is a simple plane-to-plane discharge
confined to an open channel and initiated by a separate
trigger electrode. The spacial stability of the spark permits
it to be focused onto a slit, and the slit is then used as the
schlieren light source. The slits used were all 0.080 in. long
and varied in height (i.e., the direction perpendicular to the
schlieren knife edge) from 0.003 to 0.020 in., depending on the
sensitivity required. With this system, which is capable of
extreme sensitivity, it is frequently desirable to degrade the
sensitivity at higher pressures, and for this purpose the wider
slit is used.

In all cases the camera is focused onto the plane of the dis-
turbance, reducing the refraction caused by shadowgraph
effects (at lower pressures shadowgraph effects are weak and
can be eliminated entirely by this method). This focusing
also results in much sharper schlieren photographs and, un-
like shadowgraph, in no loss of contrast.

As an example of the sensitivity of the system, Fig. 2a
shows the wake 6250 body diameters behind a ^-in.-diam
sphere traveling 20,000 fps. (The slit employed in taking
this picture was 0.003 by 0.080 in.). In this case the wake has
the "corkscrew-like" form of a subsonic turbulent wake but
the general appearance is laminar. It is interesting to com-
pare this with the subsonic wake shown in Fig. 2b.

The width of the electron wake is measured by means of a
UHF microwave cavity, operating at about 440 mc/s in the
TMm mode. The projectile passes through the cavity,^and
the electric field of the cavity generates a complex dipole
moment in the ionized wake (that is assumed to have a cylin-

Fig. 2 Similarity in the locus of the wake 5000 body
diameters behind a) a j^-in.-diam sphere traveling 20,000
fps through 5mm Hg of air, and b) a J-in.-diam sphere

traveling 850 fps through 20 mm Hg of air.
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Fig. 3 Cavity and electronics used to measure electron
wake width.

drical shape and a uniform electron density). Laminar flow
calculations7 and schlieren photographs bear out the assump-
tion of sharp boundaries. The technique of measuring the
dipole moment yields an average electron volume density
and wake width based on the assumption of a uniform cylin-
drical distribution. Figures 3a and 3b show the cavity geom-
etry and a simplified block diagram of the measuring cir-
cuitry. Since the cavity is of the order of 90 body diameters
long in these experiments, the assumption of average cylin-
drical symmetry seems amply justified.

The details of the cavity technique have been described
elsewhere,8'9 and the process will merely be outlined here.
One measures the change in phase of the transmitted signal
<p and the ratio of running to initial signal amplitude S as a
function of time after the passage of the pellet. The electron
density n and the electron wake radius R may then be ex-
pressed as

(1)2meoco2r _ (y/co) sin<? "I
~~ e L cos V ~~ ^ J

a2/!2 (a) dc
"4u> QL

2 cos^ - (l/S) -I
(x)dx /aA (S-

(2)

where ra, v, e0, c, and e have their usual meanings, co is the
cavity resonant frequency, a is the argument of the first zero
of the Bessel function /0, QL is the loaded Q of the cavity,
and d is the distance between the two flat faces of the cavity.

The validity of this technique has been checked using di-
electric rods, quartz discharge tubes, and laminar wakes.
Data reduction has been programed into an IBM 7094 com-
puter, and a typical printout from an x-y plotter is shown in
Fig. 4 for the wake of a &-in. sphere traveling through a 20-
mm Hg pressure air at 20,200 fps. Data are only plotted out
to 2 msec in this case. Beyond this point (v/ui) approaches
(cos<p — $)/sin<p and the value of the radius becomes in-
determinate.

In Fig. 4 the initial radius of the electron wake is found to
be constant and in substantial agreement with the theoretical
work of Feldman7 for laminar wakes. This constant radius
is assumed to be indicative of a laminar wake and is verified
by schlieren photographs. This result disagrees with some
of the theoretical assumptions made by previous authors.10

Extrapolation of earlier work would lead one to expect a long
laminar wake for this small sphere at so low a pressure.1
This is confirmed, but at something over 1000 body diameters
the wake begins to grow, and this is assumed to be the point
where turbulence sets in. Beyond this point the growth rate
is that which is expected for a turbulent wake [i.e., wake
width/body size <x (length of trail/ body size)1/3]. The point
where the growth begins is indicated by an arrow in Fig. 4,
and is assumed to be the position of laminar-to-turbulent
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transition. Schlieren photographs confirm the laminar
nature of the region of constant width and the turbulent
structure of the expanding region.

It is characteristic of this technique that the volume density
of electrons is measured, as well as the wake radius. For
times after the-radius measurement has ceased to have phys-
ical validity, Kornegay11 has shown that the electron density-
wake area product is still meaningful. Thus a line density
nl can be computed

HI = irR2n
that is directly comparable with the line density measured by
the line density cavity technique developed by one of the
authors.8 This has been done on many shots, the projectile
first traversing the line density cavity and then the width
measurement cavity. These cavities are about 5 ft apart.
A typical comparison of results from the two cavities is shown
in Fig. 5. The results from the two cavities agree to within
20% over four or five orders of magnitude in Ui for trails as
long as 25,000 body diameters. Agreement of this sort in-
dicates the statistical reproducibility of sections of wake 90
body diameters long from the same projectile measured at
different stations, and also serves as a check on internal con-
sistency.

Earlier experiments were performed using aluminum
spheres, but the data presented in this paper were all taken
using copper-coated, saboted, aluminum -^-m.-diam spheres
that had been cleaned by ultrasonic agitation in ethyl alcohol.
These behave like copper spheres. We have been unable to
obtain any spectrographic evidence that the copper ablates
down to the aluminum within our experimental distances.
In all cases where electron density measurements are quoted,
the experimental tanks were pumped to less than 5 X 10 ~5

mm Hg, and the leak rate never exceeded 2 X 10 ~5 mm Hg
increase per minute. The impurities are felt to arise ex-
clusively from outgassing. This conclusion is reinforced by
mass analysis of the residual gas. When the precautions
described previously are observed, the tanks tend to ingas
rather than outgas as air is let into the tank. Filling of the
tank was done with purified air from cylinders, and the im-
purities fraction in the experimental environment is of the
order of 10~5.

Results
Figure 6 is a plot of the distance from the body to the point

of laminar-to-turbulent transition divided by the square root
of drag area vs normalized pressure [i.e., xT/(CDA)l/2 vs P
(CnA)112]. It will be noted that there are two curves:
a lower curve consisting of data behind bodies of various
shapes traveling at less than 16,000 fps (see Ref. 1), and an
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Fig. 5 Comparison of standard and width cavity results.

upper curve for spheres in the 18,000 to 20,000 fps velocity
range. The data points of the upper curve in the lower pres-
sure end consist of electron wake data (where there is a
change in the growth rate of the wake) as well as schlieren
data. One point from the doppler analysis of radar returns
behind an 8-in. sphere fired at 22,000 fps from Wallops
Island is also shown. When schlieren data were taken far
behind the body, the electron wake was used to help search
the trail for the transition point. Since the field of view of
each of the schlieren systems is only 50 body diameters, de-
lays were set into the individual spark sources so as to bracket
the position roughly indicated by change in growth of the
electron wake. In a series of shots the time between the
sparks was reduced. Thus, at thousands of body diameters
behind the bodies it was possible to assign regions where
transition took place. When one is this far back in the wake,
the transition point is not clean-cut or stable in space-time
so that only regions have been assigned. The data flags in
Fig. 6 are assigned in this fashion and represent the final
bracketing space. The region above the curve is turbulent
and below it is laminar as evidenced from a series of brack-
eting pictures. In this way one not only photographs the
transition region, but on the same wakes one accumulates
data in different ways and confirms that the two regions of
the electron wake that grow differently are indeed laminar
and turbulent.

10,000 -
TRAILBLAZER Ik

ELECTRONIC MEASUREMENTS
ALL OTHERS ARE
OPTICAL MEASUREMENTS

INDICATES NO UPPER LIMIT
TO BRACKETING

M 5-14 (various shapes)

10 15

C A (mmHg x in.)

Fig. 4 Typical output of an electron wake width date
measurement.

Fig. 6 Laminar to turbulent transition distances as a
function of drag area, pressure, and Mach number.
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Fig. 7 Typical series of shocks originating from a tran-
sition 146 body diameters behind a j^-in.-diam sphere

traveling 18,000 fps through 60 mm of air.

Figure 6 demonstrates two new and interesting phenomena.
Firstly, the distance behind the body at which transition
occurs seems to be extremely velocity dependent above
16,000 fps. Secondly, it will be noted that there is apparently
a break in the upper curve, where the smooth progression of
transition distance away from the body with decreasing
pressure appears to undergo an abrupt change. Considerable
difficulty was encountered in obtaining even one data point
in the region of [xT/(CDA)l/2] between about 200 and 1200
due to the very narrow range of pressures involved in the
break in the curve. At higher pressures, to the right of the
break, the onset of turbulence is similar to the data published
previously, and when the laminar flow turns turbulent small
shocks (Mach waves) are seen to originate from the turbulence
(Fig. 7). Presumably these arise because the laminar wake
is supersonic with respect to the surrounding in viscid region.
At lower pressures, to the left of this region of apparent
abrupt change in the transition curve, these shocks are no
longer seen when the wake becomes turbulent. Figure 8
shows a picture of transition in the center of this region.
There are no shocks coming from the wake either in the region
of full transition or from the small protuberance at the left
of the picture. Pictures of similar protuberances occurring
closer to the body in the other pictures at this pressure do
originate shock waves. These remarks concerning the Mach
number of the wake core with respect to the surrounding gas
are purely observational. The relationship, if any exists,
between this phenomenon and the abrupt break in the transi-
tion curve is not understood.

The authors suggest that one possible explanation for the
abrupt change in the smooth behavior of the curve may be
that as one goes to lower pressures for a given body size the
transition to complete turbulence does not occur until the
laminar wake is subsonic. At still lower pressures, where
transition is quite far back in the wake, the turbulence ap-
pears different and in some ways reminiscent of subsonic
wakes (Fig. 2 is an excellent example of this). In this sub-
sonic region, the position behind the body at which turbulence
can occur seems to vary within rather wide limits, and, in
fact, the cavity data seems consistently lower than the schlie-
ren measurements. In the schlieren technique one de-
pends upon a subjective recognition by the experimenter of
turbulence as it first becomes visible on a photographic plate.
For these high projectile velocities, the laminar wake is
initially quite hot, its density is very low, and it is possible
that turbulence may occur within this isentropic region and
still not be recognizable to the viewer until it bursts out of its
heated core. Thus the cavity might see this growth before
the eye would. This is put forward as a possibility;
one might also argue conversely that the wake has
had ample time to cool, and that there should be no
differences between the two methods other than that ex-
pected for the 90 body diameter resolution length of the
cavity. The true cause of the differences is not really under-
stood at present.

Prior to transition the laminar wakes, as seen by schlieren
and microwave cavity techniques, demonstrate a slight
pressure dependence. This is shown in Fig. 9. At the higher
pressures, where transition in the wake occurs close to the
body, the least measure of the cavity (about 90 body di-
ameters) prevents measurement. The curve in Fig. 9 is for
a constant velocity of 18,500 fps. A velocity effect must also
exist since the few points we have for laminar wakes at
lower velocities (8500 fps) but the same pressure regions in-
dicate a much narrower wake. Since we have found that
laminar wakes grow very slowly, the values chosen are midway
between the sphere and the transition point. The agreement
between the cavity and schlieren technique is seen to be ex-
cellent.

Once the wake turns turbulent, its width may still be
measured by both schlieren and cavity techniques. The
points used in the schlieren curves represent individual shots,
whereas the cavity technique gives continuous readings for a
single shot. In Fig. 10 the growth of the turbulent wake, as
measured by both of these techniques, is plotted.

In view of the excellent agreement between the cavity and
schlieren techniques for the laminar wake, the authors were
surprised to find the cavity data consistently and uniformly
lower in the turbulent region. The measured width of the
electron wake at all pressures is about 25% lower than that of
the schlieren-measured wake. This may arise, in part, from
the definition of width used in the turbulent case where an
average width is used. However, even if one uses an extreme

o OPTICAL MEASUREMENT

• ELECTRONIC MEASUREMENT

v = 18,000 to 20,000 fps

Fig. 8 A typical transition, in the case at p — 35 mm in
the middle of the break in the upper curve of Fig. 6.
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Fig. 9 Laminar wake width vs pressure.



MAY 1965 MEASURED TRANSITION FROM LAMINAR TO TURBULENT FLOW 841

• SCHLIEREN OR SHADOWGRAPH
CAVITY TECHNIQUE

z/D (ball dia)
10,000 100,000

Fig. 10 Width of the turbulent wake of spheres measured
different ways under several conditions.

example and plots the core of the schlieren wakes, the results
still fall above the electron wake values. The reasons for
this are not understood, and despite the agreement between
the two techniques for the laminar wake, we are not prepared
to call this a real effect at the present time. The growth rate
for both cases is extremely close to the expected f power.

The data from several other sources are plotted in Fig. 10,
and the evidence of velocity dependence is clearly shown.

At lower velocities the width of the turbulent wake of spheres
is less at any given station in the wake but the growth rate
remains fixed.
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