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Unsteady Hypersonic Wake behind Blunt Bodies
J. A. FAY* AND A. GoLDBURGf

Avco-Everett Research Laboratory, Everett, Mass.

Optical observation of wakes behind hypervelocity spheres suggests that large-scale looplike
vortex structure is generated in the flow field near the body at characteristic intervals in a
phenomenon that bears certain similarities to that which is observed in incompressible flow.
Hypersonic wake transition phenomena are examined in the light of this large-scale hypothesis.
The quantitative variation of the hypervelocity Strouhal number with Reynolds number
shows classical behavior and has an asymptotic limit of about 0.35. In the transition regime,
it is suggested that, in schlieren photographs, the distance xs from the body to the point
where some perceptible amount of structure can be seen be interpreted in terms of the distance
required for the decay of some amount of fluctuating wake energy from large scale to random
small scale. Then, the variation of xs with R resembles the behavior associated with the
development of turbulence in incompressible wakes. A single real gas shoulder Reynolds
number of 6000 correlates data for transition to wake unsteadiness in air for 8 < M < 19.
Turbulent core and luminous wake growth for M ]> 10 suggests that for blunt bodies under cer-
tain conditions the shock-induced wake independently goes unsteady near to the body rather
than being entrained by the turbulent core.

A. Introduction: Vortex Loops in Bluff Body
Wakes

THE wakes behind hypervelocity bodies during atmos-
pheric re-entry and ballistic range flight can be observed

by means of visible radiation. The patterns of observables
in the hypersonic turbulent wake may be thought of as
being composed in the following schematic way: chemistry
determines the observable "tracers," and fluid mechanics
determines the mixing patterns. The authors propose to
try to advance the understanding of the fluid mechanics of
turbulent compressible hypersonic wakes by interpreting
the observed patterns of visible radiation in the ballistic
range experiments with the aid of what is known about un-
steady incompressible wakes.

This paper attempts to show qualitatively and, where pos-
sible, quantitatively certain basic fluid mechanical similari-
ties of the incompressible and compressible hypersonic
wake. The following points of similarity will be discussed
subsequently: 1) characteristic wake disturbance frequency,
2) form of Strouhal number S variation with Reynolds num-
ber R, J 3) coincidence of onset of vortex generation with on-
set of wake turbulence, 4) correlation of decay of large-scale
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vortex system into smaller-scale turbulence with Reynolds
number, 5) nonaxial symmetry, and 6) wake growth.

These similarities were suggested by comparisons of self-
luminous photographs of hypersonic wakes with those of
dye-traced incompressible wakes.1 They are discussed
quantitatively in this paper.

The periodic shedding of vortices behind circular cylinders
and bluff bodies in subsonic flow at low Reynolds number is
a ivell-known phenomenon. (For a summary, see Goldstein2

and Torobin and Gauvin.3) Roshko4 with the hot-wire
technique examined in detail the shedding and decay of the
discrete vortex system behind a cylinder — the von Kdrm^n
vortex street — into a fully developed turbulent wake having
a continuous energy spectrum. The quantitative evidence
developed by Roshko for the vortex shedding and energy
decay phenomena consisted of two kinds: 1) the behavior
of the nondimensionalized frequency, § the Strouhal number
S, with Reynolds number R (Fig. 1); and 2) the develop-
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Fig. 1 Strouhal number vs Reynolds number for the in
compressible wake; Roshko's Fig. 5 from Ref. 4 for the cyl-
inder with a curve for the sphere wake calculated from the

experiments of Magarvey and Bishop11 (see Fig. 8).

§ One cycle was based on the shedding of every other linear
vortex filament.
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ment of the ratio of the energy intensity at the shedding
frequency and the first harmonic to the total fluctuating
wake energy, suitably averaged across the wake, (Ei + E%)/E,
as a function of Reynolds number and distance downstream
from the body (Fig. 2). He clearly showed that the generator
of and the source of the energy content of the turbulent wake
was the vortex system "shed" by the body. Like Roshko,
the present authors use the term "shed" throughout the re-
port for convenience; it is not meant to imply anything
about the mechanism of the formation of free vortices.

The quantitative evidence in support of the similarities
listed previously will be discussed now. Items 1-4 are taken
up in Sec. B, and items 5 and 6 are taken up in Sec. D. The
evidence leads us to postulate the generation of large-scale
vortex structure behind the body as the precursor of turbu-
lence in the hypersonic wake, as is the case for the subsonic
wake. The presence of these vortex loop systems in the
wake introduces a significant large-scale discrete component
to the turbulent wake energy spectrum. Based on knowledge
of incompressible cylinder wakes,4 it is reasonable to expect
that as the vortex loops fall further and further behind the
body they break down and decay into the smaller-scale
random eddies.

B. Vortex Shedding and Energy Decay
in the Hypersonic Sphere Wake

If vortical filaments are formed behind hypervelocity three-
dimensional bodies, then it should be possible to find the same
sort of quantitative evidence in support of their existence
as has been done for the incompressible cylinder case (Figs,
land 2).

1. Strouhal Number

The Strouhal number depends upon the physical proper-
ties of the flow and the geometry of the body surface. Ray-
leigh5 first suggested that, for given geometry, an empirical
relation existed between the Strouhal and Reynolds numbers
of the form

S - (R0/R)] (D

where ~S is the asymptotic value of the Strouhal number for
large R » RQ) and RQ is the value of the Reynolds number for
which S would be zero. Figure 1 shows the experimental
points for the incompressible cylinder and the curve for the
incompressible sphere wakes. Experimentally, the shedding
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Fig. 3 Typical drum camera streak photograph with the

corresponding space-time plot.

of vortices is not always apparent for R > RQ. They usually
begin to shed at about R > 2R0. For the range R0 < R <
2RQ, the laminar wake may exhibit an undulatory character,
unsteadiness, or oscillations of some kind.

The frequency measurements for wakes behind unsaboted
hypervelocity spheres (Mn « 15) were made from self-
luminous drum camera photographs6 taken in the Avco-
Everett Research Laboratory ballistic range. In the drum
camera technique, an open viewing port is used, and the
film is moved perpendicular to the direction of flight. Figure
3 is a typical example of a drum camera "streak" photo-
graph. The ablating pellet is moving from left to right and
traces the bright, straight line (in the film-pellet geometry,
the halo is the less luminous shoulder); the "streaks" are the
gross traces of the contaminant-laden vortex filaments, made
self-luminous by the highly luminous ablation products, as
they fall behind the body and slow down. The resolution
of the photographs is to within seven body diameters of the
pellet.

The hypersonic Strouhal number is counted by eye in the
following manner. A count is made of the number N of
prominences along a line of the film parallel to the trace of
the pellet. The eye-mind analysis uses two engineering
rules. First, it ignores apparent eddy sizes below a certain
magnitude. Clearly, luminous fluctuations within a vortex
filament are not of interest. Second, obviously, it ignores
the length of the data sample as a wavelength of interest. ||
A counting line is chosen as near to the body as the streak
structure is resolvable, i.e., immediately downstream of the
base resolution limit of the drum camera technique. This
choice is made as being the most straightforward one for the
eye-mind analysis procedure. If the projectile moves a real
distance x in the time during which N events are counted, then
the Strouhal number is ND/x.

A shoulder Reynolds number is computed (90° from stag-
nation point) as being representative of the separated flow
conditions in the inviscid wake. The best estimates of the
flow chemistry indicate an equilibrium flow across the bow

|| Mechanical procedures for streak counting are being de-
veloped. An automatic analysis procedure has the advantage
over the eye-mind analysis of incorporating the engineering rules
for counting in a known quantitative manner in the filters.



2266 J. A. FAY AND A. GOLDBURG AIAA JOURNAL
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RS vs R (shoulder R = [VD/v]w°) for the hypersonic
(Moo ~ 15) sphere wake in air.

shock for the ballistic range conditions of these runs. If p
is the initial pressure (cm Hg) and V is the flight velocity,
these assumptions lead to the following formula for the
shoulder Reynolds number in air:

R = 1780[7(kft/sec)]°-6b(cm)][D(cm)] (2)
The Strouhal number plot for hypervelocity pellets (7 about
15,000 fps) in air is shown in Fig. 4, where it is compared
with the incompressible results.

The constants in the Rayleigh correlation, Eq. (1), for the
hypersonic wake data are Ro = 3000 and S = 0.70. The
value of RQ = 3000 is obtained by taking ^ of the Reynolds
number at which vortex structure first appears in the drum
camera photographs (see Sec. D on transition). The me-
chanics of counting were set up such that every luminous
prominence was counted and was associated with one cycle
of the shedding phenomenon. This is in contradistinction
to the practice in the incompressible cases where two vortex
filaments were associated with one cycle of the shedding
phenomenon. Thus, in making a comparison with the in-
compressible results, the S should be divided by two. There
seems little doubt that in the hypersonic case the magnitude
of these dimensionless frequencies in the wake and their de-
pendence upon Reynolds number both follow the pattern
observed in incompressible flow. The fact that S and Ro
are so little different at Mach 15 from their values at M « 1
is indeed remarkable. For these reasons alone it seems very
likely that large-scale vortices are generated behind bluff
bodies in hypersonic flow and, as in the incompressible case,
are the major disturbances that initiate a turbulent growth
of the wake.

Fig. 5 Percent of velocity fluctuation wake energy in small-
scale random turbulence as a function of x/D and Reynolds
number for incompressible cylinder wake (after Roshko4).

In any attempt to proceed further and establish a pheno-
menology of vortex generation, it is important to note that
hi the incompressible case the larger part of the drag is in
the momentum defect produced by the discrete vortex sys-
tems. In the hypersonic case, almost all of the drag is in the
momentum defect produced by the shock.

2. Energy Decay Lengths for the Discrete Vortex System

Of particular interest is the decay of the fraction: the
ratio of the energy spectral intensity at the shedding fre-
quency and the first harmonic to the total fluctuating wake
energy intensity, (El + E2)/E, where E = El + E<L + Er, and
Er is the energy intensity in all other frequencies. In the
incompressible case, higher harmonics were found to make
negligible contributions to the discrete components.

With hot-wire techniques, Roshko measured the variation
of this fraction with Reynolds number and distance down-
stream for the incompressible cylinder wake (Fig. 2). Figure
5 is a replotting of these data, where "% turbulent" refers
to the fraction Er/E = 1 - [(El + E2)/E]. At fixed R
and proceeding downstream to greater and greater values of
x/D, one transverses a path over which the energy in the
periodic velocity fluctuations at the shedding frequency and
the first harmonic is continually being transferred down to
the energy in the random small-scale eddy velocity fluctua-
tions containing all frequencies. In other words, as one
proceeds downstream one will observe that the large-scale
discrete linear vortices continually fill up with and are
eventually totally consumed by the random small-scale
turbulent eddies. The authors believe that there is evidence
in schlieren photographs of the hypersonic counterpart of this
energy decay process.

A schlieren system has a definite sensitivity limit that is
set by the refinement of its optics and the refractivity of the
medium. For a given system and a given medium, the con-
trast in the schlieren image goes as the density gradients
along the respective light paths through the medium. Ballis-
tic range experiments in the transition regime for hyper-
sonic wakes in air are performed at densities so low that the
finest air schlieren systems are operating close to their
sensitivity limit.7"9 The air schlieren photographs obtained
hi the transition regime show a more or less smooth texture
in the upstream part of the hypersonic wake going over into

SLATTERY £ CLAY
M

D = 0. 125 ~ A 7.2
D = 0.250 ~ "7.2 »3.6
D = 0.500 ~ »7.2

RD)SHOULDER

Fig. 6 Distance xs from the ball to the point in the wake
where some perceptible amount of structure is seen in the
schlieren photograph as a function of shoulder Reynolds
number, according to the measurements of Slattery and
Clay.8'9 This is interpreted in terms of the distance re-
quired for the decay of the large-scale vortex system into
some amount of random small-scale turbulence. The
wavy line indicates the downstream limit of the experi-

ments.
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Fig. 7 Incompressible single thread wake (Magarvey and
Bishop12).

a rough eddylike structure towards the downstream part of
the wake. This respective absence and presence of contrast
is probably not due to a change in fluid mechanical behavior
from steady to turbulent flow but due to whether the density
gradients in the already unsteady flow starting near to the
body are less than or greater than the requisite magnitude
for registering the flow pattern on the schlieren photograph.

It is hypothesized that in the transition regime the air
schlieren photographs reveal unsteadiness when the large
vortex system generated near to the body breaks down and
decays into the smaller eddies that produce sufficient sharp-
ness of density gradients for observation with the threshold
level of the given schlieren system. Slattery and Clay8' 9

carefully analyzed their schlieren photographs of hypersonic
wakes in the transition regime. For each ballistic range
shot (given pressure, velocity, and ball diameter) by eye,
they measured the distance x8 from the body to the point
where some perceptible amount of structure could be seen
in the schlieren photograph.

The data of Slattery and Clay are considered in the sense
of locating the position of some given (but unknown) per-
centage of small-scale turbulence in the hypersonic wake
generated by the decay of the large-scale system. Thus, the
behavior of x8 as a function of R (Fig. 6) should have the same
form as one of the "% turbulent" curves for Roshko's data
(Fig. 5). A comparison of the figures indicates that such a
similarity exists.

In this section a start has been made at providing quan-
titative evidence of hypersonic vortex "shedding" of the
same type as has been provided for the incompressible
wakes. It has been shown in the hypersonic case that the
magnitude of the dimensionless "shedding" frequencies and
the dependence upon Reynolds number (Fig. 4) both follow
the pattern observed in incompressible flow. It has been
suggested that the "shed" vortex filaments break down and
decay into smaller-scale random eddies as they fall further
and further behind the body and that this decay behaves
with x/D and R in the same manner as in the incompressible
case, Figs. 6 arid 5, respectively.

C. Hypersonic Flow Visualization

Flow visualization is a classical hydrodynamic research
tool. It suffers mainly from the necessarily subjective eye-
mind analysis interpretative process. Nevertheless, it holds
an historically respected position due to its proven usefulness.

Recently, visual flow records of incompressible wakes be-
hind spheres have been obtained. The experiments of

Fig. 8 Incompressible vortex loop wake (stereo pair);
Magarvey and Bishop.11

Magarvey and Bishop10"12 detail incompressible wakes be-
hind immiscible spherical dye drops falling through water.
The dye traces the fluid that streams off the body, allowing
examination of the motion set up in the wake. Instantaneous
photographs of these incompressible wakes are presented hi
each reference cited. Six distinct regimes of flow for these
incompressible wakes can be delineated12: class I, single
thread; II, double thread; III, double thread with waves;
IV, procession of vortex loops; V, double row of vortex
rings; and VI, asymmetrical wake. Figures 7 and 8 are
typical of classes I and IV wakes, respectively. The vortex
loop sphere wake of Fig. 8 is the three-dimensional counter-
part of the von Ka'rma'n vortex street behind a cylinder.
From a set of such visual observations, a plot of S vs R for the
incompressible sphere wake was obtained as shown in Fig. 1.

The vaporized ablation products from an ablating hyper-
velocity pellet by their self-luminosity trace the fluid that
streams off the body. Luminosity is sensitive to tempera-
ture. By using xenon as the test gas, very high freestream

Fig. 9 Race track photographs of luminous hypersonic
(Moo ~ 25) "single thread" and "vortex loop" wakes;
spheres in xenon; 0.22-in. diam; 2rn = />; b is half-wake
width; multiple images are obtained via a mirror system.14
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Fig. 10 Luminous hy-
personic undulating
wake in the transition
regime between the
laminar single thread
and the fully developed
vortex loop wakes;
sphere in xenon; 0.22-

in. diam.

Mach numbers are obtained, and hence very high flow-field
temperatures are produced behind the bow shock. Figure 9
shows typical "race track" photographs of the self-luminous
hypersonic wake behind unsaboted spherical pellets in xenon
(Ifra « 25). (Additional "race track" photographs of hyper-
sonic wakes may be seen in Ref. 1.) The race track flow
visualization technique employed consists of imaging a
stationary vertical slit of width of one body diameter on a
film in a rotating drum moving with peripheral velocity at
approximately the image velocity of the gas particles in the
far wake (approximately one-fifth of the pellet velocity).13. 14

Hence, consecutive parts of the picture are exposed in con-
secutive instants of time; this is in contradistinction to a
spark photograph where all parts of the picture are exposed
simultaneously. A major qualitative difference between the
race track pictures of the hypersonic wake and the instan-
taneous pictures of the incompressible wake is the lack of
resolution of the body base region in the hypersonic case due
to the higher velocities of the body and the near-wake gas
particles. Analysis of the race track photographs obtained

a)
Fig. 11 Sketch and shadowgraph of 0.55-in.-diam quasi-

sphere pellet used at CARDE.

to date appear to show wake flows corresponding to Magarvey
and Bishop classes I, II, III, and IV. In each case, the
hypervelocity body was an unsaboted spherical pellet. A
race track photograph of a hypersonic (Mm « 25) single-
thread laminar wake (the halo is interpreted to be hot xenon
in the inviscid shock-induced wake) and a hypersonic vortex
loop wake, both in xenon, is shown in Fig. 9. The authors
suggest that the complexity of the unsteady hypersonic
aerodynamic flow field, its representation in a skewed cut
across the x, y-t space,14 and its visualization only with
decaying self-luminous radiation all partially account for
the lack of a more direct correspondence to the pattern of the
incompressible vortex loop sphere wake as structured in Fig. 8.

D. Transition and Air Chemistry

The classification of luminous wakes as laminar or turbulent
is made on the basis of streak and race track photographs.
A laminar wake (e.g., Fig. 9) is one for which there is no
modulation of the luminosity in the streak photograph or
any asymmetry of the race track pattern. A turbulent
wake (e.g., Fig. 9) is one for which either streak or race track
photograph shows structure everywhere throughout the whole
visible wake. The intermediate case (e.g., Fig. 10) is one
for which some structure, usually quite faint, is evident in
some part of the wake or some slight asymmetries are notice-
able in the race track pictures.

Using this system of classification, the results of firings in
air in the Avco-Everett Research Laboratory range (0.22-in.-
diam lexan and nylon spheres) and the Canadian Armament
Research and Development Establishment (CARDE) range
(0.55-in.-diam lexan quasi-spheres, Fig. 11) are summarized
in the stability plot of Fig. 12.# For the CARDE experi-
ments, only those runs were accepted for which the moni-
toring shadowgraphs showed the quasi-sphere to be flying
straight and level (Fig. 11). The difference in the quasi-
sphere drag coefficient from the sphere value is approxi-
mately 25%, which leads to a difference in equivalent diam-
eter based on the square root of CD A. like 10%. The product
of ambient pressure (cm Hg) and pellet diameter (cm) for
each run is plotted vs flight velocity (kft/sec). At a given
flight velocity, for moderate differences in size, the pressure-
diameter product is proportional to the Reynolds number
and is also the correct scaling parameter for any chemical
reaction governed by binary collisions. Since the initial
stage of the dissociation behind the bow shock wave is a
binary process, this correlation of pressure-diameter product
with flight velocity is consistent with both viscous flow effects
and dissociation chemistry.

At low velocities and pressures, the dissociation across the
bow shock is too slow to be completed before the flow ex-
pands around the sphere. At sufficiently high pressure
and velocity, however, thermodynamic equilibrium will be
achieved within the shock layer at the stagnation point.

# In the preliminary version of this paper, Avco-Everett Re-
search Laboratory Res. Note 295, the CARDE data points
are misplotted.
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Fig. 12 Experimental conditions for laminar and turbu-
lent wakes behind spheres and quasi-spheres (CARDE) in

air.

The demarcation between equilibrium and frozen flow across
the bow shock occurs for the flight conditions for which the
flow time (diameter divided by flight velocity) equals the
dissociation time behind a normal shock wave. Making use
of the binary scaling of the dissociation process, the test
conditions for equal flow and dissociation times were calcu-
lated on the basis of Wray's solutions15 for the time to achieve
70% dissociation behind a plane shock wave. These condi-
tions are shown by the dashed curve in Fig. 12. It can be
seen that transition to turbulence and the transition from
frozen to equilibrium flow are nearly coincident for flight
velocities between 12 and 14 kft/sec.

To correlate transition data, the shoulder flow conditions
along the stagnation streamline (90° from the stagnation
point) and the sphere diameter have been selected arbitrarily
in denning a Reynolds number for the flow typical of the
near wake. For a given flight velocity and pressure, the
Reynolds number so computed for a completely frozen flow
is less than that for a completely equilibrium flow, because,
in the former case, the density is lower, whereas the tempera-
ture (and hence viscosity) is higher. This effect of chem-
istry becomes greater at higher velocities but exists even at
lower velocities (8 kft/sec) if there is a vibrational heat
capacity lag. For the velocity range between 10 and 20
kft/sec in air, the Reynolds number for frozen flow was
calculated to be

R = 14,800 [7 (kft/sec) ] ~°-6 fo(cmHg) ] [Z)(cm) ] (3)
For frozen flow, the decrease of Reynolds number with in-
creasing velocity is because the temperature and viscosity
increase more rapidly than the velocity. The equilibrium
flow Reynolds number is given in Eq. (2).

Lines of constant Reynolds number of 6000 are plotted in
Fig. 12. It is seen that this value gives perhaps the best
average demarcation between laminar and turbulent wakes.
At velocities less than 12 kft/sec, transition occurs at a frozen
Reynolds number of about 6000. At velocities about 14
kft/sec, transition occurs at an equilibrium Reynolds number
of about 6000. At intermediate velocities, transition occurs
under conditions for which the bow shock chemistry changes
from frozen to equilibrium, raising the Reynolds number^ as
equilibrium is achieved. The minimum pressure at which
some turbulence was noted in sphere wake schlieren photo-
graphs by Slattery and Clay8,9 is also plotted in Fig. 12 and
agrees with the transition Reynolds number of about 6000.
Data similar to those shown in Fig. 12 have been obtained
for hypervelocity spheres in argon and xenon.16 A Reynolds
number of 2000 is found to demarcate transition for these
gases. Thus, reasonably good correlation exists to a factor

Fig. 13 Representative shadowgraph of hyperveloeity pro-
jectile and wake. Exposure time, 1 to 2 //sec; total length

of shadowgraph is 480 projectile radii; 0.22-in. diam.

of three among all three gases on the basis of Reynolds num-
ber alone.

E. Growth of Unsteady Luminous Wakes
at M « 25

For a space average of wake growth, one takes a snapshot
picture of the wake; Fig. 13 is a spark shadowgraph. Then,
one takes local exact data readings of half-wake width b
as a function of distance downstream from the pellet x. (rn
is nose radius, and D is diameter.) A quartic fit to such data
is a space average and is shown in Fig. 14. For a time aver-
age, many such "snapshots" are taken and the results of the
data reduction placed on one grid. In Fig. 15, wake growth
data from eight shots are plotted for M « 10 and from
five shots for M « 6. (These data indicate that wake
growth is insensitive to Mach number, as is to be expected
since turbulent diffusion is a geometric phenomenon, in
contradistinction to molecular diffusion, which is controlling
in the laminar wake.) A quartic fit to these data is a time
average and is also shown in Fig. 15. The root mean square
deviation for the time average is about 20%.

In nonhomogeneous turbulence, such as the wake prob-
lem, the space average of a property at an instant of time
has a different form and a smaller root mean square deviation
from the instantaneous values than does the uncorrelated
time average. It is important to note that, even for the
smaller-scale turbulence to which the shadowgraph system
is sensitive, the spatial wake growth is a broad band of
points which shows a significant root mean square deviation

I 2 4 6 8 10 20 40 60 80 100 200 300

Fig. 14 Instantaneous hypersonic turbulent wake growth
data from a shadowgraph with the space average quartic

fit; sphere in air; 0.22-in. diam.
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Fig. 15 Composite of instantaneous hypersonic turbulent
wake growth data from eight shadowgraphs at Mach « 10
with a time-averaged quartic fit. Data from five shadow-
graphs at Mach « 6 added; spheres in air; 0.22-in. diam.

INVISCID OUTER-VISCOUS INNER

b/rn

INVISCID OUTER VISCOUS INNER

P
0.5c
0.5
0.5
0.5.

25
25
2 1
2 I

x/D

Fig. 16 Hypersonic luminous laminar wake growth data
at Mach « 25 from race track photographs; spheres in

xenon; 0.22-in. diam.

from the time-averaged value represented by the quartic
fit. Thus, with respect to any time-averaged representa-
tion of wake growth, the actual local instantaneous values of
wake width will most likely be different by as much as
25%, a fortiori with respect to local instantaneous values of
temperature, density, velocity, pressure, and species and
electron concentration.

Next a large number of race track photographs of hyper-
sonic self-luminous turbulent wakes at Mach 25 are con-
sidered (see, for example, Fig. 9). The data are obtained by
mechanically marching downstream and measuring local
"exact" wake widths. Measurement begins where the race
track photograph is resolvable (see Sec. C and Ref. 14).
Figure 9 indicates that there is subjectivity in the deter-
mination of the local extent of the luminous wake. Never-
theless, there was a remarkably close agreement (within
10%) of the same readings made by different observers. To
minimize observer bias in the extraction of these data, sev-
eral different observers were used for different runs.

At the very high Mach ~ 25 which is obtained with the
use of xenon gas, both the boundary-layer-induced inner
core and the hot-gas shock-induced inviscid outer (some-
times called "entropy") wake are self-luminous; Fig. 9
shows a race track photograph for the laminar case in which
both wakes are visible. Figure 16 is a plotting of the two
laminar wake growths for xenon. The falling off of b/rn at
large x/D is due to the fading of the self-luminosity as the
temperature drops. Also shown in Fig. 9 is a race track
photograph for the turbulent wake with apparent width as
large as that of the luminous outer wake of the laminar case.
Figure 17 is the composite plot of the data of wake growth

for both the luminous laminar outer wake and luminous
turbulent wake. It is seen that the extent of the luminous
turbulent wake is very nearly that of the luminous outer
wake, thus giving initial turbulent wake sizes of the order
of the size of the hot-gas shock-induced outer wake, which
is about a factor of 2 or more larger than the boundary-layer-
induced inner core in the near-wake region. This fact seems
to indicate in the regime of the very high Mach numbers near
to 20 and 25 and very low transition pressures (Reynolds
numbers) that both the boundary-layer-induced inner wake
and the hot-gas shock-induced outer wake go into unsteady
motion together, starting very near the body. Indeed,
one race track photograph in the transition regime between
the laminar wake and the fully developed vortex loop wake,
shown in Fig. 9, shows both wakes shaking or undulating
independently of each other (see Fig. 10).

Measurement of schlieren photographs for wakes in the
transition regime (Fig. 10 of Ref. 8) indicates an explosive
growth of the wake immediately downstream of the expan-
sion region (p = pm point). The explanation suggested
here is that the shock-induced wake is already in small ampli-
tude unsteady motion with density gradients too small to be
observed by the schlieren system. The apparent explosive
growth occurs where the density gradients in the outer wake
become sufficiently large to register on the schlieren photo-
graph. This fluid mechanical behavior is in contradistinction
to the Lees and Hromas17 conceptualization of turbulent
hypersonic wake growth which looks upon wake growth as a
steady entraining of the outer laminar wake by the inner
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Fig. 17 Comparison of luminous shock-induced inviscid
outer wake growth data and luminous turbulent wake
growth data at Mach 25; spheres in xenon; 0.22-in. diam.

turbulent core based upon a similarity assumption for the
turbulent diffusion process; and, in fact, their growth theory
does not agree in the near wake where the explosive growth
occurs with the experimental results (Fig, 9 of Ref. 17).
It is possible that, in the regime of the higher Mach num-
bers and transition Reynolds numbers, the wake flow can
be more appropriately considered to be similar to that of
the flow of hot gas in a pipe, the cooler dense surrounding
gas acting as the walls of the pipe.

Race track photographs have been taken simultaneously
in two different planes providing a top and side view of the
turbulent wake. Figure 18 shows such a set of race track
pictures for an air turbulent wake. Figure 19 presents the
turbulent wake growth measurements for the race track
photographs of Fig. 18. The results confirm the asymmetry
evident to the eye. Data have been taken from many sets
of orthogonal pictures, and an asymmetry in the wake growth
is usually evident. This suggests that turbulent wakes be-
hind axially symmetric bodies are not usually axially sym-
metric. If the luminous turbulent wake contains large-scale
horseshoe-like vortex loops (see Sees. A, B, and C), then it is
expected that the extent of the luminous turbulent wake will
appear to have different magnitudes, depending on the
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viewer's position with respect to the spatial orientation of
the loops. Also, as the energy in the fluctuating velocity is
passed down from the large-scale into the better-mixed
smaller-scale random eddies, then the better mixing ac-
complished by the smaller-scale eddies should reduce the
asymmetries in the wake flow field and effect a trend toward
axial symmetry with distance downstream. Such a trend is
evidenced by a merging together of the orthogonal growth
curves that can be seen in Fig. 19. These remarks about
the nonaxial symmetry of the hypersonic wakes are equally
applicable to the incompressible wakes of Refs. 10-12.

Finally, reference is made to the incompressible vortex loop
wake. Figure 20 is a plotting of wake growth data from
Refs. 10 and 11 taking the local extreme extent of the par-
ticular vortex loop as the size of the wake. It is interesting
to note that shedding of the vortex loops induces velocity
fluctuations in the incompressible wake flow field which give
rise to a growth behavior for the vortex loop wake which is
like that predicted and observed for turbulent wakes in
general,18 that is, 6ocx1/3. The dotted line is a fit to the
hypersonic data of Fig. 15.

F. Use of an Ablating Body
All of the self-luminous hypersonic wake data used in this

study of the unsteady wake were obtained with ablating

TOP VIEW

SIDE ¥

Fig. 18 Orthogonal race track photographs of a hyper-
sonic wake; quasi-sphere in air; 0.55-in. diam.

bodies. The vaporized ablation products provide luminous
signals well above the threshold values of the diagnostic
instruments. Since it is the characteristics of the unsteadi-
nesses which are being detailed, the question naturally arises
as to whether the ablation process itself is unsteady, thereby
contributing spurious signals to the observed phenomenon
under experiment.

Calculations showed that the time to reach steady-state
ablation19 for a rotating pellet was less than the time of flight
to the first observation station. Calculations also showed
that the pellet could not rotate and maintain its structural
integrity at the frequencies associated with the large-scale
vortex formation: / « 0.5 X 106 cps. Furthermore, moni-
toring shadowgraphs showed that the pellets maintained
their spherical shape. Thus, it is felt that the ablation proc-
ess did not affect the experimental techniques used to observe
the unsteady fluid mechanical flow fields.

G. Conclusions
1) Transition for hypersonic wakes behind spheres is

associated with a vortex formation with characteristic fre-
quencies which accompanies the development of a turbulent
wake.
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Fig. 19. Hypersonic luminous turbulent wake growth
data from the orthogonal race track photographs of Fig.

18.

io2
r
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Fig. 20 Incompressible vortex loop wake growth data
based on Refs. 10 and 11. "Turbulent wake growth" is the
time-ayeraged quartic fit to the hypersonic data of Fig. 15.

2) For spheres, the transition from a laminar wake to an
unsteady wake with vortex "shedding" depends almost en-
tirely upon the Reynolds number (suitably evaluated in the
flow downstream of the bow shock wave, including the
effects of gas chemistry) and very little upon the Mach
number in the range 10 < M < 20.

3) For Mach number about 20 and for Reynolds number
(freestream pressure) near to the transition value, the lateral
extent of the turbulent luminous wake about 20 diam behind
the sphere is close to that of the hot-gas shock-induced
entropy wake, indicating the unsteadiness of the whole
hot-gas shock-induced wake close behind the body.

4) The many points of similarity, listed in the Introduc-
tion, between incompressible and hypersonic wakes suggest
the need to incorporate the unsteady, nonaxisymmetric vor-
tex generation phenomena into near-wake flow and wake
development theories.
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Magnetohydrodynamic Flow Past a Wedge with a
Perpendicular Magnetic Field

YoiCHI MlMTTRA*
Cornell University, Ithaca, N. Y.

The magnetohydrodynamic two-dimensional steady supersonic flow past a wedge with
attached straight shock waves is investigated. The fluid is assumed to be nonviscous and
perfectly conducting. The wedge is nonconducting, nonmagnetic, and symmetric with re-
spect to the flow. The magnetic field is applied perpendicular to the uniform flow. The
general procedure to obtain the solution with two kinds of attached straight shock waves is
studied for an arbitrary Mach number (>1) and an arbitrary strength of the magnetic field.
The approximate solutions for the case of weak magnetic field and for the case of the small-
angle shock waves are treated. The analysis shows that the hydrodynamic shock wave does
not change its position and strength in the first order of the foregoing approximation. How-
ever, when the weak magnetic field is applied, the new magnetohydrodynamic shock wave ap-
pears near the surface of the wedge, and it leaves the surface as the magnetic field increases;
for a further increase of the magnetic field, it meets the hydrodynamic shock wave, and then
the solution with attached shock wave disappears. For a still stronger magnetic field, the
magnetohydrodynamic shock wave appears in front of the hydrodynamic shock wave.

1. Introduction

THE magnetohydrodynamic two-dimensional steady super-
sonic flow past a wedge with attached straight shock waves

is investigated. The fluid is nonviscous and perfectly con-
ducting. The wedge is insulated and nonmagnetic; it is
placed symmetric to the flow. The magnetic field is applied
perpendicular to the uniform flow. Kogan1 and Chu2 treated
this problem including unsymmetric flows with the linearized
theory. They obtained solutions with two kinds of attached
waves. The nonlinear problem is treated here for an arbitrary
Mach number (>1) and for arbitrary magnetic field strength.

2. Heifer's Treatment of a Shock Wave

The relations between the physical quantities across the
shock waves in a perfectly conducting, compressive, non-
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viscous fluid are determined. Following de Hoffman and
Teller,3 the flow velocity is made parallel to the magnetic
field by using a coordinate system moving parallel to the
shock front.

The y axis is chosen parallel to the shock front and is
pointed toward the apex of the wedge, and the x axis is per-
pendicular to the y axis and pointed toward the wedge. Then
the coordinate system on the lower side of the wedge is a right-
hand one (Fig. 1). Physical quantities in front of and behind
the shock wave are discriminated by the suffixes 1 and 2. The
magnetic field is denoted by B* (i = 1, 2), the angle made by
the magnetic field to the normal of the shock front by 0*, the
fluid velocity by v,-, the density by p*, the pressure by pi, and
the permeability by ju> and it is assumed that ju is constant
(Fig. 2) (mks units are used).

Choosing the coordinate system in which B; and v* are
parallel,

Biy/Bix = i = 1,2 (2.1)

The continuity equations, momentum equations, and energy
equation are given by

(2.2)

Blx

- vlx) =

(2.3)

(2.4)


