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ABSTRACT

The behavior of the near and far wake of spheres for a wide range
of velocities, 4000 < V_ < 23, 000 ft/sec, and ambient pressures,
10< p, ¢ 730 mm Hg, has been studied with schlieren technigues in an
aeroballisiic free-flight range. In the present report, attention is
drawn to some of the problems of interpreting photographs of this type.
It is shown that the mode of operation of the schlieren system, e. g.,
vertical or horizontal knife edge, can exercise a profound effect on
the aspects of the flow that are visualized. The breakthrough phenom-
enon, which has been considered to exist only at near reentry velocities,
is shown to exist at lower supersonic speeds. Schlieren photographs of
the far wake of hypersonic spheres in the Reynolds number range of
3x 10% ¢ Re, s 8x 104 bear a marked resemblance to photographs of
the wake of a subsonic bluff body. For both hypersonic and subsonic
cases, this photographic evidence indicates the existence of a large-
scale voriex structure in the wake.

This document is subject to special export controls
and each transmittal to foreign governments or foreign
nationals may be made only with prior approval of
Arnold FEngineering Development Center (AETS),
Arnold Air Force Station, Tennessee 37389,

iii



AEDC-TR-68.112

CONTENTS
Page
ABSTRACT . . . . . . . v v« « v v e v e v e e il
NOMENCLATURE . . . . . . . « . « « « « o v v o . vi
I. INTRODUCTION ., . . . . . + & ¢ v & v v« o v e 1
II. APPARATUS . . . . C e e e e e e e e e e e e 2
III. DISCUSSION OF RESULTS
3.1 Survey of Wake Transition and Breakthrough
Phenomena . . . . . . . . + + & & « « « o 0 o 3
3.2 Inviscid Wake. e e e e e e e e e e e e 4
3.3 Breakthrough. . . . e e e e e e e e e 8
3.4 Low Reynolds Number Wake e e e e e e e e e 10
IV, CONCLUSIONS . . . . . ¢ . o v v v e v v v v a w 13
REFERENCES . . . . . ¢ « + + v v v v v e 0 o v v s 14
APPENDIX
IHustrations
Figure
1. Flow Field of a Hypersonic Sphere . . . . . . . . . . 19
2. Single-Pass Schlieren System. . . . . . . . . . . . . 20
3. Expected Location of Inviscid Breakup and Turbulence
Breakthrough (Attributable to Wilson, Ref. 2) . . . . . 21
4. Flow Field of a Supersonic Sphere. . . . . . . . . . . 23
5. Wake Flow Field of a Sphere at Low Hypersomc
Speeds . . . . . . . . . .. .. 25
6. Variation of Inviseid Wake Diameter with Velocity for
Spheres . . . . . . . L L. 0 e e e e e e e e e 35
7. Sphere Wake at Low Speed and Low Ambient
Pressure. . 36
8. High-Speed Sphere Wake . . . . . . . . . . . .« . . . 39
9. High-Speed Breakihrough. . . ., . . . . . . . . . .. 43
10. High-Speed Turbulent Wake. . . . . . . . . . . . . . 45
11. Sphere Wake Diameter. . . . . . . « v v « « « « o 49
12, Wake Characteristics at Low Reynolds Number., . . . . 91



AEDC.TR.68.112

Figure

13.

14.
15.
16.

17.

Laminar Wake Breakup of a Hypersonic Slender
Cone .

Wake Characteristics at Low Reynolds Number .
Incompressible Wake of Bluff Body

Far Wake Characteristics for Various Model
Materials .

High-S5peed, Low Reynolds Number Sphere Wake

MOMENCLATURE

Model diameter

Free-stream Mach number

¥ree-stream pressure

Free-siream Reynolds number bhased on diameter, D
Free-stream velocity

Axial distance

vi

61
85



AEDC.TR-48.112

SECTION |
INTRODUCTION

The wakes generated by high-speed bodies have been studied for the
past several years (Refs. 1 through 12). It has been shown that the
character of a body wake is a funciion of (among other parameters),
body shape, size, ambient pressure, and velocity. This dependence
has resulted in the wake being considered as a source of observables,
which, if interpreted correctly, can be used to deduce the size and shape
of the body. At this time, the backscattered radar signals from the
wakes of full-scale bodies provide one of the main sources of informa-
tion. The interaction of an electromagnetic wave with an ionized trail
can be shown to be dependent on the electron density, collision frequency,
wake width, and the laminar or turbulent nature of the flow. The elec-
trical properties of the wake can be strongly affected by the presence of
foreign gases in the wake. Such gases can, depending on their composi-
tion, either increase or decrease the wake electron density level and
decay rate.

It has been suggested (Ref. 1) that a sphere traveling at hypersonic
speeds is characterized by the following flow regimes {Fig. 1, Appendix):

1. The almost normal detached bow shock wave in the stagnation
region of the body,

2. An essentially inviscid, high-temperature outer wake com-
posed of gas which has passed through the strong, curved
portion of the bow shock, and

3. The viscous, high-temperature inner wake generated by the
body boundary layer.

To these three main regions must be added the wake shock formed
at the wake neck behind the body, the separation shock originating at the
body shoulder, and the slip boundary originating at the intersection of
these two shock waves.

Goldburg (Ref. 9) considers items 2 and 3 to be not fully descrip-
tive of the flow field of a hypersonic sphere. Goldburg also considers
more descriptive and accurate designations to be shock- and boundary-
layer-induced wakes. Although there may be a lack in rigor in items 2
and 3, this nomenclature will be adhered to in the present report since
the terms are now in common usage,

Investigations of the laminar to turbulent wake transition phenomenon
have been made in aeroballistic ranges using schlieren techniques
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(Refs. 1 through 6) and oblique doppler radar techniques (Refs, 8

and 10). At low speeds no problems appear to have been encouniered

in defining the onset of turbulence using schlieren techniques. At higher
speeds the inviscid wake appears to have exercised a marked shielding
effect on inner wake flow details to be visualized. The backscatiered
return obtained with a 35-gHz obligque doppler radar system undergoes

a noticeable change when the flow changes from laminar to turbulent for
ablating and nonablating spheres (Refs. 8 and 10).

As a result of extensive studies (Ref. 2) of hypersonic sphere
viscous and inviscid wakes, it has been shown that the region where the
viscous inner wake has expanded to such a size that it totally engulfs
the inviscid wake and becomes visible in a schlieren photograph is a
function of ambient pressure and velocily. Radar and radialion signals
from the wake (Refs. 11 and 12) appear to confirm tha: this phenomenon,
called "breakthrough, " is a detectable event with these sysiems also.

The purpose of the present report is to present a series of schlieren
photographs and related conclusicons with regard to subscale measure-
ments of transition, breakthrough, and inviscid wake breakup behind
spheres,

SECTION I
APPARATUS

The experimental results discussed in this report have been ob-
tained in the 100-ft hypervelocity pilot range (Armament Test Cell,
Hyperballistic (K)) and the 1000-ft hypervelocity range (Armament Test
Cell, Hyperballistic (G)). These ranges are fully described in Ref. 13,
Various two-stage light-gas guns have been used to launch models in
each of these ranges. In the present series of tests, spheres made
from nylon, aluminum, lungsten carbide, copper, and steel have been
launched at speeds up to 23, 500 ft/sec in the ambient pressure range
from 10 to 730 mm Hg, It can be assumed that for some of these models
and flight conditions, model ablation does occur,

In Ranges K and G, there is a single-pass quasi-parallel-light
schlieren system having 12- and 30-in. -diam fields of view, respec-
tively. A schematic of the main components comprising each of these
systems is shown in Fig. 2. It is possible to operate either of these
systems in the [oilowing modes: wvertical or horizontal knife edge,
Wollaston prism and color grating, or as a focused shadowgraph. For
single-flash operation a Speed Graphic® camera is usually used. The
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multispark Strobokin® light source is used in conjunction with a high-
speed drum camera., As many as 20 photographs of the wake can be
obtained with this mode of operation. A 35-mm Fastax® camera with

a framing rate up to 5000 frames/sec can be used for studies of the far
wake, It must be realized that both of these multiframe modes of oper-
ation result in a loss of definition when compared with single-frame
mode of operation. However, in studies involving the far wake, this
loss in definition is more than compensated for by the large number of
wake photographs.

At low ambient pressures the maximum sensitivity of the single-
pass schlieren system can only be achieved when an opaque knife edge
is used. This mode of cperation also requires a considerable degree
of stability in the schlieren support structure, In Range G the schlieren
support system has great stability, and problems of system vibration
even at the highest sensitivity are rarely encountered. In the design of
the Range K system, spatial limitations and the presence of some large
rotary equipment made it impossible to arrive at a completely satis-
factory support system. To offset to some extent the support system
inadequacies, O, H. Bock of this facility has designed a servocontrelled
knife-edge system which permits operation at high sensitivities in the
presence of system vibraticn,

At high ambient pressures the Fresnel lens shadowgraph systems
described in Ref. 13 provide an adequate visualization of the sphere
wake,

SECTION 1|
DISCUSSION OF RESULTS

3.1 SURVEY OF WAKE TRANSITION AND BREAKTHROUGH PHENOMENA

To place the problem to be discussed in perspective, some of the
observations that have been made with regard to these events will be
briefly summarized. Wilson, Ref. 2, has concluded that (1} the inviscid
wake will only be visualized by a schlieren system when ihe body is at
or near reeniry velocities (i. e., on the order of 20, 000 fps), (2) ai low
supersonic speeds this inviscid wake will be too weak to be visualized by
a schlieren system, and (3) at subsonic speeds an inviscid wake cannot
exist because there is no bow shock wave. It has been concluded that
there are three Reynolds number regimes of interest (Fig, 3):
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1. High Reynolds numbcr where transition in the viscous wake
occurs close to the body and the turbulent wake grows rapidly
and engulfls the inviscid wake,

2. Intermediate Reynolds number where Lransition in the inner
viscous wake occurs further from the body and there is a rear-
ward ohilt ol the noint of hreakihrough, and

3. Low Reynolds number where, as has been predicled by Lees
(Ref. 14), transition in the viscous inner wake does nol occur,

However, far enough behind the body, the inviscid wake also may he-
come unstable and subscyuently turbulent. This suggests that at the
low Reynolds numbers necessary 1o suppress viscous wake growth and
transition to great enough distance behind the body, the so-czlled in-
viscid wake may exhibit "viscous' effects. It is this apparent contra-
diction that led Goldburg (Ref. 9) to seek a more accurale descriplion
of the inviscid wake, which, as we all recognize, is not really inviscid
at all.

There appears to be a considerable cegeee of arbitrariness in ihe
designation of actual Reynolds numbers that delineate the bounds of
these three flow regimes. Wilson (Rel. 2} shows photographs of these
three types of flow. In one case Wilson shows a typical high Reynolds
number example of breakthrough. In ancther case he shows a typical
example of inviscid wake breakup, usuzally considered a low Reyvnolds
number event. For both of these examples the Reynolds number was
equal to approximately 2.5 x 109,

3.2 INVISCID WAKE

As has been noted earlier, the concept of an inviscid wake [as ob-
served with a horizontal {(or oriented in the flight direction) knife-edge
schlieren system ] is applicable to bodies traveling at or near reentry
velocities (V, 2 19, 000 ft/sec). In the light of this conclusion let us
consider the flow field of a supersonic sphere as shown in Fig. 4, The
orthogonal Fresnel lens shadowgrams clearly show a iurbuleni inner
wake close to the body. Superposed on this small-scale turbulence
there are some relatlively large undulations in the wake flow. In the
color print obtained with a horizontal color grating, the small-scale
turbulence of the inner wake is not well defined, However, the Gefini-
tion is good enough for it to be concluded that the inner wake is turbulent,
The turbulent inner wake details are shielded by what can only be called
an inviscid wake. The existence of an "inviscid" wake in this case is at
variance with the view that it is a hypersonic phenomenon because
velocity in this case was below 4000 fps.
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A review of the literature concerning sphere wakes reveals data
confirming the existence of an apparenl inviscid wake at less than re-
entry velocities. Birkhoff, Eckerman, and McKay in Ref. 5 present a
sequence of sphere wake photographs where they state, "In the first
frame only an (apparently laminar) inviscid wake is vigible; there is not
enough density change to make the inner core visible. By frame two,
the outer edges of the turbulent inner core are visible. In frame three,
the entire wake has become visibly turbulent and the inviscid wake is
turbulent.' This statement pertained to a 0. 42-in. -diam sphere at
range pressure of 200 mm Hg and a velocity of 14, 000 ft/sec. An
apparent inviscid wake also is shown to exist for flight conditions of
10,800 £ V,, < 13,500 ft/sec and 100 < p_ < 300 mm Hg in Ref. 6. Some
wake photographs illustrating this apparent inviscid wake for these
flight conditions are shown in Fig, 5.

Figure 5a consists of a sequence of wake photographs obtained with
the multispark drum camera system at a velocity of 10, 900 ft/sec using
a horizontal Wollaston prism. The apparent inviscid wake is clearly
identified, as is the region where the turbulent wake engulfs this
boundary. It is not possible to determine whether the inner wake is
turbulent when it is totally enclosed by the inviscid wake., A series of
single-spark photographs, Figs. 5b and ¢, obtained at higher speed and
pressure show clearly that the inner wake is turbulent within this
boundary.

Figure 5d presents a sequence of wake photographs obtained with a
vertical Wollaston prism. The model flight conditions are similar to
those quoted in Fig. 5a. Although the inner wake is observed to some
extent in the early frames of this sequence (Fig. 5d), as would be ex-
pected with the vertical prism orienlation, no clearly identifiable in-
viscid wake can be seen.

A shadowgram of a sphere wake is shown in Fig. 5e. A detailed
study of this photograph indicates the existence of a geries of weak
shocks which appears to originate at the furbulent wake edge. These
weak waves appear to terminate on a boundary parallel to the flight
direction. To focus attention on these weak waves a portion of this
boundary has been accentuated in Fig. 5e.

Another shadowgram is shown in Fig. 5f. A study of this photo-
graph reveals a turbulent wake close to the neck. The wake is not
visible downstream of the neck. There is no sign of any weak shock
or a boundary as was shown in Fig. 5Se.



-

AEDC-TR-68-112

A feature of the near body [low field shown in Figs. 4 and 5f is Lthe
separation shock emanailing from the shoulder of the sphere. It is of
interest io note thal the diameter of the circle where the separaiion
and wake shocks inlersect is approximately equal to the width of the
boundary delineated in Fig. 3e and the apparent inviscid wake width
shown in Fig. 4. When two shock waves interact, the shapes of the
shocks are slightly modified, and a slipsiream is formed at the point
of intersection. A horizontal knife-edge schlieren photograph of the
hear wake is shown in Fig. 3g. The inviscid wake, the viscous wake,
and neck shock waves are clearly delineated. From a study of this
photograph and that shown in Fig. 4, it is reasonable to conclude that
at low hypersonic speeds the apparent inviscid wake may originate from
the interaction of the separation and wake shock waves.

Goldburg (Ref. 9) has shown that the local Mach number at the
maximum diameter of a sphere is epproximately constant and equal
to 3 for My, > 5. The separalion shock wave angle is dependent on the
local Mach number. Since this Mach number is essentially constant,
it is reasonable to assume that the separation shock wave angle is also
essentially constani. The bow and wake shock wave angles well re-
moved from the sphere are directly dependent on the free-stream Mach
number and decrease with increasing Mach number. The varialions in
the wake and separation shock angles suggest that the diameler of their
circle of intersection will increase with increasing speed. Therefore,
it would be reasonable to expect the apparent inviscid wake diameter to
increase with an increase in speed. Figure 6 presents results of some
inviscid wake diameter measurements. There is a well-definea in-
crease in the inviscid wake diameter with speed. This lends some
support to the suggestion that the inviscid wake most often identified
in flow field photographs may, in fact, originate from a shock inter-
action rather than from gas that has been processed through the almost
normal part of the shock. Values of the inviscid wake diameter obtained
in other facilities (Refs. 2 and 4) are compared with the VKF data in
Fig. 6, Allowing for differences in judgment as to where the edge of
this wake occurs, there is a good measure of agreement between these

7+ three sets of data. It cannot be overlooked that this wake property may
d : be affected by ambient pressure. Clay, Labitt, and Slattery (Ref, 4)

show a decrease in ambient pressure (5 < p, ¢ 100 mm Hg) produces a
small increase in diameter. The VKF data presented in Fig. 6 cover a
small pressure range (10 < p_ < 50 mm Hg), and a consistent effect of
pressure is not evicdent.

The existence of the inviscid wake at high speeds has resulted in
difficulties in determining the exact nature of the inner wake flow. Since
an inviscid wake has been shown to exist at low velocities, it is also
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necessary to consider the effect this can have on the interpretation of
low-speed sphere wake data with regard to inner wake iransition meas-
urements. A consideration of Figs. 7a, b, and c suggests that a
similar problem may exist at low speeds. The wake shown in Fig. 7a
has the characieristics of a laminar wake in that no obvious undulations
or perturbations are evident. If it is assumed thal this is a laminar
wake, two inconsistencies are evident:

1. The diameter of this wake is approximately three body diam-
eters close to the body and does not vary out to x/D - 65. It
has generally been accepted that laminar wakes grow slowly
(cf., Ref. 4). For the inner, viscous laminar wake to grow
to a diameter of ithree body diameters at x/D - 5 is not com-
patible with this assumption. Such a diameter is in fact com-
patible with the inviscid wake (or slipstream) generated by the
separation- and wake-shock wave interaction (cf,, Ref. 6).

2. A review of Slattery and Clay's data (Ref. 3) for 0.5-in. -diam
spheres suggests that for the conditions under discussion transi-
tion should have occurred at x/D = 20,

As noted above, the wake in Fig. 7a appears to be laminar to x/D = 63,
In comparing the present data with those contained in Ref. 3, it must

be remembered that, whereas the present results were obtained with
saboted spheres, those contained in Rel, 3 were obtained with unsaboted
spheres. Birkhoff, et al. {Ref. 5} have also drawn attention to the effect
of model surface condition at launch. They conclude it is reasonable to
assume the unsaboted models have a rougher surface finish than the
saboted models, anau hence transition may occur sooner.

The observations made with regard to Fig., 7a also pertain to
Fig. 7b. Figure Tc illustrates another problem related to the identifi-
cation of low-speed Lransition onset. In this photograph there is clear
evidence of turbulence. The degree of turbulence appears to increase
as x/D increases from 53 to 113. The diameter of this wake is approxi-
mately four body diameters, which is the diameter of the inviscid wake
for this speed (c¢f., Fig. 6). The average diameter of the turbulent
wake {Ref. 3) in this region in the wake is approximately three body
diameters. Therefore, it would be reasonable to expect portions of the
turbulent wake to burst iniermiitently through the inviscid wake edge,
as is in fact shown in Fig. Te. Birkhoff, et al. (Ref. 5) present a
similar photograph to that shown in Fig. 7c. Their assessment of the
photograph is, 'Turbulent segments of viscous sphere wakes may be
separated by much longer laminar segments, so that the wake displays
intermittent turbulence (This is ""turbulence in bursts,' as described
in other situations by Howard Emmons. . ..) over much of its length, "

=1
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Allhough this very well may occur, such an inlerpretation does not ex-
plain the events porirayed in Fig. Tc or in othet cases when considera-
tion is given Lo the coexistence of inviseid, ouler, and turbulent inner
wakes of near-equal diameters. Then, the intermittent "bursts' may
simply represent incipient breakihrough.

The high-speed case which has received considerable attention
because of its greater interest in relation to reentry body studies will
now be considered. At low spceds the weak shock waves originating at
the turbulent wake edge do not appear to penetrate the inviscid wake
boundary (Fig. 5e). At high speeds (Fig. 8a) the sphere wake flow field
is characterized by a large number of weak shock waves apparently
emanating [rom the turbulent wake. A siudy of the vpper pholograph in
Fig. 8a reveals a turbulenl inner wake close to the body and a clearly
defined shock interaction boundary. The lower photographs in Figs. 8a
and b appear to confirm that the weak shocks originate at the turbulent
wake edge. On the basis of this evidence it is reasonable to conclude
that the exisience of these waves indicates the presence of a turbulent
inner wake. At low ambient pressures where the sensitivity limit of
the schlieren system is approached, these weak shocks may no longer
be visible. Therefore, for these flight conditions (i. e., high speed
and low ambient pressure) the fact that these shocks are not present
does not necessarily mean that the inner wake is laminar.

In Ref. 6 it has been suggested that the occurrence of these weak
waves in the outer wake in the absence of definite indications of turbu-
lence outside the inviscid wake means that the inner wake is turbulent.
Therefore, the first occurrence of such waves is a reasonable limii on
the most rearward location of transition in the inner wake. The occur-
rence of these waves is taken (Wilson, Ref. 2} to indicate the onset of
incipient breakthrough, i. e., the diamecter of the turbulent inner wake
is approximately equal to the inviscid wake diameter.

Clay, Labitt, and Slattery (Ref. 4) designate the occurrence of
visible turbulence of the type shown in the lower photograph (Fig. 8a)
as the onset of transition. This does not appear to be an accurate
assessment of the staie of the inner wake.

3.3 BREAKTHROUGH

In this discussion breakthrough is defined as occurring at that axial
station in the wake where the inviscid wake first is totally engulfed by
the turbulent inner wake. It has been so described in Ref. 2, "'The
general character of turbulent breakthrough at all Reynolds numbers
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above 109 is the same for all spherical bodies, with the breakthrough
occurring always about 150 body diameters behind the body."

Some of the practical problems of identifying breakthrough will now
be discussed. The upper photograph in Fig. 8b indicates that the in-
viscid wake has been completely engulfed by the turbulent inner wake at
an axial distance of approximately 190 body diameters, in reasonable
agreement with the above statement. Figures 9a and b present addi-
tional far wake flow field photographs. In Fig, Sa breakthrough appears
to occur at x/D = 330, whereas it occurs at an x/D = 230 for the sphere
shown in Fig. 9b. It is important to realize that for these two cases,
the Reynolds number and velocity were very nearly equal. These values
of distance to breakthrough, x/D, do not agree with each other or with
Wilson's suggested value of 130. These differences suggest that in the
high Reynolds number flow regime breakthrough may not be a well-
defined phenomenon because it will be clear to the reader that individual
judgment plays a powerful role in deciding where breakthrough occurs
in any of these photographs.

As the intermediate Reynolds number regime (i, e., Reg, = 109) is
approached, a consideration of the lower photograph in Fig., 8a indi-
cates that breakthrough becomes more difficult to define. For these
conditions, portions of the inviscid wake are totally engulfed by the
turbulent inner wake. Such regions are separated by regions of wholly
amooth flow. At what point then does it become possible to say break-
through has occurred?

Figures 10a, b, and c present a sequence of vertical (with the
direction of flight} knife-edge photographs of sphere wakes at Reynolds
numbers comparable to that given in the lower photograph of Fig. 8a.
Figure 10b presents a photograph at the same axial location, velocity,
and Reynolds number as in this figure. The following features of the
flow field are of interest:

1. Weak shock waves originating at the turbulent wake edge, and
2, Fully turbulent inner wake,

Perhaps the most striking feature is the absence of the inviscid wake.
Figure 10a also shows a complete absence of an inviscid wake closer to
the body. (The lower half of this photograph has less sengitivity than
the upper half. This can be seen from the total absence of the weak
shock waves in this half of the photograph. It has been concluded that
this loss in sensitivity has resulied from errors in the schlieren optical
setup.)
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The presence ol weak shock waves in the outer flow field at
x/D = 500 indicates that the wake edge is traveling at supersonic speeds
with respect {o the nearby flow. Figure 10d demonsirates the capa-
bility of the framing camera and continuous light source to produce
photographs of a turbulent far wake. Close to the body {i.e., x/D < 1000),
the exposure duration of the film is too long for uselul pholographs of
the model and wake to be made,

A schlieren system with a knife edge normal to the direction of
flight is insensitive to radial densily gradients. Thercfore, such a sys-
tem is insensgitive to laminar and inviscid wakes, which exhibit only
small axial gradients, but is highly sensitive io turbulent wake [low,
characterized by gradients in all directions. The above-discussed com-
parison of Figs. 8a and 10a and b clearly demonstrates these properties
of schlieren systems when used with "vertical" and "horizontial” knife
edges.

It follows that, whereas with a "horizontal" knife edge the inner,
viscous wake appears largely obscured by large gradienis of the larger
diameter, inviscid wake, with a "'vertical' knife edge the schlieren
effect of the inviscid wake is eliminated, and a turbulent wake, even
when shrouded by a strong inviscid wake, is well defined in the schlieren
picture.

Clearly, then, the use of schlieren sysiem in the two modes is re-
quired for precise determinalion of {1) onset of wake turbulence and
(2) location of "'breakthrough, " or region in which the turbulent wake
engulfs the inviscid wake.

It is of interest to consider the respective diameters of the turbu-
lent inner wake and the inviscid wake. Measurements have been made
of the turbulent wake diameter, These diameters have been derived by
tracing the boundary of the turbulent wake with a planimeter and aver-
aging the width over a distance of at least 10 body diameters. A com-
parison of this diameter and inviscid waxe diameter for approximately
the same flight conditions is made in Fig. 11. For these flight condi-
tions the turbulent wake will always have burst through the inviscid wake
for x/D < 400, Because the average wake widtih is being consicered, it
is obvious that the turbulent edge of the inner wake will be visible closer
to the body than x/D < 400.

3.4 LOW REYNOLDS NUMBER WAKE

Until now we have considered sphere wakes at Reynolds numbers of
1.25 x 109 or greater. A characteristic of such wakes is that turbulence

10
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must have occurved close to the body, {of,, Figs. 8 through 10) where,
in this conlext, clese to the body implics x/1 < 400, Figure 12 presents
a sequence of wake photographs ontained for Re, 8.1 x 10%, These
wake photographs illusirale very clearly the radical change in the char-
acter of the wake as the Reynolds number is reduced {rom Reg - 1.25 x 109
(Figs, 10a and c) to Re_, - 8.1 x 104, The lirst deicctable instability in
the wake occurs at x/D = 3000, At this axial siation, Fig. 11 indicates
that a turbulent inner wake would have a diameter of approximately 13
body diameters. Such a diameter would be approximately twice that
of the inviscid wake cbserved lor x/D _ 3000. This suggests that iurbu-
lence of the type discussed carlier for Reg, ¥ 1.25 x 109 does not occur
close to the body for Re, B.1x 10%.

Wilson (Rel. 2) has also observed this same radical change toward
increased stability in the wake flow field for Reg ¢ 10°. This very
gradual transilion io turbulence in the laminar wake of a high-speed
cone is illustraled in Fig. 13. Both wakes are characterized by ihe
existence of smoothly undulating filaments. Il has been shown elsewhere
{e. g., Ref. 1) that cone wakes of this type (Fig. 13) do become [fully
turbulent, Initially the sphere wake consists of smoolh undulating fila-
ments. In time these filamenis roughen, but still retain the gross un-
dulations. [Finally, the gross undulations merge with one another,
resulting in a fully turbuleni wake. These framing cametra sequences
have, as suggested earlier, resulled in some degradation in definition.
Figures l4a, b, ¢, and d present a series of single-spark schlieren
photographs obtained [or Re, = 5%. Several of the photographs in this
series bear a strong resemblance to the laminar flow breakup of the
cone wake in Fig., 13.

Fay and Goldburg (Rel. 13) have made extensive studies of the
structure of the sphere wake at low Reynolds numhers. The technique
used was to study the visible radiation patterns of bluff body wakes,
where the radiation was enhanced by the presence of small quantities of
ablating material. As a resull of these siudies, Fay and Goldburg sug-
gesl the presence of hypersonic vortex shedding, which bears a strong
resemblance to subsonic voriex patterns obiained for incompressible
wakes by Margarvey and Bishop (Refs. 16 through 18). These incom-
pressible wake patterns have been obtained by studying the motion of a
droplet of carbon iecirachloride, with a dye, falling through water.
Examples of wake patterns obtained in this manner at AEDC are shown
in Fig. 15. Margarvey and Bishop (Ref. 18) have identified six distinct
wake patterns:

1. Single thread,
2, Double thread,

3. Double thread with waves,

11
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4. Procession of vortex loops,
9. Double row of vortex rings, and
6. Asymmeirical wake,

Figure 15 presents examples of types 3 and 4. Fay and Goldburg

(Ref. 15) suggest the vortex loop wake shown in Fig. 15 is the three-
dimensional counterpart of the von Karman vortex sheet behind a cylin-
der, Figures 14a and b contain photographs which bear a resemblance
to the incompressible wake patterns shown in Fig. 15. This similarity
appears to substantiaie Fay and Goldburg's postulation of hypersonic
vortex shedding,

It has been observed in Fig. 12 that the smooth undulating wake
breaks up into a rough undulating wake. This process has also been
suggested by Fay and Goldburg. This particular wake characteristic
may shed some light on wake phenomena observed at higher Reynolds
numbers. When the orthogonal shadowgrams in Fig. 4 were discussed
earlier, it was pointed ocut that there were some large-scale undulations
superposed on the turbulent wake. Such undulations at these high
Reynolds numbers will merge more quickly and seem less pronounced
than for the cases shown in Figs. 12 and 13, However, if such undula-
tions exist at low speeds and Reynolds numbers, it is possible that a
similar but less clear behavior could be confused with "intermittent tur-
bulence' in some cases.

Fay and Goldburg (Ref. 15} have assumed that the products of abla-
tion necessary for their visualization technique do not affect the fluid
dynamic nature of the flow. At low Reynolds numbers (i. e., Re, < 10°),
Wilson's (Ref. 2) measurements of the distance to the first signs of tur-
bulence have been shown to be unaffected by the presence of the products
of ablation. It has been shown in Fig, 12 that the first instabilities in
wake flow for a copper sphere (Re, = 8.1 x 10%) occur at x/D = 3000.
This value is in good agreement with Wilson's (Ref, 2) measurements at
the same Reynolds number., Figures 16a and b show wake photographs
of copper, nylon, and aluminum spheres at similar flight speeds to that
represented in Fig. 12. At the same axial station in the wake, the
ablating nylon and aluminum models show evidence of strong wake tur-
bulence at x/D = 1000. This would seem to be too large a difference
to be explained simply in terms of data scatter. The problem is further
emphasized by the fact that at Re, ~ 3.3 x 104 an ablating nylon sphere
indicates turbulence at x/D = 500 in Fig. 16b. These results indicate
that there is, under some conditions, a marked effect of ablation on tur-
bulence onset.

12
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Figures 17a through f present sequences of wake [low field patterns
obtained wilh the framing camera for Re, 9 x 10%. Variations in model
diameter, ambient pressure, and velocity have been such that the
Reynolds number was consiant. It is assumed, on the basis of data pre-
sented in Ref. 8, for these flight condilions the copper spheres did not
ablate, A detailed study of these sequences reveals a similarity be-
tween the observed patterns and those shown for the incompressible
wake (Fig. 158). There is a variation in the location of the [irst signs
of turbulence. However, such a variation may rellect the basic unpre-
dictability of events such as this.

SECTION IV
CONCLUSIONS

As a result of the present studies the definition of the inviscid wake
must be questioned. Data are presented which indicate the possibility
of a slipstream, originating at the intersection of the separation and
wake shocks, being mistaken for the inviscid wake as it is defined in
Ref. 1, (See Section I of this report.} Photographs clearly showing an
apparent invigscid wake at supersonic and low hypersonic speeds are in
disagreemenl with the concept of the inviscid wake occurring only at or
near reentry speeds. It is readily agreed that at high speeds the appar-
ent inviscid wake has shielded details of the inner wake, when observed
with a horizontal knife-edge schlieren system. The demonsirated
existence of such a wake at low speeds indicates probable misinterpre-
tation of low-speed data (cf., Ref. 5). In such cases the apparent in-
viseid {outer) wake has been mistakenly called a laminar inner wake.

Comparison of wake visualization with schlieren sysiems having
vertical and horizontal knife edges demonstrates that for adequate defini-
tion of turbulent wakes of spheres (or bluni bodies in general), both
modes of schlieren visualization are necessary.

Examination of wake observations suggests that for spheres, the
apparent 'inviscid" wake boundary may originate from interaction of
wake shock and separation shock, rather than correspond o the ""edge"
of the gas volume which has been processed through the "almost normal"
portion of the bow shock, Should this inlerpretation be correct, the
significance of 'breakthrough' as related to radar returns from wakes of
spheres may be in doubt, since, in this case, the inviscid wake would not
be sufficiently ionized to shield the inner, turbulent wake.

13
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The many wake photographs shown for Re_ < 10° are indicative of a

large-scale vortex shedding phenomenon. Siriking similarities between
the schlieren-observed trails of hypersonic spheres and the low-speed
incompressible wakes of bluff bodies have been cbserved. For Reg $ 10°
the onset of flow instabilities in the sphere wake undergoes a very rapid
rearward shift.

10.
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Fig. 14 Wake Characteristics at Low Reynolds Number
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Fig. 14 Continued
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Fig. 15 Incompressible Wake of Bluff Body
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Fig. 16 Far Wake Characteristics for Various Model Materials
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Fig. 17 High-Speed, Low Reynolds Number Sphere Wake
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