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SUMMARY

Separation patterns of three-dimensional flow are discussed
here, partly on the basis of limited calculated results, but mostly on
experimental observations and intuition. Generally the separation
pattern is rather independent of whether the boundary layer is laminar
or turbulent and whether the flow is incompressible or hypersonic. The
difference is in degree, not character. Various three-dimensional
separation criteria are reviwed and the open-vs-closed separation idea,
particularly is presented, in detail. The bulk of this work is divided
into three parts, dealing with the separation over elongated inclined

bodies, airplane wings at incidence, and around the corners between

intersecting bodies.
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I. INTRODUCTION

1.1 Preliminary Remarks

an.
e
— Lx.‘

In recent years, boundary layer research has finally begun moving

i id
{
| S

into the area of three-dimensional flows. Considerable progress has

been achieved in our understanding of three-dimensional separation,

!
e —

experimentally and theoretically, although much more remains to be

done.

In this work, after some brief remarks about two-dimensional

spearation, we shall first discuss some general separation ideas for

; three-dimensional flow, in particular the idea of open separation vs.
; closed separation (Section 2). The rest of this work is then divided into
three parts dealing with separation over bodies (Section 3), wings (Section

; f 4) and in corners (Section 5). These three groups of problems are common

inaerospace applications, and are also the most widely studied areas
thus far. The basic ideas, of course, apply to similar cases of different

physical interest as well.

L I3 The underlying approach is to illustrate three-dimensional separa-

tion of various specific examples, and hopefully to sort out some general

characteristics from them. In the body-flow problem, separation patterns
first determined by calculation are shown to have been confirmed by

experiments. In the wing flow and the corner flow, calculated results are

T .

still lacking so our discussion relys on surface flow experiments and

physical intuition. The experiments reported in the literature were origi-

‘ ginally made some time ago for different purposes; also, the flow speed

involved varies from incompressible to hypersonic. This diversity of




experimental conditions does not cause any inconsistency in the present
work because the separation patterns appear to be rather independent
of the Mach number from all the evidence that has been examined. Com-
pressibility, of course, influences many other flow phenomena such as
shock waves and heat transfer.

Surveys of three-dimensional flow separation have previously been
made by a number of authors, for example, Refs. 1-4, The scope of
discussion in this work is influenced by the personal interest of the author,
and the literature cited is not intended to be extensive. For some problems
which have been repeatedly studied, it is difficult to determine who did
what first.

Only steady flows are considered here and, in most cases, only
primary separation is indicated. We shall make no effort to distinguish
whether the separation is laminar or turbulent., The calculated sepa-
ration patterns to be discussed are laminar cases, but many of the
cited flow visualization experiments were made in turbulent flow. There
are many differences between laminar and turbulent boundary layer flows,
but the resulting separation m tterns, to this author's knowledge, generally
appear to be very similar. A laminar separation is usually more extended
in area and depends on the Reynolds number, whereas a turbulent separa-
tion for what is otherwise the same flow is more confined and less dependent

on the Reynolds number. The difference is a matter of degree, rather than

character.

L]
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1.2 Two-Dimensional Separation

For two-dimensional flows, the criterion of separation(5'7) as
first conceived by Prandtl is defined by
v/
au)
- 0, (1)
(az z=0
x,u

Fig. 1.1. Two-dimensional separation

which is mathematically precise and convenient to apply. Physically
it states that the vanishing of skin friction marks the onset of separation.
Associated with this idea of separation, there have been known a number
of common notions or symptoms, each of which characterizes a certain
aspect of the whole phenomenon. Some of them, individually or in combi-
nation, have hecome synonymous with separation and have even been taken
as alternative definitions. In two-dimmensional flow, it is interesting to
note that these characteristics almost imply each other. They are listed
below:
1. Singularity - separation is said to reflect mathemz*ically a
singularity of the boundary layer solution.
2. Reverse flow - separation is said to signify the onset of flow
reversal.

3. Inaccessibility - separation determines a separated region

which is inaccessible to the upstream flow.




4. Boundary layer thicke-ning - Separation is marked by a rapid
E growth of the boundary layer thickness.

f 5. Breakdown of boundary layer assumptions - separation means
é that the basic boundary layer assumptions become invalid. |
6. Computation difficulties - Convergence difficulty and increase ‘

of the number of iterations imply separation. 12

The question concerning us here is: Are these ideas still valid
for three-dimensional separation? The answer seems to be some of
these are, some are not, some need be modified and, for some, there is
no answer yet. These points will become clear in the next section.
Another aspect of interest concerns the trend of separation. For
a two-dimensional cylinder (say an elliptic cylinder, Fig. 1.2), a simple

rule is that the separation point always moves forward as the incidence

Fig. 1.2 Separation movement with incidence L

increases. We would like to know: Is this trend also true for an
ellipsoid of revolution at incidence? &
In spite of early realization that three-dimensional separation re-

quires new thinking, the influence of two-dimensional separation concepts




| remains strong. Our knowledge of two-dimensional separation has really

been a mixed blessing in our progress toward understanding of three- 4

dimensional separation.

'.n_t_.' e




2. THREE-DIMENSIONAL SEPARATION

For separation in three dimensions, we first discuss the limiting
streamlines and its singularities. Various three-dimensional separation
criteria are reviewed next. Finally, the idea of open vs. closed separation

is elaborated.

2.1. Limiting Streamlines and Singularities
The streamlines nearest to a body surface are known as the limiting
streamlines. Study of the pattern of the limiting streamlines provides a

good deal of insight about separation of steady flows. They are defined by

N L
y dy _ = 9z 'z0 5
hx dx 2 . ( . a)
du 8"u\ 2
)d(+ _— z + —3)] 2z + ----
Sy 9z /20 b
Y, » vV
y
zZ,W
Retaining only the first nonvanishing terms gives
hY dy _ aV/ 9z x cf! (2. 1b) X,h ,u
h_dx = {du/0dz B i : x
x z=0 fx Fig. 2.1. Coordinate

which is just the skin friction lines (coordinates are indicated in Fig. 2.1).
In the literature, both of the terms, limiting streamlines and skin friction
lines, are used.

A point P(x, y) at which both o
point of Eq(2.1b). Expansion of cfx(x,y) and cfy(x,y) around P yields, in

and ny vanish is called a singular

general,

2
hydy : axtayy + azx 4 ----
B9 bx b,y 4 byxT 4 —o-- (2.2)
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Taking only the first-order terms, this equation exhibits a number of

known singularity patterns (Fig. 2.2) that depend upon the relative

(a) (b) (c) (d)

Nodal Spiral Saddle

Fig. 2.2. Linear singularities

magnitudes among ap, bl' a,, and bz. Such linear (and also

nonlinear) singularities are extensively studied in the fields of ordinary |

9) (10)

differential equations and nonlinear vibration in connection with
phase-plane study. In any case, such singularities of the limiting stream-
lines have been frequently observed in surface-flow visualization
experiments and, to a2 much lesser degree, some actually have been
calculated. A nodal or saddle point (Figs. 2.2a, b, d) of attachment or
eeparation is easier to comprehend intuitively; a spiral point of separation
involves a more complex flow structure.

Recognition of the possible existence of such singular patterns is
only a first step. The real question is which singularities occur in a
given flow and where are they located; whether a saddle point, for example,
is located on the windward or leeward symmetry-plane for an inclined body
of revolution can significantly change the separation pattern. A further

question is how the separation between singular points is connected. Indeed,

for three dimensions, one asks whether the separation line must pass

the singular points. These questions will be discussed later.




2.2 Three-Dimensional Separation Criteria

A number of researchers have attempted to advance a proper
definition or criterion for flow separation in three dimensions, In this
process, it was guickly agreed that three-dimensional separation is
fundamentally different from two-dimensional separation; its resolution
requires new ideas. It was also recognized that the vanishing of skin
friction, either one of two components or both, can not be used to define
a three-dimensional separ-tion. Beyond these, different versions of
separation criteria stress different aspects. The search still continues

to this date. The following table represents only a partial listing.

Hayes (1951): Inaccessible, validity of b. 1. assumptions.
Moore (1953): Bubble, inaccessible.
Eichelbrenner & Oudart (1954, 1973): Envelope, inaccessible.

Maskell (1955): Envelope; bubble (singular) and free vortex
layer (regular).

Lighthill (1963): A skin friction line through singular points
(inaccessible).

Stewartson (1963, 1969): Envelope, inaccessible.

Wang (1970): Envelope, closed (inaccessible) and open (accessible).
The essential features of each author's criterion are also indicated.

When a flow separates, the boundary layer assumptions are
certainly no longer valid. This is true in two- as well as three-dimensional
flows. However, such invalidity is not a precise criterion of separation and
it is inconvenient to implement.

The concept of ''bubble'' and ''inaccessibility'' are carried over from
the two-dimensional case. They are valid in certair circumstances, but do

not hold in general as originally supposed. Also they provide only qualitative

descriptions and these are inconvenient to implement.




f
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The envelope idea has been specially developed for the three- ;
- dimensional case. It was first suggested by Eichelbrenner and Oudart(l3)
based on experimental surface-flow observations. Later numerious surface-

flow results appear to support the concept. However, since the mathematical

L complexity prevents the determination of such an envelope exactly in any
real flow problem, this envelope idea remains more a general statement

than a precise criterion. This idea, by itself, does not enable one to

determine separation uniquely. Additional descriptions of separation of

a more specific nature are imperative.

Maskell(l) elucidated considerably the envelope criterion and

went further, classifying separation as a bubble type or a free

i vortex layer type. The former passes through the singular points,
the latter contains only regular points. Here the terms ''singular' or
"regular'' points refer to the limiting streamline equation (Eq.2.1b) and
should not be confused with the singularity of boundary layer equations.
Maskell's work represents an outstanding contribution to the understanding
of flow separation in three dimensions.

Lighthi11(8) warned, however, that to '"call the separation line an
envelope of limiting streamlines is confusingly inaccurate.' Instead, he
defined a separation line as ''a skin friction line which issues from both
sides of a saddle point of separation and, after embracing the body,
disappears into a nodal point of separation. "

Following Lighthill's definition, the separation line, being itself a
limiting streamline, is distinguished from other limiting streamlines in

that it passes through the singular points. Other limiting streamlines

do not meet the separation line except at the nodal point (Fig. 2.3a).
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Since it is a closed curve around the body, the separated region would

be inaccessible to flow from the upstream, unseparated region. In
contrast, based on the envelope definition, limiting streamlines may

meet the separation line anywhere along the line (Fig. 2.3b),

(a) (b)
/@ /@)

: Fig. 2.3. Streamline (a) and envelope (b)
H as the separation line.

and the separation line is not necessarily associated with the inaccessibility

idea.

Stewartson(1 %13 argued in support of the envelope concept. He

cited the mass-flow relation derived by Lighthill himself,

%(c ey z2 h = const. (2.3)

where Cox and cfy are the components of skin friction, z is measured
normal to the body, while h is the distance between two adjacent, limiting
streamlines. For a streamtube of width h, and height z immediately above
the body, the average velocity becomes %(c?x + ciz.y)%z and Eq. (2.3) states

simply that the volume flow along the streamtube is constant, Then there
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are two mechanisms through which the streamlines may lift off the

surface (i.e., as z increases). Namely: either both skin-friction

~

components vanish or h becomes so small that the limiting stream-

lines approach each other. The latter leads to the envelope con-

cept.

While Stewartson favored the envelope concept, he, like Hayes

and othere, stressed the notion of inaccessibility. He defined a separation

line '"as a curve on the body dividing those points that are accessible to

| e the streamlines entering the zone at attachment from those points that

| are inaccessible from attachment.'" He further stated ''this definition is
appropriate whether the separation skin friction is singular or otherwise. "

ke, 17) also favors the envelope

In contrast, the present author
idea, but has introduced an open-and-closed separation concept. A
| closed separation is consistent with the inaccessibility mentioned above,
but an open separation can be just the opposite. Therefore accessibility
is not a proper criterion of separation. We discuss next the open-and-

closed separation concept in detail, and indicate how this idea evolved.

In Section 3, support from recent calculations and surface-flow experi-

ments will be discussed.
2.3 Open vs. Closed Separation
The essential idea can be best explained by considering a body

of revolution (Fig. 2.4a,b) for which there is a plane of symmetry.

Extension to general situations is straightforward. Fig. 2.4a illustrates

|
|




Open separation line Closed separation line

(a)

. \\\\\\\\\\I

Fig. 2.4. Open vs. closed separation.

an open separation; Fig. 2.4b, a closed separation. Point A is the front
attachment (or stagnation) point. By an open separation we mean that the
separation line is not closed in the front leeside surface and does not
originate or terminate at singular points in the sense that both skin friction
components vanish. The limiting streamlines on both sides of the separation
line originate from the same front attachment point; i.e., the separated
region is accessible to upstream flow. In contrast, for a closed separation,
the separation line is closed around the body, passing through the singular
points of the limiting streamlines so that the limiting streamlines on two

sides of the separation line originate from two different attachment points.

The concept of a closed geparation is familiar, but that of an
open separation is new. Separation of two-dimensional problems can

all be interpreted in the present context as of a closed type simply by

pr——
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visualizing a two-dimensional body as an infinite cylinder whose axis
is perpendicular to the undisturbed flow direction. The idea of an open
separation first evolved from a boundary layer study along the symmetry

plane of an ellipsoid of revolution at incidence. (38,19 In that work, profiles

|
LY

Leesioe s
L

K J
" " 2 L R T L "
as as e a2 . # Y] o (1] as (]

(a) Movement of R and S (b) Leeside Cg distribution

Fig. 2.5. Symmetry-plane boundary layer.

of the meridional velocity, u, and of the lateral derivative of v, v/ a6

were calculated (v is the circumferential velocity). The vanishing of
du/dz and 9(9v/ 80)/ 9z on the body surface determines the

separation point, S, as usually defined and the starting point of
circumferential flow reversal, R. The movement of points R and S
on the leeside for an ellipsoid of b/a = 1/4 is shown in Fig, 2. 5a
where pis the meridional coordinate. As the incidence increases,
point R moves continuously forward, point S first moves forward and
later rearward, and then, at still higher incidence, it jumps to the

front end and moves slowly forward thereafter. This behavior follows

L (19),

from the leeside skin friction distribution shown in Fig. 2.5
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The skin friction first exhibits a minimum at the forebody, and then
this minimum grows deeper and finally reaches zero at ~40° incidence.
Such rearward movement and the discontinuous jump of S suggest,
among other things, a new feature of flow separation and presents a
striking contrast to the two-dimensional case shown in Fig. 1.2.

At a fairly high incidence (say 309), reversal of the circumferential
flow becomes strong and moves forward toward the nose. Under such
circumstance, it was thought that separation might be expected to have
occurred away from the symmetry-plane region along the body. Near
the symmetry plane, however, since the point S remains at the rear,
there is no mechanism to provide a closed separation at the front. Based

on this argument it was concluded that the separation must be open.

As just indicated, the open-vs-closed separation concept was
originally conceived on the basis of a symmetry-plane boundary layer
study. However since then, concrete examples of open separation have
appeared in the literature, both from numerical solutions of complete
three-dimensional boundary layers and from surface-flow visualization
experiments. These will be presented in Section 3.

The question of the conditions under which open separation might
occur is, of course, interesting, but difficult to answer in precise terms.
What is known now is that open separation prevails over smooth elongated
bodies of revolution at small (but not zero) to moderate incidence. The
word ""small" and ''moderate' are only relative terms and vary with other
parameters. The bodies referred to include, for example, ellipsoid of
revolution, blunt cone, and hemisphere cylinder (Section 3). For such

geometry, the velocity and the adverse pressure gradient of the lateral

flow can be large or comparable to those of the longitudinal flow.

[
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Corresponding to these features, the lateral body dimensions normal
to the free stream, h and d, are smaller than the streamwise dimen-
sion, L. Remember that in the limit of zero incidence, separation,
if it occurs, is known to be closed. Here the scales h, d, L are

described in projected dimensions in order to account for the yaw or

incidence effect (Fig. 2.6a). A Vi
o 2
o
' h : A3
P
2
il oy
Fig. 2.6a. Geometry for Fig. 2.6b. Part-span
possible open separation. separation.

The front nose radius in our consideration is not necessarily a
characteristic length. The hemisphere-cylinder serves as a good
example. The nose bluntness may cause a short separation bubble,
while the main separation, which occurs over the long afterbody is of
open type, and is affected by the overall length.

When there is a front stagnation line rather than a stagnation
point, the situation will be somewhat different. There, the meaning of
"open" or '"closed" becomes less precise and depends on which part of
the limiting streamlines one may refer to. This happens in the case of
a swept wing (Fig. 2.6b). The separation line P,P, may extend
only over part of the span (see Fig. 4 of Ref. 1). In our termin-
ology of "open" vs ''closed" separation, PIPZ is closed with respect

to the limiting streamlines passing through the part of the leading edge

A2A3, but it may be considered as '"open' with respect to the
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limiting streamlines through the part AIA2 because these limiting
streamlines may reach the backside of PIPZ'

In an open separation, the separation surfaces, one on each
side of the leeside symmetry-plane of an inclined body of revolution,

are not connected and form something like a channel on the leeside.

In a closed separation, a single surface usually encloses the separation

OPEN SEPARATION SEPARATION SURFACE CLOSED SEPARATION

SEPARATION
SEPARATION SURFACE

SURFACES

LIMITING LIMITING
STREAMLIN
bkt i o B SEPARATION LINE

Fig. 2.7. Consequence of open vs closed separation

region, at least, for some axial distance from the front, and appears on
the leeside as a '""bubble, ' a term carried over from two-dimensional
problems.

It seems reasonable to expect the following: An open separation
readily leads to the shedding of vortices and the formation of a large
wake. In contrast, associated with a closed separation, the vortices are
embedded inside the bubble and are smaller in extent and weaker in
strength. Furthermore, the bubble remains attached to the body, so
that wake formation is delayed. Wake vortices can cause flow unsteadyness,
asymmetry, and other complications. A closed separation is, therefore,
preferred to an open separation from this viewpoint. This can be achieved

by avoiding an intermediate range of incidence and/or increasing the body

thickness.
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2.4 Summary View of 3-D Separation

A number of alternative criteria which have been proposed were
discussed in Section 2.2, followed by a discussion of the concept of open
and closed separation (Section 2. 3).

The definition of separation as an envelope of limiting streamlines
appears most likely to be correct. Surface-flow experiments tend to
support this definition and limited calculated results also suggest it.
Rigorous mathematical proofs remain to be made.

Further classification of three-dimensional separation can be made
from other viewpoints. For example, one may alternatively speak of
"open' vs '"closed" depending on whether the separation line (or surface)
at the front is open or not; '"singular'’ vs ''regular,' depending on whether
the separation line contains the singular points or not; and ''channel" vs
"bubble' with emphasis on the shape of the separation surface; 'free' vs
"fixed'' and so on.

Maskell classified the separation as ''bubble' vs 'free vortex

(16)

layer.'" The same terms were used by this author as well. Nevertheless
it seems that ''"bubble'' is a term descriptive of the shape, while 'free vortex
layer'' stresses the structure of the separation surface. Actually all
separation surfaces are a kind of vortex sheet in structure, although

there is a difference in whether the sheet is free or fixed in some sense.

We prefer to speak of ''closed vs open'' separation, which describes the

main intuitive feature, and present an especially striking contrast to the
"inaccessibility'' notion usually associated with separation.

The idea of '"open vs closerd'' separation is compatible with

Maskell's concept of ''bubble vs free vortex layer'' separation. However

e im0
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the specific idea of '"openness'' was not discussed by Maskell nor by |
other authors. For example, Stewartaon(s' 1) has argued in support
of Maskell's ideas, but he, in turn, stresses '"inaccessibility'' as the
separation criterion in direct contrast to ''openness.' The terms '‘open'
and '‘closed'" were used by Maskell to describe the streamlines. These
should not be confused with the ''open'' and '"closed'' separation lines
referred to here. Whether a separation line is open or closed is a
different matter as to whether a streamline is open or closed.
Reversal of one component flow (say, either longitudinal or
lateral) of a three-dimensional boundary layer does not necessarily
signify separation. So long as the rule of the zone of dependence(zo’ g
is satisfied, calculation of such reversed flow does not contradict the
basic idea of an initial-value problem. This is because reversal of one
component of the flow is not the same as reversal of the resultant flow.
Indeed, for a three-dimensional boundary layer, the flow direction
(parallel to the body surface) varies across the layer at a given point
on the body surface, hence sweeping out some solid angle. A distinctive ‘
flow direction does not exist. The dependence rule, which requires the ] ‘

computation mesh to enclose the solid angle, ensures precisely the

o e
o

satisfaction of the initial-value concept.
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3. BODY-FLOW SEPARATION

In this section, separation patterns over inclined bodies are
presented. Three-dimensional effects are most pronounced for this
geometry. The open separation discussed in Section 2 is also most
apparent here. The majority of this section is devoted to evidence
supporting such open separation.

The case of a supersonic pointed cone will be dealt with first,
but an ellipsoid of revolution is chosen to illustrate the general charac-
teristics of body-flow separation. The blunt cone and hemisphere
cylinder are two configurations common in aerospace application and
their separation pattern can be inferred from that for an ellipsoid of

revolution.

3.1 Supersonic Pointed Bodies

This problem of a supersonic sharp cone was first considered
by Moore e and has since been investigated both numerically and
experimentally by numerous investigators. Some variations of this
problem include pointed ogives and cones of noncircular cross-section.
Primary separation of a supersonic cone has been well established, with
consistent and conclusive results from a variety of investigations. It occurs
along a cone generator, entirely due to the reversal of the cross flow.

The separation lines move away from the windward symmetry-plane with

increasing incidence until the incidence reaches some limit. After that,
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Separation line

{a) Sketch of (b} (b) Surface flow (WerleP 7))

Fig. 3.1. Separation over a sharp cone.

it moves no further. Recent full three-dimensional boundary layer calcu-
lations for this kind of problem have been reported, for example, in
Refs. 22-25.
3.2 Ellipsoid of Revolution

The incompressible flow over an ellipsoid of revolution contains
most of the essential elements of boundary-layer interest. It is a finite
body smoothly closed at both ends, so that both favorable and adverse

pressure gradients occur along both the longitudinal and lateral directions.

3.2a. Separation Sequence

Fig. 3.2 depicts a sequence of the side view of the separation
pattern over an ellipsoid at increasing incidence. These sketches are
for the case where the ratio of minor/major axes is 3. The cases of

o =0°, 6°, 30°, and 45° are based on full three-dimensional calcula-

: 17, 26,27
1ons( ), while the intermediate cases of o = 3°, 150, 40°
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3 o (f) :
(c) 6° (g) o

separation line
ires g circumferential-flow reversal line

_ limiting streamline

Fig. 3.2 Sequence of separation

e

are based partly on the general trends and partly on implications
5 J from Hsieh's experiment(zs).
At zero incidence (Fig. 3.2a), an axisymmetrical flow separates
at a fixed parallel. Small increase of incidence (3°) tilts the separation
E line slightly. It is preceded by a small region of weak reversal of

, the circumferential flow (Fig. 3.2b).

As the incidence further increases (say 60, Fig. 3.2c), the

leeside separation point moves rearward rather than forward so that the




separation line is bent as shown in an enlarged view (Fig. 3.3a). The

Closed A Tail Vortex

Scparation Line

Open Separation

/\ Line

(a) Near breakup (b) After breakup

Fig. 3.3. Initiation of open separation.

upper branch AC inclines rearward, whereas the lower branch CD
inclines forward. Meanwhile, the reversal of the circumferential flow
starts ahead of the mid-body on the leeside (see Fig. 3.2c).

At higher incidence, the separation line breaks so that the lower
branch CD extends forward to become what we call an open separation
line as shown in Fig. 3.2d and enlarged in Fig. 3.3b. The change from
a closed separation at low incidence to an open separation at higher
incidence thus evolves gradually., It is difficult to pinpoint at what
particular incidence this change takes place. Even for 6° incidence
(Fig. 3.2c and Fig. 3.3a), it is difficult to say whether the separation
line is closed in the section BC.

After an open separation occurs, what happens to the flow

immediately behind the broken separation lines AB and CD, and for
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that matter, the separated flow over the afterbody, is not understood.

It is conjectured, however, that there may exist tail vortices (Fig. 3. 3b')

ahalogous to the nose vortices to be discussed later (Section 3. 6).
Meanwhile, the reversal of circumferential flow becomes more

strong, and its starting point, R, on the leeside continues to move for-

ward (Fig. 2.5a). The senaration line can be approximately identified with
the circumferential-flow reversal line although it is located slightly
aft.

The open type of separation persists as the incidence continues
to increase (say 300, Fig. 3.2e). The separation line continues to
stretch forward, but otherwise the basic pattern remains the same.

Following the stage at which the singular separation points, S,
on the leeside symmetry-plane jumps to the front nose (as discussed
in Section 2. 3), new features start to appear (Fig. 3.2e). Near the
point, S, a local saddle-point flow pattern develops; meanwhile, the
open separation line moves close to the symmetry plane. At this
juncture, there is a possibility that a concentrated vortex may appear
at the nose (see Section 3.6).

Finally, as the incidence continues to increase (about 45° in
this case), the separation becomes completely closed. Increase of
incidence thereafter does not greatly change the pattern.

Thus, we have arrived at a systematic sequence of development
of separation for an inclined body. As the incidence increases, the
separation changes through a cycle: frcm closed to open and back to
closed. For the example shown here (ellipsoid of b/a = %) the range

of incidence for the cycle runs from 0° to 45°. A more slender
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ellipsoid of revolution is more sensitive to the incidence variation so

that the corresponding cycle may take place at considerably lower
incidence. On the other hand, for a sufficiently fat ellipsoid of revolution,
the separation will be always a closed type.

The foregoing discussion can be carried over to shapes differing
from the ellipsoid. In the case of a blunt cone or a hemispherical
cylinder, for example, the fore-body flow develops the same way and
differences arise only over the afterbody. When the afterbody is of
conical or cylindrical shape, the separation occurs roughly along a

generator and hence becomes less complicated.

3.2b Calculated Results

Wang's calcul ations (17,26, 27) . The laminar boundary layer

over an ellipsoid of revolution was calculated for the axis ratio of 7 at
6°, 30°, and 452 incidences. Results are shown in Figs. 3.4a-e.where
the body surface is represented in a plane rectangular coordinate system

consisting of meridional distance, p, and circumferential angle 6 ., In

Figs. 3.4a,b, c, the separation lines are shown along with the limiting stream-

lines, inviscid surface streamlines, minimuam pressure line, and the zero-

o line which marks the beginning of the circumferential-flow reversal.
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The separation lines determined here agree well with envelope
concept. At higher incidences (30°, 45°), they are close to the zero-c.o
lines; at lower incidence (60), the separation line is far from the zero-c o
line.

Fig. 3.4b further shows that the zero-cq line does not signify
separation near the ends of the body. Near the rear end, however, the
separation point in the windside symmetry plane is so close to the zero-c f0
line that there is not much value in making the distinction. Near the front
end, the separation line is not closed, and hence an open separation prevails.
Fig. 3.4e is an enlarged view of the fore body in Fig. 3.4b and is shown
to display the open separation idea. The arrows indicate the calculated
surface flow directions, and the limiting streamlines are drawn therefrom.
Fig. 3.4d gives detailed surface flow conditions for Fig. 3.4a, especially
in the reversed circumferential-flow region between the zero-cgg line and the
separation line.

As the calculated limiting streamlines approach the separation
line, they make a sharp turn and merge into the latter. This lends support
to the concept that the separation line is the envelope of limiting streamlines
rather than a limiting streamline itself.

The minimum pressure lines are also superimposed in Figs. 3.4a,b.
Along this minimum pressure line both meridional and circumferential
pressure gradients vanish. The minimum pressure line was once suggested
as an approximation to the separation line. At lower incidence, this
approximation fails badly; at higher incidence, the minimum pressure

line is closer to the calculated separation line. However, such a crude

approximation can not cope with the open separation flow structure.
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(29)

Geissler's calculation Three-dimensional incompressible

laminar boundary layers over ellipsoids of revolution and over a half-
ellipsoid with cylindrical afterbody were calculated. Sample results of

the calculated separation lines are shown in Fig. 3.5. All are of the

Separation line

Ellipsoid, a/b = 4, a= 15°

eparation line
Ellipsoid-cylinder, a/b =6, a= 10°

Fig. 3.5. Geissler's calculated separation
lines.

open type and hence are in qualitative agreement with our preceding

discussion of the open separation.

3.2c. Experimental Results
Peake, Rainbird and Atraghji(z) presented an oil dot surface-flow

picture (Fig. 3. 6a) for an ellipsoid of b/a = 1/6. The test was conducted

at 25% incidence. The Mach number is 0.74 and the Reynold number is
44 x 106 based on the body length. The boundary layer is turbulent.

Although the oil-flow picture is rather indistinct, the separation lines

i




(a) Oil dot surface flow (b) Isobars and separation lines

Fig. 3.6. Ellipsoid separation (Peake,
Rainbird and Atraghji).
and attachment line can be identified. Over the front nose, it is
difficult to visualize whether the separation line is closed or open.

The accompanying drawing by these authors (Fig. 3. 6b), however,

suggests that the separation is open.

Earlier, Eichelbrenner( 13,30)

reported a number of surface-
flow visualizations for various ellipsoids, but the photographs are not
clear enough to indicate a well-defined separation line. This led to
certain incorrect description of separation as later pointed out by this

(16)

author During the Viscous Flow Symposium at Lockheed-Georgia,
1976, Dr. V. C. Patel from the University of Iowa showed a color

surface-flow slide for an ellipsoid of revolution with b/a = 1 at 20°

incidence and an open separation was clearly indicated.
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3.3 Blunt Cone

3.3a. Separation Sequence

The separation pattern over blunt cones follows closely that for
an ellipsoid of revolution, excluding the complications due to a contracting
afterbody. At low incidence (typically say less than 4°), no separation
occurs (Fig. 3.7a). At moderate incidence (6°~ 7°), an open separation

starts to form over the rear portion (Fig. 3.7b). This pattern extends

W e B

(a) Low (<4°) (b) Moderate (6°~ 7°)
ﬁ" ; S % 5
= o
(c) 10-20° (d) =22
(e) ~25°

Fig. 3.7. Separation sequence for blunt cone.

forward (Fig. 3.7c) as the incidence increases. At some point (say
about ZZO), a saddle-point may emerge near the front nose (Fig. 3. 7d),
resulting in the formation of a concentrated vortex to be discussed later.

At still higher incidence, the separation quickly becomes closed (Fig. 3. 7e).

This sequence of development should hold for reasonably slender blunt

(32, 33)
cones. The specific range of incidence up to 18° is based on Stetson's
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experiment for the case of 30% bluntness (ratio of the nose-to-base
radius). Above 18°, it is estimated by the author. The incidence range
for the sequence will decrease as the blunt cone becomes more slender.

Blunter nose shapes are discussed in Section 3. 5.

3.3b. Experiment Results

Surface-flow separation experiments have been made by many
investigators, including Werle(31), Stetsoxpz’ 33), Zakkay(34) and others.
Stetson's experiments provided the first convincing evidence compatible
with our idea of an open separation.

Figs. 3.8a,b show oil-flow photographs at incidences of 10° and
18°. The model was a 5. 6° half-angle cone with 30% nose bluntness at a
Mach number of 14, 2 and a free-stream Reynolds number per foot of

0.62 x 106. These pictures clearly demonstrate the open type of

(a) a@=10°

(b) o= 18° , T ee————

Fig. 3.8. Open separation on blunt cone, top
view (Stetson).
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separation. In Fig. 3.8a, two oil streaks proceed from the nose region
directly into the separation region. A model of 10% bluntness was also
tested by Stetson and yielded similar results.

Similar surface-flow experiments on blunt cones were reported

by Zakkay et al.(34)

and his general conclusions are much the same.
Calculation of three-dimensional viscous flow over a 15° half-angle
blunt-cone at 15° incidence has been reported by Lubard (35). The

separation line is not shown, but an open separation is indicated.

3.4. Space Shuttle

Flow separation patterns on the leeside of a space shuttle orbiter
model were investigated by Zakkay, etc.(34) at a free-stream Mach
number of 6. The free-stream Reynolds number ranges from 1.64 x 107
to 1.31 x 108 per meter, and the incidence angle varies from 0° to 40°.
The cross section of the main body (exlcuding the wing) is nearly circular
in the nose region, but gradually flattens on the sides and the bottom as one
moves aft.

At 10° and 20° incidences, the separation was found to be an open-type.

At 30° and 40°, it was of the closed type. Figs. 3.9a,b show the leeside

surface-flows for incidences of 20° and 30°, where both the primary and

secondary separation lines can be clearly identified. Over the rear
portion of the model, the primary separation line remains straight and

resembles that of a cone despite the presence of the wing.
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Gl e i

(a) Open separation, (b) Closed separation,
o o
o=20 a=30

Fig. 3.9. Separation on space shuttle
(Zakkay, Migazawa and Wang).

This investigation provides further confirmation of the idea of an
open separation under more general conditions; the body is not simply
a body of revolution and the boundary layer involves laminar, transitional
and turbulent flow. The conclusion on the general trend of the separation
pattern, however, agrees well with our description based on the incompressible

laminar solution for an ellipsoid of revolution.
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3.5 Hemisphere Cylinder

The hemisphere cylinder represents a slight variation in geometry
fromthe blunt cone discussed before, and finds wide application in missile
design. Surface-flow experiments for a hemisphere cylinder were under-
taken by Hsieh(36) at Mach number 0.6 to 1.4 and at incidence angles of

P _19%, The resulting separation patterns follow closely those described

herein for an ellipsoid of revolution, and a blunt cone.

The sequential change is illustrated in Figs. 3.10a-d. The same

sequence was found to hold for all Mach numbers tested. At zero

Bubble Nose vortex
(a)
4 ;
Vo _ Lt 7 M

(b) Open separatlon Closed separation

Fame ol /CQL//@

Fig. 3.10. Separation over a hemisphere cylinder.

incidence, a short separation bubble appears at the junction of the hemi-
sphere and the cylinder (Fig. 3.10a) and represents the only departure
from the previous cases. At lower incidence (say g 5°), the separation
bubble on the windward surface gradually disappears, whereas that on the
leeward surface moves slightly forward. Meanwhile, an open separation
line starts to emerge over the aft-body (Fig. 3.10b). As the incidence
further increases, (say 10°%), the open separation line extends farther
forward. At 15° - 19°, a concentrated vortex may appear on the nose, as

discussed later. It is expected, but not yet tested experimentally, that




E‘ continuing increase of incidence would lead finélly to a completely

closed separation (Fig. 3.10d, estimated to be around 25° for this

case). Figs. 3.1la-c show surface-flow photographs for M = 1. 2.

An open separation line over the rear body is barely visible in Fig.

3.11a, and extends forward and can be clearly identified in Figs. 3.1lb, c.

(2)

(b)

(c)

Fig. 3.11. Open separation over hemisphere-
cylinder (Hsieh).

3.6 Nose Vortices

A vortex pattern on the leeside front nose of an inclined body of

revolution (Fig. 3.12a) was first revealed in Werle's surface-flow

experiments in 1962(31). During the following years, no similar vortex
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(a) Werle, M = 0, o = 20° (b) Hsieh, M = 1.0, e = 15°

Fig. 3.12. Nose vortices.

was reported, and little additional understanding of this problem

developed. Recently, however, a similar pattern was observed by

Hsieh(36)» as mentioned in the preceding section. The latter led to

the suggestion by Hsieh and Wang( of a possible mechanism to explain
the formation of such a nose vortex within the context of the open-and-
closed separation idea. As illustrated in Figs. 3.2 and 3.10, and further

enlarged in Fig. 3.12c, with the progressive increase of incidence to a

Nose vortex

Fig. 3.12c. Enlarged sketch of nose vortex.
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certain stage, the open separation line extends forward, coming very
close to the leeside symmetry-plane. A local separation starts at the

saddle separation point, S, if there is no short bubble separation as in

the hemisphere cylinder case. At this point, a counter clockwise circulating
vortex path can be formed; the reversed flow caused by the short bubble or the
local separation near point S follows the upper path (1-»2-3, Fig. 3.12¢),
while the open separation permits the flow to enter the leeside region

along the lower path {3—>4-1). If the incidence is increased further, the
separation would become completely closed, and the vortex would disappear.
Based on this reasoning, the vortex can be expected only during the transition
from an open separation to a completely closed separation. It is, of course,
understood that there is actually a pair of such nose vortices, symmetrically

situated on two sides of the plane of symmetry.

[ —
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4. WING-FLOW SEPARATION

Analytical study of three-dimensional boundary layers was first

(6,7) Being independent

started for the case of an infinite yawed cylinder.
of the spanwise coordinate, the chordwise flow can be determined exactly

as for a two-dimensional airfoil, while the spanwise flow can be determined
separately afterward by a linear equation. This simplified model provides
important insight to three-dimensional character and has since been widely
used. However, rigorous solution of the genuine three-dimensional

boundary layer for a finite wing is still lacking.

Our discussion on separation here relies on surface-flow experiments
and on intuition. A great variety of wing-flow separations have been reported.
Particularly interesting is the predominant spiral-vortex pattern over a
finite swept wing at high incidence. Unfortunately, such patterns cannot
be determined by boundary layer solutions; instead they require solution of
the Navier-Stokes equations. The transonic swept wing is distinguished
by shock-boundary layer interactions. The delta wing is usually known
for its characteristic leading-edge separation, but the surface-flow pattern

for the case without leading-edge separation is equally interesting. These

cases will be discussed in the order mentioned.

4.1 Infinite Yawed Wing
Wild's work(37) represents a classical one of the infinite
yawed wing problem. He calculated an elliptic cylinder at 7° incidence;

the ratio of the major to minor axes is 6:1, and the yawed angle is 45°,




separation | 3
line ) : A

Fig. 4.1. Separation over an infinite yawed wing (Wild)

Results are shown by the short-line segments in Fig. 4.1 which indicate |
the calculated local limiting flow directions. These results agree well

with tuft observations. The limiting streamlines show a strong outward

departure from the inviscid surface streamlines, a unique characteristic
of three-dimensional boundary layer effects. The separation line is

determined by the vanishing of the chordwise skin friction.

4.2 Subsonic Swept Wing

4.2.a2 Low Incidence Case
Separation over a typical finite swept wing of moderate to large

aspect-ratio at low incidence follows closely that of an infinite yawed

wing, except near the tip and root. Separation occurs nearly parallel to

the trailing edge (Figs. 4.2a, b). Fig. 4.2a is intended to be a simplified -
(38,39)

sketch of Fig. 4.2b which was reported by Vanino and Wedemeyer
The wing has an aspect-ratio of 4.8, and was tested at M=0.7 and & = 6°,

A typical tip vortex pattern can be seen near the tip.

o
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. Tip
k- | Vortex

Separation

' : line
E |
i (a) Sketch of (b) (b) Surface-flow (Vanino
- and Wedemeyer)
|
back
. Fig. 4.2, Sei)aration over swept wing
at low incidence.

‘ A sharp leading edge always causes separation along the leading
edge. Leading-edge bubble separation also may occur. Very often, it

{ extends along the span somewhere behind the leading edge. The boundary

layer then becomes turbulent and reattaches. Leading edge bubbles may

(40)

also break into segments along the span

| 4.2.b. High Incidence Case
Wing flow is especially sensitive to change of incidence. As the

incidence increases over a few degrees, the separation can become entirely

altered. Fig. 4.3a sketches a spiral surface-flow pattern which has been
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consistently observed and represents a typical wing separation pattern
at higher incidence. It consists of an inboard spiral vortex pattern and
an outboard saddle-point pattern. Above the surface, a part-span vortex
spirals downstream. Fig. 4.3.b portrays a different part-span separ-

ation sketched by Lighthill o)

(b) 1"-'

Fig. 4.3. Separation over swept wing
at high incidence.

(41)

The oil-flow picture in Fig. 4.4 displays a clear spiral
pattern, and represents an early experimental observation of this type
of wing-flow separation. A vortex arising at a part-span station and

trailing downstream is visible. At the present time, little is known

about the mechanism for the occurrence of such spiral flow.




Fig. 4.4 Spiral surface-flow separation
(Cooke and Brebner).

38,39)

Figs. 4.5a- are top views of a more systematic develop-

ment of the spiral surface-flow pattern at a Mach number of 0.7. The
planform has an aspect ratio of 3, and a sweep angle of 25°. At 8°
incidence (Fig. 4.5a), there appears to be a leading-edge short-bubble
separation; otherwise a nearly two-dimensional chordwise flow pattern
prevails, except at the tip region which will be discussed later.

At 10° incidence, an increase of Zo, the surface flow pattern
becomes entirely different (Fig. 4.5b). A spiral pattern similar to
that in Figs. 4.3a and 4.4 can be clearly visualized. The center of
such a spiral vortex can also be discerned at a part-span station near
the leading edge. The short-bubble separation appears to extend only

inboard of the vortex center parallel to the leading edge. Upon further

increase of incidence to 14° (Fig. 4.5c), the spiral vortex appears to




s
; Fig. 4.5. Surface-flow patterns over swept wing
(Vanino and Wedemeyer).
- become much stronger, and its center shifts toward the root of the
1 wing. The vortex trailing backward above the wing' s surface is es-
; pecially clear in this picture, and the leading-edge bubble separation

disappears completely.
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The surface-flow pattern near the tip is dominated by the tip

vortex. Figs. 4.6a, b, c are sketched corresponding to Figs. 4.5a, b,
c. In Fig. 4.6a, a large vortex pattern covers the tip region. In

p| addition, there appears a short chordwise separation line (i.e., a

L.E. Bubble Chordwise S. L.

Chordwise
8. L. ;
| Tip
i | Vortex Chordwis
4 S.L.
3 Tip
Vortex /\
]
(a) a=8° (b) o =10° (c) o =14°

Fig. 4.6. Tip-flow pattern.

separation line runs along chordwise), and a leading-edge separation

' bubble. As the incidence increases to 10° (Fig. 4.6b), the tip vortex
moves forward and shrinks in size, whereas the chordwise separation
line becomes longer. At 14° incidence (Fig. 4.6c), the tip vortex dis-
appears altogether, and the chordwise separation line runs almost
along the edge of the wingtip. The spiral vortex pattern becomes strong

enough to dominate the whole upper surface of the wing.

It has been observed(43) that the part-span vortex shifts inboard

(see Fig. 4.7a) with increasing angle of incidence, decreasing Reynolds
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(a) Inboard shift (b) Breakdown

Fig. 4.7. Factors after part-span vortex.

number, decreasing leading-edge radius, and increasing leading-edge
sweep angle. The part-span vortex may break down early or trail
behind the wing for some distance. Experiments indicate that the vortex

breaks down earlier with decreasing sweep and increasing incidence.

4.3 Transonic Swept Wing _

The transonic wing flow(42’ 43 is characterized by the presence of
a mixed subsonic-supersonic flow, shock waves, shock-boundary layer
interaction, and the resulting extended separated region.

There are basically three shocks (Fig. 4.8a): forward, rear,
and outboard. The forward shock originates near the leading edge of
the wing root and runs downstream toward the tip. The rear shock
originates near the trailing edge of the wing root and runs upstream

toward the tip. The outboard results from the merging of the first two,
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Forward

High o

Outboard

Low o

(a) Basic three shocks (b) Effect of incidence

Fig. 4.8. Shock system on a transonic wing.

and hence, is stronger. As the incidence increases, the forward shock
shifts downstream (Fig. 4. 8b) and the rear shock shifts upstream, so
that the outboard shock extends farther toward the wing root.

A weak outboard shock may cause a bubble separation and/or

a kink deflection on the limiting streamlines (Fig. 4.9a), but a strong

Trailing edge
separation

(a) Flow deflection due to shock (b) Shock and T. E. separations

Fig. 4.9. Surface flow over a transonic wing.
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outboard shock leads to flow separation. Hence over a transonic wing,
the outboard separation is due to shock, whereas if inboard separation
occurs, it is an ordinary trailing-edge separation. As these two sepa-
ration lines do not necessarily join together, a strong spanwise flow
may enter into the separated region. As the incidence increases, the
shock separation line moves closer to the leading edge.

38,3
Figs. 4. 10a-d( % show a series of shock separation patterns.

Fig. 4.10. Separation over a transonic wing
(Vanino and Wedemeyer).
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The wing aspect-ratio is 4.8, the sweep angle is 35° and the Mach

number is 0.95. At zero incidence (Fig. 4.10a), the shock separation
takes place outboard in the trailing edge area. As the incidence increases
(Fig. 4.10b), the shock moves toward the leading edge while the separated
region spreads. In Figs. 4.10c,d, an inboard trailing-edge type of
separation can be seen in clear distinction to the outboard shock separation,
and the two do not join together. These pictures are not clear enough to
indicate a definite flow pattern inside the separated region. Further in-
crease of incidence would move the shock ahead of the wing, and it is
expected then that the surface-flow pattern would resemble those shown

in Figs. 4.3a and 4.5c -- i.e., a predominant spiral-vortex pattern.

4.4 Delta Wing
4,.4a With Leading-Edge Separation

A delta wing with a sharp leading edge is characterized by a
leading edge separation regardless of the speed range. Leading-edge
separation occurs also on highly-swept delta wings with round leading-
edges. A typical situation is illustrated in Fig. 4.11. The primary
separation occurs at the leading edge as a pair of vortices symmetrically
set on the leeside. The flow spirals around these two vortices and
reattaches along the line A . In the middle, the surface flow is conical.
Secondary separation occurs along the line S, and reattachment along
Al' Although such a flow has not been calculated, and details of the
structure remain to be studied, a qualitative picture of Fig. 4.11 has

been well established through many experiments (for example, Refs. 44,

45).
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Fig. 4.11. Delta wing separation 1 | 3
(Werle(45)), | 3

Leading-edge separation and the associated loss of lift and
increase of drag should generally be avoided. However, for a slender ‘ |
delta wing configuration, such a penalty may be offset by a different

consideration. Since the primary separation is permanently fixed to =

occur at the leading edge, this eliminates the uncertainty in separation |
prediction, avoids more complex separation which might otherwise occur,

and simplifies control of a vehicle. Bl

4.4.b Without Leading-Edge Separation

The surface-flow pattern over a delta wing without a leading-edge

(45)

separation has not been well studied. Werle's work is the only one

of this kind known to this author. A sequence of development for this

problem is illustrated in Figs. 4.11a-d sketched on the basis of Werle's
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experimental pictures shown in Figs. 4.13a-d. Only the right half is

shown. The top portion is much simpler in structure and is not illustrated

Center
line ~N

A\
S¢

Fig. 4.12. Surface-flow pattern over a delta wing with-
out leading edge separation. S.L. -separation
line, C - spiral core, S - Saddle point.

(a)a= 0° (b) o = 6°

(c) a=8° (d) a=10°

Fig. 4.13. Werle's experiment.
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here. The wing has an elliptic spanwise cross-section, and a
symmetric airfoil with a sharp trailing edge. The test conditions
are M = 0and R_ ~ 10%.

At zero incidence (Fig. 4.12a), a saddle point S is located
at the center line and a closed separation line is formed near the
trailing edge. At 6° incidence (Fig. 4.12b), the saddle point S has
moved forward and away from the center line, and the separation line
passing through S appears to terminate at one end at the wing tip B and
at the other end at a spiral singularity C, although a spiral pattern is
scarecely visible at this stage. The flow in the central position pro-
ceeds from the leading edge right through to the trailing edge, and
goes outboard near the trailing edge to arrive at the backside of the
separation line CSB. As the incidence further increases to 8° and 10°
(Figs. 4.12c,d), the trend continues: the saddle point S continues to

move up and away from the center line, the spiral pattern and its center

C become more easily discernible.

L]
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- with the boundary-layer thickness. The corner problem for short pro-
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5. CORNER-FLOW SEPARATION

(46, 47)

The term "corner flow'" problem’ originally referred to the

more restricted case of a flow along the corner of two perpendicular

ey

Fig. 5.1. Corner between two flat plates

plates (Fig. 5.1). It was treated by a modified boundary-layer approach.

Away from the corner, a two-dimensional flat-plate boundary layer pre-

vails. In the corner region, the two boundary layers interact to give rise to

a pair of vortices. However, this problem has not been completely settled yet.
In the more general case, the corner is neither straight nor aligned

with the oncoming flow direction. It occurs at junctions of any two

connected bodies or from a protuberance on another body. Typical in

aerospace applications is the junction of wing and fuselage or any control

surfaces such as flaps, tails, etc. Other examples of corner junctions

are the conning tower of a submarine and fins or flare on a projectile or

missile. In these applications, the projecting body is long in comparison

tuberences (of the order of or less than the boundary layer thickness) is

of interest in the transition study of roughness.
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General corner flow is highly vortical in the sense that there are
multiple vortices resulting from multiple separations and reattachments.
Rigorous calculation of three-dimensional corner flow has required a
complete Navier-Stoke approach and has not been practical to date. How-
ever, there have been numerous experimental investigations for protu-
berances normal to a base plate and under different flow conditions.
Extensive bibliographs for this type of problem may be found in the survey

3 4
articles by Korkegi( ).Sedney (48)and Ryan( 9).

Most studies so far have
been concerned with surface-flow visualizations, and with surface pressure
and temperature distributions; very little has been done with respect to

the flow structure.

Our present interest is limited to the separation patterns. We shall
attempt to illustrate general features through a few typical examples. In
the preceding two sections on bodies and wings, the separation paitern has
been shown to vary widely with the change of the planform and incidence.
On the other hand, corner-flow separation remains basically the same
whether the perturberance is a cylinder, fin or flap. For all the cases
considered, the separation is exclusively of the closed type.

5.1 Cylinder-Plate Corner

The flow over a circular cylinder normal to a flat plate has long been
used as a model for viscous flow studies. It was first used to study three-
dimensional boundary layers prior to separation, and later for the corner

flow problem behind separation. In this author's opinion, this problem

does contain the main features of general corner flow, and hence is a good

Qrremnesd
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Bow shock

\-shock

o

Fig. 5.2. Cylinder-plate separation

model for that problem. However, one cannot say as much for this
problem as for a model for three-dimensional boundary layer study.

The cylinder-plate corner problem has been extensively investigated
by experiments from incompressible to hypersonic flow under both lami-
nar and turbulent boundary-layer conditions (for examples, Refs. 50-54).
The separation patterns have been consistent in spite uf the presence of
: the \ -shock in the supersonic to hypersonic speeds. Typically for a
: X l ; long protuberance (Fig. 5.2), the flow separates ahead of the cylinder
and a reversed flow region immediately follows the separation. Above
the plate, such reversed flow appears as a vortex which spirals away
;. . from the symmetry-plane downstream in the typical horsehoe form. The

separated flow reattaches to the plate immediately ahead of the cylinder;
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at the root corner, there appears a smaller counter-rotating vortex which
also extends downstream as a horseshoe vortex. The attachment line has
been described in the literature as a “herringbone' or "feather-like"
pattern. Behind the cylinder there is a dead-water region with two counter-
- . (54)

rotating vortices ’

The flow pattern just described occurs most often. However, it
has been known for some years that the number of vortices may be more

than two when the length of the cylinder is shortened to be about the

boundary layer thickness. This has been demonstrated most convincingly in

Fig. 5.3. Vortices in the symmetry-plane (Thwaites)a\

(52)

the symmetry-plane flow shown in Fig, 5.3. The smoke filamentsinan in-
compressible flow show two large clockwise-rotating vortices. Each of
these induces, in turn, a smaller counter-rotating vortex. As these
vortices pass around the cylinder, they form horseshoe vortices. Thus

there are two separation lines and two reattachment lines on the base plate.

%
The author is indebted to Dr. L. C. Squire for the demonstration

of this experiment during a recent visit to Cambridge.
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In a series of tests for cylinders of different height and diameter,
Sedney and Kitchens(54) found as many as six vortices. The cylinder
they studied was 2.03 cm high and 7.62 cm in diameter, the Mach number
was 2.50 and the unit Reynolds number was 3.0 x 106/m. The turbulent

boundary layer on the wind tunnel wall was about 2.5 cm thick. Fig. 5.4

Fig. 5.4. Cylinder-plate
(Sedney and Kitchens)

shows a plan-view shadowgraph for the surface-flow pattern ahead of
the cylinder. Three separation lines, marked as S, Sl’ SZ’ can be
clearly seen. Three attachment lines, marked as A, Al’ A2 are also
discernible. A total of six vortices, three large and three small, is

implied.
5.2. Fin-Plate Corner

The fin-plate corner problem also has received extensive experi-
mental attention. A typical sketch for a blunt fin (based on Refs. 55-56)

is shown in Fig. 5.5. The general pattern at the front portion is nearly
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identical to that for the cylinder-plate corner in Fig. 5.2. The only
noticeable difference is that, because the fin is a straight plate, it pre-
vents the flow from closing behind it. In other words, the difference is

mainly in the wake structure. Shown in Fig. 5.5 are two separation lines

Bow shock

)

Fig. 5.5. Fin-plate corner separation
(Based on Refs. 55-56)

and two reattachment lines on the plate, as well as one separation line

and one reattachment line on the side of the fin. Again the number of
separation and reattachment lines on the base plate may vary just as in the
cylinder-plate case before. Thomas(56) reported both single-and-two-stage

separations on the plate. He also indicated that the fin surface flow

suggests more vortices than just those based on the plate surface flow.
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The fin-plate experiments include parameters such as the sharp-
ness of the leading edges, sweep angles (A), and incidence angles ().
As A increases, separation may disappear altogether. As & increases,
the plate leading-edge shock, which is stronger than the boundary-layer
induced shock, interacts with the fin bow-shock. This mainly leads to
higher heating on the fin but has less effect on the separation pattern
with which we are concerned here.

A variation of this kind of corner problem is the case of two inter-
secting wedges in a supersonic flow considered in, among others, Refs.

57-59. This particular problem has received considerable attention.

Wedge shock

(a) Corner flow (b) Oil flow (c) Sketch of (b)
(Refs. 57, 58) (Refs. 59, 3)

Fig. 5. 6. Intersecting wedges




This configuration resembles somewhat the configuration shown in
Fig. 5.1. However, the corner is not exactly aligned with the free

stream. In addition the flow is supersonic. Particular interest in this
problem centers around the complex shock system involving two wedge

shocks, corner shock and inner shock. These shocks divide the corner

flow into several distinct regions marked as I, II, III, in Fig. 5. 6#.

The flow in Region I is conical. The flow structure of Fig. 5,6a, first
given by Charwat and Redekopéss) , has been confirmed by later experi-
ments, although some minor modifications have been suggested.

59
The oil-flow( ) on the wedge surface when both half-wedge angles

are 10° at My, = 20 is shown in Fig. 5.6b. The Reynolds number is
3.35x 106. The inner S-shaped line reflects a vortex, while the outer
oil-accumulation line clearly indicates separation. In the middle, there

is a feather-like pattern. Ahead of the separation is the usual two-dimen-
sional wedge flow. Fig. 5.6c gives our sketch of Fig. 5.6b. There are
indicated two separation lines, marked S and Sl’ and one reattachment
line, implying two larger vortices with a smaller one between. Korkegi(3)
mentioned also a possible system of three vortices, presumably meaning

(59)

that indicated in Fig. 5.6c. Watson and Weinstein noticed earlier
that such a feather-like pattern could be produced by counter-rotating
vortices, although their interpretation differed from the present one.

In Fig. 5.6c, due to the sharp edge, there is no separated region in

front of the wedge.
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5.3 Flap -Plate Corner

Flow separation due to a deflected control surface such as a flap 3
has been extensively investigated throughout the Mach number range,

especially for two-dimensional models. At a fixed Mach number, in-

crease of unit Reynolds number decreases the separation length ahead
i 23 of the flap. Increasing the Mach number while maintaining flap angle
and unit Reynolds number tends to decrease the separation length.

A typical three-dimensional flap separation in front of a flap is

illustrated in Fig. 5.7b, sketched on the basis of the accompanying oil-

Space shuttle

Fig. 5.7a. Shuttle at incidence (Cut-out view alon§ the
center line, from Goldman an

Obremski)

flow picture, Fig. 5.7c. This experiment was reported by Goldman
(60)

and Obremski in a series of tests for studying the hypersonic buzz of

a space-shuttle configuration (Fig. 5.7a). This particular geometry is

included here because of the clear separation picture shown in Fig. 5.7c




Tip vortex

(b) Sk.tch of (c) (c) Oil flow pattern, o = 10°, A= 40°,

M=17.5

Fig. 5.7. Flap-Shuttle Separation (Goldman
and Obremski)

which is believed to be fairly representative for general flap separation.
For our purpose, we may merely consider the bottom side of the shuttle
model as a flat plate with the flap inclined at an angle A.

Fig. 5, 7c corresponds to conditions at M=17.5, a = 100, A= 400,
Re =15 x 106, and a laminar boundary layer ahead of separation.
Separation occurs first at the forebody marked by S, and reattaches on
the flap marked A. Near the flap root, a secondary separation and re-
attachment occur, marked S1 and Al' Along the center line, there
appear to be two counter-circulating flows. They turn downstream along
the reattachment line A, and form two horseshoe vortices. A feature

1

unique to the present flap case, and in contrast toc the preceding cylinder

el




bt i
W

i s e e Sl Sl b iSaci st b e s Uittt i Dol

61

and fin cases, is the flap's tip vortices (Figs. 5.7b, c), resembling
those for a finite wing.

Increase of incidence in the present model reduces the effective
angle between the free-stream flow and the flap if A is kept constant.
Then the separation line S, generally moves rearward, the reattachment
line A, on the flap moves downward, and the secondary separation and
reattachment, S1 and Al may disappear altogether.

If the flap angle is large (say A = 90°, a = 0) and the height of
the flap is short (comparable to the boundary layer thickness), then
multiple stages of separation and reattachment may be expected to
occur on the body (not the flap), similar to what were discussed in the

cylinder-plate corner case.

5.4. Cone-Flare Corner

In the open literature, there appears to have been very little
reported about the separation of the cone (or cylinder) -flare corner
flow at incidence. This flow was not, for example, covered in the

4
survey articles by Korkegi(3) and Sedney ( 8).

In general, change of
incidence affects the flow over cylindrical bodies considerably and the
same is expected to be true for the related corner flow.

Our discussion here follows the work of Harris‘él) who investi-
gated a series of spherically blunted 10° cones with 30° and 60° flares.
Figs. 5.8a, b are oil-flow photographs showing the side view at & = 40°,
M_=9.75and Re = 1.56x 10°. Figs. 5,8c,d are our sketches of Figs.

5.8a,b. For A = 30°, Fig. 5.8c indicates that the corner flow separ-

ated along line S; on the cone and reattached along line A on the flare.




e
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Fig. 5.8. Cone-flare separation, side view. S-body
separation; Sl’ S, - corner separation
(Figs. 5.8a,b from Harris).
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The separaticn line marked S on the leeside of an inclined cone was dis-

cussed in Section 3. For A = 60°, Fig. 5.8d indicates that S; moves
forward and that there is an additional stage of separation and reattach-
ment on the cone marked SZ and AZ‘ It is interesting to note that on the
leeward surface, the line S1 bends forward, whereas S2 bends rearward.
This latter behavior could hardly have been predicted. Thus there is one
corner vortex for A = 30°, but three for A = 60°.

Harris further shows that for a fixed A at ¢ = 0, the separation
line S1 on the cone moves forward to some maximum as the bluntness
ratio increase from zero, and then moves rearward with further increases
in bluntness ratio. The latter is defined as the ratio of the nose to base

radius at the cone-flare juncture. The same trend is believed to hold

for o greater than zero.
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6. CONCLUDING REMARKS

Separation patterns in three-dimensional flow are discussed
here. Apart from our previous boundary-layer ealculation results,
most of the discussion relies on experimental observations and on
intuition. For most of the cases examined, the separation patterns
appear to be rather independent of whether the boundary layer is laminar
or turbulent. Except for the transonic wing problem, the separation also
does not depend on whether the flow is incompressible or hypersonic.
The difference is in degree, not in character.

After a brief summary of two-dimensional separation symptoms
(Section 1), various existing three-dimensional separation criteria are
discussin (Section 2). Surface-flow visualizations and limited calculated
results tend to support the envelope definition of separation, but
additional descriptions are needed to determine separation correctly.
Our open-vs-closed separation concept is elaborated in detail. Evidence
of open separation reported during the last few years is presented in
Section 3.

Separation patterns over typical bodies (ellipsoid of revolution,
sharp and blunt cones, hemispherical cylinder, space shuttle orbiter)
are discussed in Section 3. A more complete sequence of separation
has recently been recognized and fits well with fragmentary experimental
observations. In the last few years, a separation cycle from closed
separation at low incidence to open separation at moderate incidence

and to closed separation again at very high incidence has been developed.
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The new elements are concerned with the transition steps from closed
to open and from open to closed. Part of the separation sequence is
found to be applicable to other geometries such as blunt cones and
hemisphere cylinders.

In Section 4, separation patterns over airplane wings (infinite
yawed Qing, finite swept wing, transonic swept wing, delta wing) are
examined. The wing flow exhibits a greater variety of separation
patterns. At low incidence, separation on a finite swept wing of moderate
to high aspect-ratio follows closely that over an infinite yawed wing,
except near the tip where a tip vortex dominates. At high incidence the
flow over the whole upper surface is separated, typically resulting in a
spiral-vortex pattern, a part-span vortex spiral downstream above the
wing' s surface. A transonic swept wing is characterized by the presence
of shocks and the shock-boundary layer interactions. The delta wing is
best known for its leading-edge separation. Less known is the case
without leading-edge separation which turns out to be just as interesting.

Surface flow patterns around various corners associated with
protuberances (cylinder plate, fin-plate, flap-plate, cone-flare) are
considered. The corner flow is characterized by horseshoe vortices,
but is rather indep endent of protuberance geometry. The cylinder-plate
case can be used as a model to bring out the essential features. Typically
for a long cylinder, the flow separates ahead of the cylinder, followed by
a reversed flow region. Above the plate, such reversed flow forms a

horseshoe vortex which spirals away from the symmetry-plane down-
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stream. The separated flow reattaches to the plate near the root of
the cylinder. There, a counter-rotating vortex is formed, alsc extending

downstream as a horseshoe vortex. If the height of the cylinder is de-

creased to be comparable with the plate' s boundary-layer thickness, the

number of horseshoe vortex increases.

i
1
i
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