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Physics of Vortical Flows
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Office National d’Etudes et de Recherches Aérospatiales (ONERA), 92320 Chatillon, France

Separation in three-dimensional flows leads to the formation of vortical structures resulting from rolling up
of the viscous flow ‘‘sheet,”” initially contained in a thin boundary layer, which springs up from the surface
into the outer perfect fluid flow. A clear physical understanding of this phenomenon must be based on a rational
analysis of the flowfield structure using the critical-point theory. With the help of this theory, it is possible to
interpret correctly the surface flow patterns that constitute the imprints of the outer flow and to give a rational
and coherent description of the vortical system generated by separation. This kind of analysis is applied to
separated flows forming on typical obstacles, the field of which has been thoroughly studied by means of
visualizations and probings using multihole pressure probes and laser velocimetry. Thus, the skin friction line
patterns of a transonic channel flow and of a multibody launcher are interpreted. Then, the vortical systems
of a delta wing and an afterbody at an incidence are considered. The last two configurations are a missile

fuselage-type body and an oblate ellipsoid.

I. Introduction

LIGHT at high-incidence of combat aircraft or hyper-

sonic vehicles during re-entry, as well as that of tactical
missiles, raises practical interest on the study of three-dimen-
sional separated flows. Applications also concern internal flows,
in particular air intakes and turbomachines in which the often
complex geometry of the channel and the existence of shock
waves almost inevitably lead to boundary-layer separation.

In three-dimensional flows, separation entails the formation
of vortical structures—frequently, but improperly, called vor-
tices to simplify—formed by rolling up of the viscous flow
“sheet,” previously confined in a thin layer attached to the
wall, which suddenly springs into the outer nondissipative
flow. Although it has been known for a long time, this phe-
nomenon is still incompletely understood from a physical point
of view and it is delicate to model due to the flowfield com-
plexity, all the components of which are difficult to capture
properly.

Many predictive methods are based on perfect fluid models,
the first of which use the vortex sheet concept. Such a sheet
is defined as a surface of tangential discontinuity for the ve-
locity field. The computational method can use different
schemes: doublets, vortex filaments, vortex particles, and so
forth. Publications in this domain are too numerous to be
cited here. A greater accuracy in flow prediction can be ob-
tained in the solution of the complete Euler equations, which
allows, in theory, automatic capture of sheet-like disconti-
nuities.!~> Perfect fluid models can give a very faithful rep-
resentation of the flow past complicated geometries; however,
they are unable to predict the separation process itself, which
is in essence a viscous phenomenon. It is only in some special
situations (e.g., the sharp leading edge or trailing edge of a
wing, the flat base of a projectile) that “common sense” or
the numerical viscosity of the code allows the localization of
vortex sheet origins; that is, the separation lines.

When separation occurs on a regular obstacle, with a sur-
face whose radius of curvature is large everywhere compared
to the local boundary-layer thickness, the separation lines
must be supplied to the perfect fluid calculation. These sep-
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aration lines must be determined either by empirical corre-
lations or by a boundary-layer calculation, possibly coupled
with the external flow calculation.

In fact, a really satisfactory solution to the problem can be
obtained only by solving the Navier-Stokes equations that
contain the complete physics of the phenomenon. Of course,
this approach raises several difficult problems in the domains
of numerical methods and turbulence modeling. It also re-
quires large computer resources. However, the results already
published show that Navier-Stokes calculations allow a precise
prediction of separated flows, especially in regions where sep-
aration takes place.®~ 13

Spectacular progress in the theoretical domain has been
accompanied by a true breakthrough in the area of flow di-
agnostics. Indeed, the development of accurate exploration
techniques using multihole pressure probes or laser doppler
velocimetry has permitted a detailed and comprehensive def-
inition of the structure of complex flowfields.

This article describes the separation process in three-di-
mensional flows and the formation of vortical structures using
some of these experimental results. The purpose is to identify,
or recall, some of the physical evidence, knowledge of which
is prerequisite to the understanding of three-dimensional sep-
arated flows and the evaluation of numerical models.

First, the separation problem itself is considered because,
this concept must be defined carefully for three-dimensional
flows. In effect, going from two dimensions to three dimen-
sions requires a total reconsideration of the separation prob-
lem with the introduction of both more general concepts and
at the same time a more precise terminology.

Then, we examine the question of the vortex that progres-
sively lifts off from the surface while increasing in intensity
and size. Different kinds of vortex generation are studied by
examining separation occurring on models with typical shapes.
The organization of the resulting flows is established by con-
sidering, in particular, situations where several vortical struc-
tures can form.

II. Separation in Three-Dimensional Flows

For a two-dimensional steady flow, it is generally accepted
that separation occurs when the skin friction 7,, goes to zero
at a point S, the separation point. Downstream of §, a region
exists where 7,, is negative—the velocity distribution along a
normal to the obstacle surface including, near the wall, a
portion where the longitudinal component u is opposite the
main flow direction. The flow frequently reattaches some dis-
tance downstream of § at a point R, where the skin friction
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passes through zero to become positive again. As shown in
Fig. 1a, the flow is organized as a recirculation bubble, often
called a vortex, where the streamlines form closed curves. A
special streamline, the so-called discriminating streamline,
originates in the separation point § and terminates in the
reattachment point R. This streamline isolates the fluid trap-
ped in the bubble from the fluid flowing from upstream in-
finity to downstream infinity.

In three-dimensional flows, the definition of separation as
the zero crossing of the skin friction is inadequate and, even,
ineffective. In effect, on a three-dimensional obstacle, there
are generally no privileged directions along which the sign of
the skin friction—which is now a vector—has a well defined
physical meaning. Exceptions are some very special situations
such as a plane of symmetry or the case of an infinite swept
wing. Furthermore, Fig. 1a no longer corresponds to reality
because a three-dimensional flow has the capability to develop
transverse components, allowing the fluid to escape laterally.
Figure la must be replaced by Fig. 1b where, in the plane
considered, the “streamline” stagnating at the reattachment
point R is distinct from the “streamline” emanating from the
separation point S. The fluid flowing between these two lines
escapes in vortex T. These concepts must be clarified. In fact,
two-dimensional concepts are not adequate to describe three-
dimensional flows and their use, as the use of the associated
terminology, are frequently a source of confusion.

Decisive advances that led to a rational and general defi-
nition of three-dimensional separation were made by the work
of Legendre,'¢-!® Oswatitsch,' and Lighthill.? The theoret-
ical analyses developed by these authors can be, in particular,
applied to the often complex pattern revealed by a surface
flow visualization obtained by coating the obstacle surface
with an oil film. Such patterns can be identified (with some
precautions) with the obstacle skin friction line pattern. Vis-
ualizations of this kind are essential information for eluci-
dating the structure of three-dimensional flows and they are
widely used to detect separated zones.

A. Critical-Point Theory

The following considerations apply to a steady flow, hence,
in principle to a laminar flow. In fact, it is possible to include
turbulent flows in the discussion by considering a mean flow,
the properties of which are defined from stationary time-
averaged values; that is, values independent of time. Steady
representations of this kind are fictitious but they are con-
sistent with flow models involving the conventional Reynolds-
averaging concept, hence with theoretical models using the
time-averaged Navier-Stokes equations.
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Fig. 1 Simple conceptions of separation.

As is known, when the distance y from the obstacle surface
approaches zero, the direction of the velocity vector—whose
modaulus is zero at the wall—approaches a limit colinear with
the skin friction vector 7,.. At the same time, the streamline
approaches a limit position, a limiting streamline or wall
streamline. Taking the aforementioned into consideration,
this line is also a trajectory, or line of force, of the vector
field 7. For this reason, it is called a skin friction line. This
concept, which can be associated with a measured quantity
(the skin friction), seems to be the most suitable. Conse-
quently, it is adopted in the following developments.

The discussion of separation in three-dimensional flows is
based on the critical-point theory. This theory comes from
the work of Poincaré (1892) on the singuldr points of systems
of differential equations. In its generality, it applies to a space
with n dimensions. However, for the sake of simplicity, in
what follows we consider the two-dimensional space consti-
tuted by the surface of an obstacle. The results for a three-
dimensional flowfield are used in the description of vortical
structures but without theoretical justifications.

Under these conditions, we consider an orthogonal system
of coordinates (x, z) on the surface and we denote the com-
ponents of the skin friction vector 7,, along x and z as 7.(x,
z) and 7,(x, z) respectively.

For a steady flow, the skin friction lines are defined by the
following autonomous (time-independent) differential sys-
tem:

de«  dz
n.(x,z)  7.(x, 2)

M

The above equations define an infinity of solution curves called
characteristic lines or trajectories, which are identified here
with skin friction lines. In general, one, and only one trajec-
tory passes through a point on the surface. The only points
that do not satisfy this rule are the singular points of system
(1) where the skin friction vanishes; that is, where we simul-
taneously have

T(x,2) =0, 7.(x,2) =0
To study the shape of the trajectories in the vicinity of a

singular point Py(x, z), a solution is sought by a first order
Taylor series expansion:

T, 0T,
T(x, z) = <6X> (x = xp) + <62> (z — z)
Py Po

w.(x2) = (‘zx) (v = x) + (‘2) (= - 2)

For convenience, in what follows the origin is placed in
point P, and subscript 0 is omitted, hence the system

dx dz

o7, 0T, - a7, T,
—Xx + —z —x + —z
ox (74 ox 9z

Assuming that the partial derivatives of 7, and 7, are not
simultaneously equal to zero in the singular point and de-
noting as A and u two constant factors, we can write

dx _ dz
aT, JT, B a7, aT,
X - Z —x + z
ox 0z ax [4
Adx + pdz

= , 2)
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A solution is sought by putting Eq. (2) in the form of a
logarithmic derivative, hence

d(Ax + pz) Adx + pdz
S(x + uz) a7, ar, or, o,
M=Z2x+ =2z +p|=x+ =
ax 9z ax 0z

Such a form is possible if the following conditions are satisfied:

9
<i—s))\+‘”m 0
ox ox

a7, oT.

— A+ )

dz (az ) K
In order for this homogenous system in A and u to have
nontrivial solutions, it is necessary for its determinant to be
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Fig. 2 Classification of critical points.
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equal to zero; hence, the condition for S

7 97

ax ax
d 0 (
o, 0T _

z

0z (74

The behavior of the skin friction lines in the vicinity of the
singular—or critical—point P, is determined by the nature
of the solutions to Eq. (3); that is, by the real or imaginary
character and the sign of eigenvalues S, and S,, solutions of
Eq. (3).

Introducing the Jacobian matrix

91y 97,
_ | ox  ox
"7 o o
dz 0z
and letting p = —trace of F and ¢ = determinant of F, the
eigenvalues are given by
~p = VP =g
SI,Z - ——-5—————

The different types of behaviors obtained according to the
eigenvalues are situated in plane [p, g] shown in Fig. 2 and
the trajectories in the vicinity of the critical point are shown
in Fig. 3. In the representation of Fig. 3, the canonical form
is adopted, that is, the eigenvectors are perpendicular (for
details, see Chanetz?!). The canonical form, which can always
be obtained by a suitable change of coordinates, corresponds
in the physical world to points located in a plane of symmetry.
It is to be noted that the above problem is not determined
because parameters A and u can be arbitrarily chosen. A
solution to the fluid mechanics problem would require inser-
tion of Taylor series expansions in the Navier-Stokes equa-
tions.

If the two eigenvalues S, and §, are real and have the same
sign, the singular point is a node. If they are distinct, all the
trajectories, except one, have a common tangent at P, (see
Fig. 3a). If the two eigenvalues are equal (points located on
parabola II of equation g = p*4), all the trajectories have

separatrix

\

a - Attachment node

b - Isotropic node

d - Focus

e - Centre (Region Ill)

SN

¢ - Saddle-point

5

f - Saddle-node (Region I)

Fig. 3 Trajectories in the vicinity of a critical point.
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different slopes at P,. The node is then said to be an isotropic
node (see Fig. 3b).

If the eigenvalues are real and have opposite signs (i.e., if
q is negative) the singular point is a saddle point. Then, only
two trajectories go through the singular point P,, the other
trajectories avoid P, and take on a hyperbolic shape, as shown
in Fig. 3c.

If the eigenvalues are imaginary conjugate, the trajectories
all end in the singular point and spiral around it to form a
focus (see Fig. 3d). If p is zero for g positive (region III in
Fig. 2), the singular point is not reached. Then the trajectories
are closed curves having the shape of an ellipse (see Fig. 3e).
This singular point is called a center.

If g = 0 (region I in the plane [p, g]), the solution has the
form sketched in Fig. 3f. It can be interpreted as an infinite
set of nodes and saddle points.

As shown in Fig. 2, trajectories in the vicinity of a focus
or a node can be followed by moving either away from or
toward the critical point. According to the theory of dynamic
systems, the critical point is then said to be instable or stable.
In fluid mechanics, where trajectories are interpreted as
streamlines or skin friction lines the critical point is called an
attachment point if the fluid flows away from it, or a sepa-
ration point if the fluid flows toward it.

A similar distinction has to be made between saddle point
of attachment and saddle point of separation. However, in
this case the distinction that is less obvious requires an ex-
amination of the outer flow behavior in the region of the
critical point, as will be seen in the following section.

As seen below, saddle points and foci are closely linked to
the separation phenomenon. In fact, nodes and foci are to-
pologically equivalent: they are sources or sinks for stream-
lines. Hence, it is possible to demonstrate the following re-
lation between the number of nodes/foci and saddle points
contained in the surface flow pattern of an isolated obstacle:

2 nodes — 2 saddle points = 2 4)

This relation can be useful to check the consistency of a three-
dimensional flow description in terms of critical points. How-
ever one should be aware that it applies to a complete ob-
stacle.

/A

separation surface

separation line

2L skin friction lines
streamlines

The two trajectories that go through a saddle point are
called separators. It will be seen that they play a special,
important role in the flowfield topology.

Although the critical-point theory is relatively old as con-
cerns its application to fluid mechanics, there is renewed in-
terest in it because of the need to have a rational framework
to apprehend complex three-dimensional flows.?>=?? Further-
more, this theory is a precious tool for interpreting and ana-
lyzing the mass of results produced by modern experimental
and theoretical methods applied to the study of three-dimen-
sional flows.?#73!

B. Separation Surface, Attachment Surface, and Vortex Sheet

The above concepts can be generalized to the streamlines
of the three-dimensional flow surrounding an obstacle be-
cause they can be applied to any continuous and steady vector
field. However, because the mathematical formalism is much
more complicated, we give only essential results without the-
oretical justifications.

Also, considering the flow in a cut plane P—operation
frequently used to describe three-dimensional fields—it is
possible to determine the lines of force of the vector field
constituted by the velocity projections in P. The set of these
“pseudostreamlines” can also be interpreted in terms of crit-
ical points and separators. This is done in Fig. 1b, which
represents a situation where the velocity has a component
normal to the figure. However, it should be noted that such
a picture of the flowfield is not objective because it depends
on the chosen plane of projection P. Except in very special
situations—a plane of symmetry for example—projected field
lines of force are not streamlines. Thus, to avoid any confusion
we will call them trajectories, or, better, lines of force that
correspond to their exact definition.

A separation or attachment line is the trace on the obstacle
of a stream surface of the three-dimensional flow that plays
a special role. In effect, it is a barrier separating the stream-
lines into two families having different origins; that is, coming
from different nodes.

For an obstacle, separation surfaces and/or attachment sur-
faces are attached to the skin friction lines emanating from a
saddle point. The nature of this saddle point, which can be
of the separation or the attachment type, can only be deter-

separation surface

\

rear view A

Fig. 4 Flow structure in the vicinity of a saddle point of separation.
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rear view A

Fig. 5 Flow structure in the vicinity of a saddle point of attachment.
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a - Tornado-like vortex

mined by examining the behavior of the outer flow in the
vicinity of the critical point. The need to consider the entire
three-dimensional field in order to define the flow physics
unambiguously was pointed out by Legendre® and empha-
sized by Chapman.*

To make this point clear, Fig. 4 shows a schematic repre-
sentation of the flow in the vicinity of a saddle point of sep-
aration. In this situation, the streamlines constituting what is
called the separation surface £ emanate from a node N—
more precisely a half node—coincident with saddle point C.
The streamlines of X flow away from N, the trace of 2 on the
obstacle being the skin friction line—constituting the sepa-
ration line S—emanating from the saddle point.

The situation at a saddle point of attachment is shown in
Fig. 5. Now, what is called the attachment surface X is con-
stituted by the outer flow streamlines flowing in the direction
of the node N coincident with C. In an attachment process,
the attachment surface 2 passes through the skin friction lines,
defining an attachment line A, going into the saddle point C.
The existence of a stream surface such as 2 intersecting the
obstacle is possible because of the special nature of S or A.

In the case of separation, the separation surface % can be
assimilated to what is called a separation or vortex sheet,

b - horse-shoe vortex
Fig. 6 Separation surface and formation of vortices.

although the concept of sheet—defined as a surface of tan-
gential discontinuity for the velocity field—pertains to a per-
fect fluid model of the separated flow. In reality, for a viscous
flow, the velocity and vorticity fields are continuous so that
it is frequently difficult to define such sheets from inspection
of the experimental results.

Due to its origin, the separation surface is located in a
region of the field where the vorticity tends to concentrate
and the vortical structures (typical of separated three-dimen-
sional flows) can be interpreted as a rolling up of the sepa-
ration surface. Most often, a separation line S ends at a focus
around which it spirals. This focus is the trace on the obstacle
of the vortex resulting from the rolling up of the separation
surface sustained by S. Such a situation, with two foci F, and
F, on either side of throat C, is depicted in Fig. 6a. It cor-
responds to what is called a tornado-like vortex. The focus
“sustaining” the vortex can be in a plane of symmetry, as
seen in the examples below: this case corresponds to a horse-
shoe vortex (see Fig. 6b).

Because of the rolling up of the separation surface, the
vorticity generated in the boundary layer that migrated into
the outer flow tends to concentrate in the core of the structure.
Thus, far from the wall, the field consists of isolated regions
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a - Unseparated flow

saddle point of separation
) separatrix

b - Separated flow

Fig. 7 Separation on a three-dimensional obstacle.
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Fig. 8 Flow in the vicinity of a separation or reattachment line.

where the vorticity is concentrated. This well-known property
is utilized by perfect fluid models. It can also be used to
describe a separated flow by consideration of a “vortex skel-
eton,” 343

C. Separation and Attachment on an Obstacle

The simplest situation that can be conceived is an elongated,
regular body at zero or very low incidence. In this case, the
surface flow pattern comprises an attachment node at the front
stagnation point and a separation node located on the rear
part of the body. All the skin friction lines covering the ob-
stacle originate in the attachment node; they all terminate in
the separation node, as shown in Fig. 7a.

As a consequence of an increase of the angle of incidence,
for example, the surface flow pattern may contain more than
two nodes. Because the skin friction lines passing through two
nodes of the same nature cannot intersect, a critical point,
necessarily of the saddle type, must be located somewhere
between these two nodes (see Fig. 7b). It will be concluded
that the flow is separated if its surface flow pattern contains—
at least—one saddle point that is of the separation: type (see
section B). Through this saddle point go two special skin
friction lines—the separators—one of them being the sepa-
ration line. Such a line defines two domains in the surface
flow. The skin friction lines belonging to each of these do-
mains have different origins; that is, come from different nodes.

The skin friction lines of each of these two families flow
parallel to the separation line so that it is frequently impossible
to determine the line of the surface pattern that is the sepa-
ration line, which is not distinct from the other skin friction
lines, except that it originates in a saddle point. However,

under the action of an adverse pressure gradient, the skin
friction lines close to the separation line tend to converge
toward the separation line, which now becomes well distinct
from the other skin friction lines. This phenomenon may occur
far downstream of the saddle point that is the origin of the
separation line. As shown by Lighthill,® using very simple
arguments, this convergence of the skin friction lines has deep
repercussions on the external flow structure.

Indeed, referring to Fig. 8a let us consider an infinitely
small stream tube with a rectangular cross section, bounded
by two streamlines /, and /, and two skin friction lines f; and
f>. The mass flow crossing section nh of this stream tube is
given by

qm = pnhV

where V is an average value of the velocity assumed to remain
parallel to the wall and to vary linearly over distance 4 locally
normal to the wall. Furthermore, it is assumed that in a sep-
aration process, the velocity close to the separation line de-
creases when the distance from the saddle point of separation
increases. Then we have

h = (qg./pnV)

This relation shows that convergence of the skin friction lines
toward a separation line » — 0 leads to an increase in 4. In
other words, the streamlines closest to the obstacle tend to
leave the surface in the vicinity of a separation line. The result
is a strong thickening of the dissipative regions.

The faster the skin friction lines converge, the more rapidly
the streamlines ‘““take off.” This motion can lead (as the ex-
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perimental results presented below show) to a surging in the
outer nondissipative flow of the viscous part of the flow ini-
tially contained in a thin boundary layer. This phenomenon
is certainly the most typical and the most spectacular feature
of separation in three-dimensional flows.

The local behavior of the skin friction lines in the vicinity
of a separation line § has been the subject of many discussions,
because surface flow visualizations often lack sufficient res-
olution to show what really occurs. According to the original
interpretation of Maskell,* there is a contact between S and
the neighboring skin friction lines, the separation line being
in this case a locus of cusp points. This interpretation was
contested by Legendre!'” and by Lighthill,° who argued that
such a concentration of singularities was highly improbable.
In fact, the convergence of the skin friction lines toward the
separation line—when it occurs—is without contact at finite
distance.

In other words, what can be called effective separation,
defined as a phenomenon characterized by a rapid thickening
of the dissipative regions until they invade the perfect fluid
flow, must be associated not with the occurrence of a sepa-
ration line but with the rapid convergence motion of the skin
friction lines. As already mentioned, this convergence can
occur relatively far from the saddle point, which is, strictly
speaking, the real cause of separation. This distinction, in fact
purely quantitative and not concerning the essence of the
separation phenomenon, is at the origin of many controver-
sies, in particular those concerning the concepts of open or
closed separation (Wang?*). In fact, open separation does not
exist; a separation is always closed in the sense that, by def-
inition, separation implies the existence of a separator that
“closes” or isolates one domain in the flowfield.

To summarize:

1) We can say that separation occurs if a separator exists
in the skin friction line pattern. Existence of such a line is
necessarily linked to the presence of a saddle point, which
must be of the separation type.

2) Effective separation takes place when the skin friction
lines converge toward a separation line.

The symmetrical attachment process can be defined, mu-
tatis mutandis, in identical terms, with the difference that now
the skin friction lines diverge from the separator, which be-
comes an attachment line. In this situation, the velocity along
the attachment line tends to increase with increasing distance
from the saddle point, so that the distance / separating the
outer flow streamlines from the surface in the region of the
attachment surface now can decrease.?”-3® Thus, in this case,
the outer flow “dives” toward the wall (see Fig. 8a).

The notion of separator is applied to true separation as well
as to attachment (or reattachment). Hence, the term sepa-
ration line is sometimes used with the generic meaning of
separator without making a distinction between the physical
concepts of separation and attachment. This lack of rigor in
language leads to a certain confusion tending to obscure the
concept of separation in three-dimensional flows even more.
To avoid this difficulty, in what follows a clear distinction is
made between separator, separation line, and attachment line,
although these concepts are identical from a mathematical
point of view.

D. Case of the Two-Dimensional Separated Flow

Two-dimensional separation—planar or axisymmetric—
appears as a very special case of the general three-dimensional
definition. Indeed, within the framework of the preceding
analysis, a two-dimensional separation (or attachment) line
consists of an infinite set of saddle points located on a straight
line perpendicular to the plane containing the flow (region I
of the diagram represented in Fig. 2). One intuitively realizes
that such a situation is highly improbable from a physical
standpoint. In fact, experimental studies of nominally two-
dimensional separated flows show that the (unavoidable) side
effects due to the limited span of the test setup always lead

to a three-dimensional situation. Even when special precau-
tions are taken to minimize these effects, one observes that
the surface flow tends to organize itself into a more or less
regular three-dimensional pattern.®“° In axisymmetric con-
figurations—in principle, free of side effects—the flow also
has a three-dimensional structure. In particular, surface flow
visualizations clearly reveal the existence at reattachment of
a fine pattern in which the reattachment line is a succession
of nodes and saddle points.*! Thus, Fig. 9a shows the visu-
alization of turbulent reattachment on a flare at Mach 5.4
The interpretative sketch in Fig. 9b shows that the reattach-
ment line is the locus of a finite number of nodes and saddle
points, which denotes the presence of structures similar to the
Gortler vortices in the flow.*

III. Analysis of Typical Vortical Structures

The concepts of critical points, separators, and separation
surfaces apply to any continuous, steady vector field. They
are not linked to a three-dimensional separation theory with
a predictive capability. In fact, these concepts constitute a
“grammar” allowing a rational description of complex flows
by means of a rigorous and well-defined terminology.** Their
use rapidly appears indispensable for interpreting flow visu-
alizations or field measurements in order to obtain a consistent
representation of these data.*

Thus, these concepts are widely used in the following sec-
tions where we describe vortical flows observed during ex-
periments conducted, for the most part, at ONERA. The
adopted presentation consists of first demonstrating the in-
terest of the critical-point theory to interpret particularly com-
plex wall patterns. These patterns are the imprints on the
obstacle of the outer flow and a correct interpretation of the
information they contain is a prerequisite to physical under-
standing of the flow. Then, separation phenomena occurring
on different bodies are examined by successively considering
the case where separation is imposed by a singular line; the
case where the origin of the separation line is fixed, and the
case where separation is entirely “free.”

A. Wall Patterns Induced by Multiple Separations

1. Transonic Channel Flow

The first case is a three-dimensional channel, whose ge-
ometry is shown in Fig. 10. A bump is mounted on the channel
lower wall, whose three other faces are flat. The bump line
of crest is swept at an angle of 30 deg relative to the upstream
velocity. The test section span is 0.120 m and its height, in
the entrance section, is 0.100 m. The flow, subsonic at the
channel entrance, accelerates in the converging part of the
test section to reach sonic state in the vicinity of the bump
summit that constitutes a throat. Downstream, the flow be-
comes supersonic; then, because of the choking effect of an
adjustable second throat, it decelerates through shock waves,
which interact strongly with the turbulent boundary layers
developing on the four channel walls.

The main objective of this experiment was to produce, with
a simple geometry, a highly three-dimensional flow as a test
case to validate computational methods.* Thus, this flow was
thoroughly investigated by means of surface visualizations,
pressure measurements, and field probings with a three-com-
ponent LDV system.*” In what follows, we focus our attention
on surface flow visualizations in order to illustrate the interest
of the critical-point theory to describe a particularly complex
flow.

The interpretative sketches in Fig. 11 were made from the
photographs of the surface flow visualizations and from direct
observation of these visualizations during the test, which re-
vealed information that was lost when the picture was taken.
Although these sketches are meant to be only of qualitative
value, they do remain within the proportions of reality.

Examining the flow over the bump (Fig. 11a), we can see
that two foci, F, and F,, exist and are clearly visible in the
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a - Surface flow visualization

saddle-point

b - Topological interpretation

Fig. 9 Reattachment of an axisymmetrical flow.

Fig. 10 Definition of the three-dimensional transonic channel.

left half of the channel. The separator S, passing through
saddle point C, and spiralling around F, and F, constitutes a
“barrier”” approximately at the root of the oblique shock of
the lambda shock system attached to the interaction.

The skin friction lines from upstream and contained in the
domain delimited by the separator S, passing through saddle
point C, wind around either F, or F,, according to their lo-
cations on one side or the other of the separator S,, which
carries both C, and C,. One set of these lines goes around

bumb crest

lSN
" 15 —
. : e,

200 Ce @ 300 X (wm} 400

a - Face bearing the bump

300¢.
c-Top wall

Ty () Fo M

d - Sidewall B

Fig. 11 Three-dimensional transonic channel; topological interpre-
tation of surface flow patterns.

the barrier §; by abruptly curving backward. The structure,
including S;, S,, and the two foci F, and F,, is conventionally
observed in shock-wave/boundary-layer interactions in a channel
with three-dimensional effects.*-3°

In such a situation, S, can be associated unambiguously
with a well-characterized separation and S, with an attach-
ment. Thus, C, and C, are, respectively, a separation and an
attachment saddle point. The spirals winding around foci F,
and F, are the traces on the wall of vortices escaping in the
outer flow, with separation line §, being the origin of a sep-
aration surface that winds around the axes of the vortical
structures, in conformity with the sketch of Fig. 9a.

Returning to the sketch in Fig. 11a, we observe that the
skin friction lines from upstream divide into two families. The
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first, near face B, all flow continuously downstream. The
others, near wall A, separate in turn into two subfamilies 1)
the lines included between S, and separator S,—an attach-
ment line—leading to half-saddle point Cs, that continue their
path downstream; and 2) the lines between wall A and S, that
wind around a third focus F; to form a “vortex,” delimited
by the separator S;—a separation line—from half-saddle point

4

A similar description can be made for the patterns observed
on the other walls of the channel. But, let us simply note the
complexity of the pattern on wall A where a node N, and a
half-node N,, located at the junction with the channel upper
wall, are the origins of the skin friction lines of the surface
flow downstream part, those from upstream disappearing in
focus F,.

Cumulating the corresponding half-nodes and half-saddle
points, and remembering that a focus is topologically equiv-
alent to a node, the count of all the singular points leads to
the relation

2 nodes — 2 saddle points = 15 —~ 13 = 2

where, in the count of nodes, we have added two fictitious
nodes at upstream and downstream infinity, which are the
source and the sink of the skin friction lines, respectively.

Very thorough discussions of this kind applied to similar
flows have identified pattern modifications occurring when
one parameter is varied; for example, the Reynolds number
or the Mach number.?**>! Indeed, experiments show that,
in the case of the channel flow considered here, slight changes
in the test conditions can lead to dramatic changes in the
location and number of critical points.

2. Space Launcher First Stage

In some particularly complex situations, the establishment
of a topologically consistent surface pattern requires infor-
mation on the outer flow structure. Indeed, oil flow visual-
izations frequently have insufficient fineness to reveal all the
wall flow critical points and separators. In this case, a correct
flow definition is achieved by matching the outer field and
the surface flow.

To illustrate this point, let us consider the example provided
by a study of the flow past a 0.01-scale model of the future
European space launcher ARIANE 5 afterbody. As shown
in Fig. 12, these experiments were conducted on a centerbody-
type arrangement. The incoming flow Mach number was equal
to four and the jets of the two lateral boosters and of the
central engine were simulated by high-pressure air. In addi-
tion to surface flow visualizations, the field was probed by an
LDV system, which allowed the definition of the flow orga-
nization in the internozzle region.>?

A schlieren photograph showing the jets from the boosters
and the central engine is reproduced in Fig. 13. Due to the
simulated altitude (30 km), these jets expand largely and in-
teract strongly with one another downstream of the nozzle
exit planes, causing an intense backflow in the direction of

Fig. 12 Afterbody of the future European space launcher ARI-
ANE 5.

Fig. 13 ARIANE 5 afterbody; schlieren picture of jets; upstream
Mach number M. = 4.

the central engine base. Furthermore, jet pluming may induce
outer flow separation upstream of the booster and/or central
engine bases. An interpretation of the observed surface flow
pattern is presented in Fig. 14.

First, considering the central engine, we can see a separator
S,—a separation line—from saddle point C, located up-
stream of the assembly part attaching the booster to the cen-
tral engine. Line S, first runs toward the plane of symmetry
perpendicular to the figure, coming very close to the separator
A,—an attachment line—contained in this plane. Then, it
gradually leaves A, and, close to the base, S, suddenly bends
to point toward separation node N,, practically following the
base edge. Downstream of C,, an attachment node N, exists
at the base of the assembly part and is the origin of a family
of skin friction lines f;. Thus, separator S, separates family f,
from family f, including skin friction lines from upstream,
originating in a node type singular point located outside the
visualized domain.

A second separation line S, originates in saddle point C..
It separates family f; from family f; of skin friction lines orig-
inating in node N;. The three families f, f,, and f; end up at
separation node N,. The description of this part of the flow
must be completed by introduction of the separation line S,
passing through saddle point C; and coincident with the base
edge.

The main separation linked to S, is certainly induced by
impact on the central body of the shock wave forming ahead
of the booster nose. However, the separation occurring along
S, probably results from the perturbation emanating from the
end of the assembly part. It may also be due to jet pluming.

Let us now consider what occurs on the booster. An at-
tachment node N,—of the isotropic type-—must exist on the
ogive nose. Visualizations clearly show the separator S, com-
ing from saddle point C, located near the ogive shoulder, as
well as the separator S; from saddle point Cs located at the
base of the assembly part. The separation whose trace is S,
may result from the reflection on the central engine of the
shock wave forming ahead of the booster. One also can see
attachment nodes N5 and N, clearly. All the booster skin
friction lines end in separation node N, located on the base
edge. The flow organization in this region is similar to that
observed on the central engine. In Fig. 14 is also represented
the wall pattern on the booster side opposite the central en-
gine. This view makes the converging motion of all the skin
friction lines toward node N, visible.

It is not possible to apply relation (4) to this example,
because only part of the obstacle is accessible to visualizations;
in particular the base regions are not visible.

As previously mentioned, the consistency of such a pattern
is ensured by examining the outer flowtield organization at
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Fig. 14 ARIANE 5 afterbody; topological interpretation of the surface flow pattern; upstream Mach number M. = 4.
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Fig. 15 ARIANE 5 afterbody; flowfield structure in a symmetry plane; upstream Mack number M., = 4.

the same time. Let us consider Fig. 15 in which the flow
streamlines in the internozzle zone plane of symmetry con-
taining the nozzle axes are plotted. This plot shows a first
focus F around which wind the streamlines “trapped” in the
recirculating flow. These streamlines belong to a family de-
limited by the separator &, from upstream and ending at the
nozzle lip. Thus, the streamlines flowing between the central
body and ¥, disappear into F,. One of the streamlines winding
around F has its origin at the base, at a point coincident with
surface flow node N,. As seen above, there is an attachment
node N; at the booster flare origin where a separator ¥, ends
up. The streamlines located (in the sketch) above ¥, flow
back in the upstream direction and those between &, and ¥,
flow in the downstream direction. Some of these streamlines
bend to flow around the recirculating flow, then abruptly turn

in the downstream direction under the entrainment effect
induced by the central engine jet.

B. Separation with Imposed Separation Line

1. Delta Wing with Sharp Leading Edge

For a long time, the delta wing with a sharp leading edge
at an incidence has raised the interest of scientists because of
the “strength” of the vortices forming above the wing suction
side (which makes them easy to detect) and also because of
its conceptually simple character, at first sight. Indeed, in this
case, intuitive reasoning, guided by experimental observa-
tions, allows the separation line that is the origin of the sheet,
whose rolling up will constitute the main vortical structure,
to be fixed along the leading edge. Thus, part of the problem
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has an immediate solution. Hence, this configuration is ame-
nable to simplified analyses and very instructive theoretical
results were obtained by the use of analytical methods
(Legendre?®) very early, well before the advent of supercom-
puters. We do not intend to review the many studies devoted
to the delta wing here. Simply, let us point out that, although
information on surface flow properties abounds, field mea-
surements allowing a precise definition of the vortical struc-
tures have appeared only recently.’*—8

Delta wing vortices form a very large family if one considers

wing sweep angle, leading-edge shape, upstream flow Mach -

number, Reynolds number, and so forth. In what follows we
restrict ourselves to description of the incompressible flow
forming over a sharp leading edge wing with a 75 deg sweep

a - Visualization

angle. For this, we will utilize recent results including field
probings by five-hole pressure probes and LDV .5-¢

Under these conditions, the existence of intense suction
side vortices is well demonstrated by flowfield visualizations.
A surface flow visualization obtained for an incidence o =
7.5 deg and an upstream speed V., = 40 m/s is shown in Fig.
16a. Due to the size of the wing (chord length C = 1.45 m,
hence Reynolds number: Re, = 4 10°) the boundary layer is
turbulent over the major part of the wing suction side. It
appears clearly that the skin friction lines are parallel to the
wing chord in the central part of the wing. Then, toward the
leading edge, a first separator A,—having the character of
an attachment line—is visible. Closer to the leading edge,
the surface flow pattern reveals a second separator. S,—cor-

b - Topological interpretation

Fig. 16 Delta wing with sharp leading edge; surface flow pattern at an incidence « = 7.5 deg; upstream velocity V. = 40 m/s.

a - Visualization

symmetry plane

b - Topological interpretation

Fig. 17 Delta wing with sharp leading edge; surface flow pattern at an incidence « =20 deg; upstream velocity V.. = 40 m/s.
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responding to what is called secondary separation—the pri-
mary separation line S, being coincident with the leading edge.
Figure 16b shows an interpretative sketch of this pattern, as
well as of the vortex system of which it is the trace. The
inflection of the separators visible shortly after the wing apex
is due to boundary-layer transition.

Figure 17 shows the pattern observed when a = 20 deg,
with the field studied covering only the rear left-hand part of
the wing to make details more apparent. Now three separation
lines §;—along the leading edge—S,, and S, are present and
the “primary” attachment line A, is located in the plane of
symmetry. A careful examination of the visualizations allows
detection of attachment lines A, and A;, which must exist
between the separation lines.

It should be noted that the organization of this type of flow
is relatively insensitive to the Reynolds number when the
angle of incidence is high. Hence, it is possible to complete
the above description by examining results obtained at V., =
20 m/s with a smaller model (chord length C = 0.5 m, Rey-
nolds number: Re. = 0.7 10°), for which detailed field mea-
surements were made. Thus, Fig. 18a shows the velocity field
projected in a vertical plane located at the reduced abscissa
X/C = 0.58, the incidence being equal to 20 deg. A trajec-

a- Projected velocity components

X/C=0,58

b - Topological interpretation

8

Fig. 18 Delta wing with sharp leading edge; transverse flowfield at
an incidence @ = 20 deg; upstream velocity V.. = 20 m/s.

tography in this plane, with consideration of the surface flow
pattern, was used to draw the sketch in Fig. 18b, which shows
the existence of the following critical points on the wing: 1)
half-saddle point €,, €,, and 6, corresponding to separation
lines S,, S,, and S5; 2) half-saddle points 6,, 65, and %, cor-
responding to attachment lines A,, A,, and A,.

Outside the wing, one observes 1) a first separator &,, from
the half-saddle point €, located on the leading edge, which
winds around focus &, constituting the primary vortex center;
2) a second separator ¥, ending at attachment half-saddle
point €,; 3) a third separator &; originating at ¢, and winding
around focus %,, center of the secondary vortex; 4) a fourth
separator ¥, ending at half-saddle point €s; 5) a fifth separator
s winding around focus %;, center of a “‘tertiary” vortex;
and 6) last, separator ¥ ‘“‘stagnating” at critical point €,
located in the wing symmetry plane. The spatial organization
of the different separation surfaces is depicted in Fig. 19.

The definition of the vortical field above this wing is com-
pleted by the representation in vertical planes of the quantities
deduced from explorations. Thus, Fig. 20 shows distributions
in three planes of 1, which is the X-wise component of the
rotational vector. This component measures the “‘strength”
of the swirling motion. Such plots reveal the vortical structure
mode of formation by rolling up of the sheet emanating from
the leading edge in which the vorticity initially contained in
the boundary layer of the upper and lower surfaces has been
transferred. Also, these plots show the concentration of vor-
ticity in the center of what will constitute the primary vortex,
by far the most intense. The secondary vortex manifests itself
by the presence of a region of opposite sign and much lower
vorticity. The tertiary vortex is practically indistinguishable.

It should be noted that only the separation giving rise to
the primary vortex is fixed by the leading-edge singularity.
The other vortical structures, whose influence on the wall
pressure distribution is noticeable, originate on the flat wing
upper surface. Hence, they cannot be represented by perfect
fluid models. Last, although experimental results already use-
ful for validating numerical codes are available for subsonic
and supersonic flows; field explorations are nearly nonexistent
in hypersonic flows.%?

2. Base Flow

The second example of a configuration where the main
separation is fixed by a surface discontinuity is provided by
an afterbody with a flat base. In this case, the flow streaming
along the afterbody separates at the base edge, which gives

Fig. 19 Delta wing with sharp leading edge; flowfield general struc-
ture at an incidence ¢ = 20 deg.
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Fig. 20 Delta wing with sharp leading edge; longitudinal component of vorticity in transverse planes; angle of incidence @ = 20 deg; upstream
velocity V.. = 20 m/s.

a - Axisymmetric case b - Intermediate state ¢ - Incidence effect

Fig. 21 Flow behind the base of an axisymmetric afterbody.
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Fig. 22 Axisymmetric afterbody at an incidence & = 5 deg; upstream Mach number M, = 0.54; longitudinal velocity field.**
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rise to the formation of a large dissipative region or wake.
We consider here an unpowered axisymmetric afterbody, with
axis OX, the base of which is plane and perpendicular to OX.
At zero incidence, the wake structure is well known (in par-
ticular, see Délery and Lacau®®). As shown in Fig. 21a, in
this case a recirculation zone organized into a toroidal vortex
forms just downstream of the base. The topology in a meridian
plane includes 1) a half-saddle point €, at the base edge D;
2) a saddle point 6, inside the flow, on the centerline (the
so-called reattachment point); and 3) a second half-saddle
point 6, at the base center. The separator &, joining €, and
4, acts as a discriminating line (see Sec. II above). The line
&, linking the stagnation points 6, and %, is also a separator.
Inside each vortex of the meridian plane, the streamlines are
closed curves turning around centers $, and $,.

When a three-dimensional effect is introduced, the wake
structure is less well known. The description that follows is
relative to the flow produced when an axisymmetric afterbody
is set at an incidence of 5 deg. The afterbody has a caliber D
= 0.030 m and a 6 deg boat-tail of length L = D. The
incoming flow Mach number is equal to 0.54, the Reynolds
number computed with D being Re, = 3.56 10°. This con-
figuration, which is the simplest three-dimensional situation
starting from the axisymmetric case, has been investigated in
great detail by means of very carefully conducted and ex-
tremely fine explorations executed with a three-component
LDV system.6+65

It should be noted that this configuration has a plane of
symmetry defined by the mode] axis and the velocity vector
at upstream infinity. Figure 22 shows fields of the mean ve-
locity component in four streamwise planes located at differ-
ent distances Z from the vertical plane of symmetry (Z = 0).
This representation gives a good idea of the region close to
the base also called the near-wake region. As shown in Fig.
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23, the flow organization in the far-wake region is more clearly
revealed by fields of the mean velocity component in planes
perpendicular to axis OX. To give a better understanding of
the flow, the lines of force of these fields are superimposed
on the vector plots of Figs. 22 and 23.

Figure 24 gives a topological interpretation of the transverse
field valid for planes located at some distance from the base.
This field includes a saddle point 6, through which passes the
separator ¥, separating the lines of force from downstream
to upstream infinity from those that disappear into foci %,
and %,. A second separator ¥,, going through saddle point
%, acts as a barrier between the ascending and descending
lines of force belonging to the region where foci form.

Now, let us examine the flow in the near-wake plane of
symmetry in which the lines of force are streamlines. As in-
dicated in Fig. 25, separator ¥, from edge A winds around
focus %, and a second separator &, ends at the separation
point, or half-saddle point, ¢, located on the base. Last, a
third separator ¥, originating in saddle point 6, coincident
with lower edge B, separates the flows coming from the af-
terbody “leeward” and “windward” sides.

There is great difference between Figs. 21a and 2lc, in
which there has been a change from a topology with four
saddle points and two foci to a topology with three saddle
points and only one focus. The bifurcation from a to c is
probably preceded, for very small angles of incidence, by
situation b where centers $, and §, have been replaced by
foci #, and %,.

Due to the absence of surface flow visualizations, the wall
patterns presented in Fig. 26 are in great part conjectural.
On the body (see Fig. 26a), the pattern comprises two critical
points; namely, a half-node N, located at the base upper edge
A and a half-saddle point C, in the symmetrical position B.
All the afterbody skin friction lines are “swallowed” by sep-
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Fig. 23 Axisymmetric afterbody at an incidence o = 5 deg; upstream Mach number M., = 0.54; transverse velocity field.®
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Fig. 24 Axisymmetric afterbody at an incidence a = 5 deg; topology
of the transverse flowfield in the far wake region.

Fig. 25 Axisymmetric afterbody at an incidence @ = 5 deg; topology
of the longitudinal flowfield in the near wake region.

aration node N,. The situation on the base is shown in Fig.
26e. At B is half-saddle point C, (complementary of C;) and
at A half-node N, (complementary of N,). Node N; on the
base coincides with the impact point of separator ¥,: it feeds
the surface flow that disappears into node N,. Within the
framework of this description, a separator S, runs along the
base edge between saddle point C, + C, and node N, + N,.
Figure 26¢ shows the pattern in the purely axisymmetric case
(no incidence). Now, an isotropic node is placed in the center
of the base, whose edge carries an infinite set of saddle points.
One intuitively understands that such a “special’ situation is
very unlikely to occur in the physical world, which explains
the impossibility of experimentally achieving perfectly axi-
symmetric flows.

The data above were used to make the drawing in Fig. 27
representing the separation surface sustained by the separa-
tion line S, coincident with the base edge. In a rather complex
motion, this surface rolls up to form a hem distorted into two
branches bending in the downstream direction. Cutting this
surface by a transverse plane gives the two foci represented
in Fig. 24. This vortical structure is a horseshoe-like vortex,
similar to the vortex forming ahead of a blunt obstacle.

C. Slender Body with Sharp Nose

The configuration considered here is a sharp-nosed, slender
obstacle set at an incidence angle «. This geometry corre-
sponds to a missile body or to the front part of a supersonic
aircraft fuselage. In this case, the location of separation lines
cannot be “guessed” in advance, but it seems obvious that

Fig. 27 Axisymmetric afterbody at an incidence &« = 5 deg; main
separation surface.
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f - Base at zero incidence

Fig. 26 Axisymmetric afterbody at an incidence @ = 5 deg; surface flow pattern.
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these lines must originate on the sharp nose. Due to its great
practical interest, this shape has been the subject of a large
number of experimental studies, most of them consisting of
wall pressure and force measurements. However, detailed
studies including investigations of the vortex system generated
by this kind of body are relatively scarce®®-7! (for a topological
study from laser sheet visualizations, see Ref. 12).

Here, we analyze the results obtained with an axisymmetric
model consisting of a cylindrical body with diameter D =
0.030 m, and a three-caliber circular ogive. Experiments were
conducted in a supersonic flow of Mach number M., = 2 and
for a stagnation pressure equal to 5 10* Pa, which gives a
Reynolds number Re;, = 1.61 10°. Under these conditions,
the boundary layer is laminar before separation.

The flow was studied for incidences in the range 5-20 deg.
In each case, the surface flow pattern was carefully defined
by means of oil film visualizations; the wall pressure distri-
bution was measured; and the field was probed in several
planes perpendicular to the model axis OX using a five-hole
pressure probe.”? In what follows, we consider only results
obtained for a = 20 deg. For this moderate angle of incidence,
and considering the supersonic value of the flow Mach num-
ber, there was no risk of formation of an unsymmetrical vortex
system.

Visualizations obtained for &« = 20 deg are presented in
Fig. 28, where the starting of the separators from the ogive
apex is clearly visible. As shown by the interpretative sketches,
it is possible to identify four separation lines (the only ones
represented) and five attachment lines. For more clarity, the
surface pattern is developed in Fig. 29 by approximately pre-
serving longitudinal and circumferential distances. The at-
tachment line A, located in the windward plane of symmetry
is in the middle of the drawing and the leeward attachment
line A,, divided in two, is on the sides. Separation lines S,
and S5 are shown in the figure, but the line located very near
S, (called S, in Fig. 28) is omitted for the sake of clarity. In
effect, the vortex generated by the separation taking place
along S, is too weak to affect the transverse flow noticeably.

In this case, the vortex system clearly is detached from the
surface, which allows construction of a quantitative represen-

a-Top view

b - Side view
A2 524,

S3
O :
A

Fig. 28 Slender body with sharp nose; surface flow pattern at an
incidence & = 20 deg; upstream Mach number M, = 2.
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Fig. 29 Slender body with sharp nose; developed surface flow pattern
at an incidence @ = 20 deg; upstream Mach number M, = 2.

tation of the field through flow probings. Thus, Fig. 30a shows
the mean velocity field projected in the transverse plane lo-
cated at the reduced abscissa X/D = 8, where the large pri-
mary vortex attached to separator S, appears very distinctly.
By contrast, due to the smallness of the field, the structures
generated by the other separations are barely visible. Never-
theless, by means of trajectography in this vector field and
by taking the surface pattern into consideration, it was pos-
sible to make the drawing of Fig. 30b, wherein proportions
of reality are respected.

The plot of the local stagnation pressure distribution also
gives a vivid picture of the vortex system. Thus, Fig. 31 shows
a perspective view of such distributions in planes normal to
the model axis. These plots clearly reveal the regions of high
vorticity—in the main vortex core and in the region of the
secondary vortices—marked by a pronounced deficit in stag-
nation pressure. The increase with X of the vortical domain,
due to a continuous surging of the boundary layers, is evident
from these plots.

D. Blunt-Nosed Obstacle

Now we consider a situation where separation takes place
on a blunt-nosed body whose radius of curvature is large
everywhere compared to the local boundary-layer thickness.
This kind of flow is even more difficult to compute because
the location, as well as the origin of the separation line(s),
can be determined only by an accurate prediction of the
boundary-layer behavior during its evolution toward sepa-
ration.

Most experiments conducted w1th a view to contributing to
the physical understanding of this type of separation have
considered bodies with an ellipsoid shape. After the first in-
vestigations by Eichelbrenner and Oudard,” many studies
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b - Topological Interpretation

Fig. 30 Slender body with sharp nose; transverse flowfield at an
incidence @ = 20 deg; upstream Mach number M, = 2,

P

Fig. 31 Slender body with sharp nose; stagnation pressure in four
transverse planes; incidence o = 20 deg; upstream Mach number M.
= 2.
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followed, most often restricted to wall pressure measurements
and surface flow visualizations. Only recently quantitative
information on the outer flow structure has become avail-
able. -7

We consider here a study conducted on a large model con-
sisting of a half oblate ellipsoid extended by a cylinder and
terminated by a flat base. This model, with a total length L
= 1.83 m, was tested at an upstream velocity V., = 50 m/s
for angles of inicidence ranging from 0 to 30 deg. The Reynolds
number being Re, = 6.4 10°, transition occurs in the nose
region. Hence, the boundary layer is turbulent in the zone
where the vortices are fully developed.?'-7%7

Figures 32a and 32b give an interpretation of the surface
patterns observed for &« = 20 and 30 deg, with clear separation
occurring for these values of the angle of incidence. In these

a - Incidence : 20°

windward side:

\8,)

developed surface

diagrams, the real proportions are retained for the top and
side views, while the pattern on the windward side is illus-
trated by means of a pseudodevelopment of this part of the
model and is, therefore, approximate, although it conforms
to reality.

If we ignore the base region, the pattern observed for o =
20 deg includes three separators in Fig. 32a: 1) two attachment
lines A, and A,, located on the leeward and windward sides,
respectively, in the flow plane of symmetry; and 2) one sep-
aration line S, clearly visible on the rear half of the model
near its lateral edges.

To have a consistent topological construction of such a
pattern, at least three singular points must be introduced in
the nose region of the obstacle. These are an attachment node
N,, saddle point C,, through which pass the separation line

b - Incidence : 30°

windward side;
developed surface

Fig. 32
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Blunt-nosed obstacle; topological interpretation of surface flow patterns; upstream velocity V.. = 50 m/s.

Fig. 33 Blunt-nosed obstacle; topology of the transverse flowfield at an incidence of 30 deg; upstream velocity V.. = 50 m/s.
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S, and the two attachment lines A, and A,, and the second
node N,, which must exist downstream of C,. Only node N,
is, in fact, clearly revealed by the visualizations, coinciding
with the stagnation point in the usual sense of the term. So
N, and N, are the points of origin of two distinct sets of skin
friction lines existing on either side of the separation line S,.

Similar sketches for @« = 30 deg are given in Fig. 32b. As
previously mentioned, in the present case, two separation
lines S, and §, are clearly visible, especially on the rear part
of the model. Also, three attachment lines are present: the
two lines A, and A, that must exist in the vertical plane of
symmetry; and line A;, located between S, and S,. This brings
us to introduce the following critical points in the nose region
of the model (refer to the enlargement in Fig. 32b): 1) at-
tachment nodes N,, N,, and N; (N, being the stagnation point);
and 2) saddle points C; and C, from which the separation
lines S, and S, originate. It should be noted that only N, is
clearly revealed by the surface flow visualizations. Also, the
existence of C, is confirmed by boundary-layer computa-
tions.*

As in the case of a slender body at low incidence, the
separators follow a long path from the point of origin, re-
maining hardly distinguishable from the neighboring skin fric-
tion lines. It is only after the ellipsoid-cylinder junction that
these lines begin to deflect rapidly, converging toward the
separation lines or diverging from the attachment lines.

In the examination of the vortex organization resulting from
separation, we consider the flow configuration obtained for
«a = 30 deg, which has been thoroughly studied by means of
surveys using five-hole pressure probes and LDV.

By trajectography in the measured velocity fields and re-
ferring to the surface visualizations that show the separation
and attachment line positions accurately, the lines of force of
the transverse motion can be established (see Fig. 33). The
critical points appearing in these plots are 1) the two foci &,
and %,; 2) half-saddle points €; and €,, which are the traces
of the separation lines S, and S,; 3) half-saddle point 6, cor-
responding to attachment line A;; and 4) saddle point 6, and
half-saddle point €, located in the plane of symmetry.

The results obtained on this model for « = 30 deg reveal
a well-defined organization of the vortex system. Down to an
abscissa slightly above 1.12 m, the primary and secondary
vortices are contained in a thin layer in contact with the wall,
and the dissipative flow structure is then not very different
from a classical boundary layer. It is only after X = 1.12 m
that two vortices effectively ““leave™ the surface to form a
well-organized vortex system associated with clear separation.
A clear change in the surface pattern, where the separation
and attachment lines become identified corresponds to this
evolution.

Fig. 34 Blunt-nosed obstacle; flowfield organization; first interpre-
tation.

Fig. 35 Blunt-nosed obstacle; separation surfaces; first interpreta-
tion.

Fig. 36 Blunt-nosed obstacle; flowfield organization; second inter-
pretation.

The schemes we now propose for the flow around the model
at an incidence of 30 deg are essentially qualitative, because
of the near impossibility of representing things in proportions
of reality. As diagrammed in Fig. 34, a plausible configuration
can be constructed by introducing five separators and five
critical points. To connect this pattern to the outer field in
the plane of symmetry, we must associate the three nodes N,,
N,, and N; with the three half-saddle points 6., €, and €,
through which three separators pass. With saddle points C,
and C, are associated half-saddle points €,, and €,, from
which emanate separators ¥, and &, winding around foci %,
and %,.

The flows on the surface and in the plane of symmetry are
the traces of the system consisting of the two horseshoe vor-
tices represented in Fig. 35. A first separation surface 2.,
whose trace on the surface is the primary separation line S,,
winds around an “axis” passing through focus %; in the plane
of symmetry. All the streamlines defining X, originate in node
N, coincident with half-saddle point €, in the plane of sym-
metry and saddle point C, on the body surface. In a similar
way, a second separation surface (X,) springs from the sep-
aration line (S,), its streamlines coming from node N, coin-
cident with €,, and C,.

Another flow organization may be imagined that is also
topologically correct and consistent with the surface visual-
ization and field measurement data (Fig. 36). Let us first
consider the surface flow pattern. To the five separators A;,
A,, A, 8, and §,, whose existence is proved by the surface
flow pattern beyond a need for discussion, we add a third
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Fig. 37 Bluni-nosed obstacle; separation surfaces; second interpretation.

separation line S; coming out of saddle point C,, which winds
around focus F,. Now, the separation line S, also winds around
F,, which is the imprint on the surface of the secondary vortex.
For the surface pattern to be consistent, a third saddle point
C; must exist outside the plane of symmetry, through which
separation line S, must pass.

The separation surfaces resulting from the present inter-
pretation are drawn in Figs. 37a to 37d. The primary sepa-
ration surface 3 is first represented in Fig. 37a with its trace
on the obstacle being the separation line $, and its intersection
with the plane of symmetry being the separator &¥,, which
rolls around the focus %;. The rolling up of 3., forms a horse-
shoe vortex. The organization of the second vortex is more
complex this time. We first consider (see Fig. 37b) one sep-
aration surface 3., whose trace is the separation line S,, which
originates in focus F,. A second separation surface 3, rolling
up inside 3,,, also originates in F, (see Fig. 37¢). The set (3,)
+ (3,) constitutes a tornado-like vortex. The streamlines de-
fining X, and 3, start from the half-nodes N; and N, which,
on the model surface, coincide with C; and C,. Figure 37d
shows the three surfaces ,, %, and 3 together forming the
primary and secondary vortices.

IV. Conclusion

The critical-point theory is now recognized as being an
indispensable basis for any consistent description of a three-
dimensional separated flow. In effect, it is a logical tool with
a precise terminology for interpreting the results of numerical
simulations as well as experimental data. Thus, the critical-
point theory allows a precise definition of the skin friction
line patterns revealed by surface flow visualizations. Careful
decoding of these patterns reveals the presence of the critical
points and separators that are signs of the occurrence of sep-
aration. The surface patterns are actually the imprints on the
obstacle of the outer vortex field and their consideration is a
prerequisite to further analysis of the flow.

Explorations by means of multihole pressure probes or three-
component I.DV systems allow the investigation to extend to
the outer field. The combination of surface visualizations and
field surveys make possible a detailed and realistic description
of vortical flows resulting from separation on obstacles of
various shapes. When the obstacle surface has a sharp edge,
a separation line is most often coincident with the singularity.
This line is the origin of a separation surface, whose rolling
up constitutes the primary intense vortex. This circumstance
is conducive to modeling of the separated flow in the frame-
work of a perfect fluid approach. However, in this case, sec-
ondary vortices also form that are not attached to any sin-

gularity of the surface, and whose influence on the field is
noticeable.

On a rounded obstacle, whose radius of curvatures is large
everywhere compared to the local boundary-layer thickness,
no singularity allows the separation line location(s) to be de-
termined a priori. If the body has a sharp nose, experiments
tend to show that—even at moderate incidence —the various
separators originate in the apex, where the critical points
accumulate. As such a degree of singularity is improbable
from a physical standpoint, it is likely that the nodes and
saddle points where the separators originate are distinct in a
small domain near the apex, which is inevitably rounded on
a sufficiently small scale.

When the body is blunt, the critical points have no reason
to be located in a singular point of the surface. However, for
the model considered here, which is close to many practical
configurations, these points are all located in the nose region,
the “main” attachment node being the only one clearly de-
tected by the visualizations. The oil film technique—whose
disturbing effect is not negligible in regions where the thick-
ness of the boundary layer is comparable to that of the film—
lacks the fineness required to resolve the real pattern and
show the other critical points whose existence is necessary to
ensure the topological consistency of the flowfield.

Except at very high incidence, convergence of the skin fric-
tion lines toward the separation line(s) occurs only at a certain
distance downstream of the model nose or apex. Before, noth-
ing distinguishes a separation line from the other skin friction
lines. All along this upstream path, the vortex structures,
which necessarily originate in the region of the critical points,
are immersed inside the boundary layer and carry a low con-
centration of vorticity. It is only when convergence of the skin
friction lines occurs that these structures leave the surface,
carrying away vorticity to form well-identifiable vortices. Then,
one can really speak of separation with the usual meaning of
the term.

Representation of the very fine phenomena at the origin
of the separators requires high computational accuracy with
the use of extremely refined meshes. It is probable that such
a quality of computation is unnecessary for most applications.
Thus, theoretical methods capable of defining the separation
lines only when the convergence motion is well characterized
are certainly sufficient for predicting “‘practical” separation,
even if the topological consistency of the field is not ensured.
The fine structures rubbed out by the lack of refinement of
the discretization do not have much influence on the final
quality of the results. Of course, the situation may be different
for applications in which the scale of these structures is com-
parable to that of the device, such as in channel flows.
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