3D Separation

2D separation: at 7,, = pu,, = 0 entire BL breaks away surface and
must travel over separation bubble and into wake
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3D separation leads to more freedom and breakaway options and
different types/definitions separations. For example: y, = S while
outer flow goes over separation bubble.
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Two examples of outer potential flow and limiting surface streamlines for
separating flow over an infinite yawed cylinder: (a) elliptical cylinder (1:6), ¢ =
45° [after Wild (1949)]; (b) U = C(x — x3), W = W, [after Sears (1948).]

According to active research in the mathematical topology of three-dimensional separation zones [Tobak and
Peake (1982), Wang (1997)]. four different points in separation can be distinguished:

1. A nodal point, where an infinite number of surface streamlines (“skin-friction lines”) merge tangentially to the
separation line.

2. A saddle point, where only two surface streamlines intersect and all others divert to either side.

3. A focus, or spiral node, which forms near a saddle point and around which an infinite number of surface streamlines
swirl.

4. A three-dimensional singular point, not on the wall, where the velocity is zero, but serving as the center for a
horseshoe vortex.



Singular Points

Singular points in the pattern of skin-friction lines occur at isolated points
on the surface where the skin friction (7, 7,,) in Equation (3), or alter-
natively the surface vorticity (w,, w,) in Equation (4), becomes identically
zero. Singular points are classifiable into two main types: nodes and saddle
points. Nodes may be further subdivided into two subclasses: nodal points
and foci (of attachment or separation).

Figure 1 Singular points: (a) node; (b) focus; (c) saddle (Lighthill 1963).



nodal attachment

point

Profile NACA 0015

Separation

FIGURE 4-50

Separation regions in corner flow between airfoils. [After Gersten (1959).]
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P, > 0 = junction/horseshoe
vortex

S = nodal point of separation
other singular point of present

Three-dimensional separation in flat-plate flow against a cylindrical obstacle.

[After Johnston (1960).]
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FIGURE 4-52

Three-dimensional separation on a round-nosed body at an angle of attack, first
described by Legendre (1965). Points A, S, and F represent a nodal attachment
point, a saddle point, and a focus of separation point, respectively.

Closed separation: upstream flow does not enter separation region



Open separation: upstream flow may enter separation region

(a) (b _

Closed separation line

Open separation
(d)
Reattachmentline
o,
Fixed
separation lin
—— Steady
Accelernting delta wing ___ Dynamic
(¥3] 4 —— Reattachment line
(1)

Decelersting prolate spheraid [ 4

Figure 1. (a) Example of a closed separation with closed separation line. (b) A case with open separation
with two open separation lines. (c) For an accelerating sphere, the separation line moves backwards in

the suberitical Re range (Fernando et al. Reference Fernando, Marzanek, Bond and Rival2017). (d) For
an accelerating delta wing, the flow has been observed to reattach on the wing surface (Marzanek &
Rival Reference Marzanek and Rival2019). In contrast, for an accelerating prolate spheroid, a number of
scenarios are possible: (e) the separation line will move closer to the model meridian centre or (f) a
reattachment line will be created. Sketches in panels (g) and (h) illustrate possible scenarios for
decelerations. To make the panels clear, the possible larger cross-flow separation for decelerations is
only presented on one side of the model body.

Dynamic separation on an accelerating prolate spheroid, JFM: 22 November 2023
Pengming Guo, Frieder Kaiser, David E, Rival



Unsteady Separation
Typical examples:

(1) start-up flow
(2) periodic flow

Chapter 3 Exact Solutions
Stokes 1st and 2nd

no separation

(a) Start-up flow circular cylinder.  Stokes flow for low Re.
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FIGURE 4-53

Start-up of viscous flow past a cylinder accelerated from rest: (a) Initial flow is
nearly inviscid, resembling Fig. 1-4; (b) later, separation begins on the rear
surface; (c) still later, separation extends up the rear surface in a symmetric
vortex pattern; (d ) finally, the double vortex becomes unstable, leading to an
alternating Karman vortex street, with the separation point on the front of the
body.

w)%zoss
(c) % ~ 1.5 strong symmetric vortex

(d) Karman vortex street Strouhal number = fL/U =~ 0.2

Moore, Rott, & Sears: MRS unsteady separation definition

Singular point (x,(t), ys(t)) in the flow where ug = % =0 and
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Fig. 7.1 Prandtl’s sketch
of the streamline pattern
and velocity profiles in
the neighborhood of sepa-
ration.

Fig. 7.2a Streamline pattern at z
point of separation over a down-

stream moving wall.
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Fig. 7.2¢ Velocity profiles corre-
sponding to the pattern of Fig. 7.2a.
The saddle point in Fig. 7.2a corre-
sponds to the point u = du/dy =0
according to the MRS criterion.
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Fig. 7.2b Streamline pattern at z
point of separation over an up-
stream moving wall.
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(2) periodic flows

A<<L = length of body

FIGURE 4-54

Streamlines for acoustic streaming in the outer flow about an oscillating circular
cylinder. [After Schlichting (1932).]

Assume body in uniform flow has potential flow U,(x) such that
oscillating body motion creates
U(x,t) = Uy(x)coswt

relative body. Thus, BL driven by free stream similar Stokes 2.
Schlichting series solution pp. 428-432: (Oth order same Stokes 2"9)

Oth order uy(x,t) = Uy(x)[coswt — e M cos(wt — )] n= y\/z—gv

2" order includes steady-state term which does not vanish at large
distances from the body
3 U,

Uy (x, oo) = —=— U,_ due uguy,_ Nnonzero mean
4 W x x

acoustic §treaming = steady-state motion towards decreasing U,(x) due
body motion

Explains dust patterns Kundt tube

Periodic motions induce non-zero mean convection important stability
and turbulence
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Kundt's tube is an experimental acoustical apparatus invented in 1866 by German physicist August
Kundt!2 for the measurement of the speed of sound in a gas or a solid rod. The experiment is still taught
today due to its ability to demonstrate longitudinal waves in a gas (which can often be difficult to visualise).
It is used today only for demonstrating standing waves and acoustical forces.

Fig. 16.7. Pattern of streamlines Fig. 15.8. Secondary flow in the r.mighbour-

of the steady secondary motion in hood of an own:l:‘:‘hg circular ¢ l‘“d::;-t"ru';z
; eamera moves with the eylinder.

the neighbourhood of an oscillat- particles which serve Yo, render the flow vi-

ing circular cylinder sible show up as wide bands owing to the

long exposure time and to their reciprocating
motion, after Schlichting [44]



3D Separation Patterns

Classification flow patterns for separation first approached
using special planes curved or flat: body surface, symmetry,
cross flow, or other.

2D vector field u = % and v = % has trajectory y(x) =

flow patterns. On body surface = surface streamlines, i.e.,
shear stress lines. Patterns depend on motion of observer in
unsteady flow. Not true vortex lines for translation, which are
1y onbody surface. Assuming u continuous = trajectories

and critical points = points uand w = 0 and trajectories
may split.

Theory and nomenclature from phase plane analysis of
autonomous differential equations, e.g., Tobak and Peak (1982).

At critical points u = 0 but derivative organized by:

(1) J=Jacobian = u,v, —u,v,
(2) A= divergence = u, + v, plane of interest where
A = —w, and z normal to the plane

Thus, on body surface A = 0.

In 3D invariant of strain tensor also investigated.



Critical points classified three

groups depending on J and %\% L{) @ Cﬁ S = Aa

A.

(1) foci within area above %H% ) & %{%

parabola | = AT HH i
D 5
2
(2) nodes between J = AT SZ Sacdes

an axis JL U =
. T A

(3) saddles below A axis

Figure 20.35 Types of critical points.

On boundary called focal or saddle node, and special case
attachment saddle node = plane stagnation line, whereas special
case attachment focus node = axisymmetric stagnation point.

2" quadrant patterns are unstable since all trajectories leave
these points and integration u(t), v(t) from these points not
possible.

1%t quadrant patterns are stable since integration progresses
towards these points.

LHS = RHS figure except flow direction reversed

Critical points follow certain topological rules, e.g., on closed
body #nodes — #saddles = 2, as per W2025 JBC test case.
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Other special features: local separation lines, limit cycle lines
or bifurcation lines (different nomenclature used).

Lines towards which other lines asymptote.

er) Wl @oV'® Upper wall
n

uppe! ("~

tween
vortex cells

l ' Vortex pattern
t in crossflow plane

V

Small section outer
wall

Figure 20.36 Streamlines in a Taylor vortex cell of a Couette flow. The wall and the surfaces
separating vortex cells intersect in lines of separation and lines of attachment.

Taylor—Couette flow = stack spiral vortex cells due moving
inner and stationary outer walls. Cross plane shows swirling
vortices and wall shows lines of separation and attachment to
which the streamlines asymptote.

In general, separation flow patterns are extremely complex and
different analysis including alternative interpretations even for
steady, much less unsteady flows.

Since separation usually unsteady, instability analysis such as
shear layer, Karman shedding, breathing mode, etc., often more
productive,
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Figure 20.37 Separation pattern of a horseshoe vortex above a wall.

We see in Fig. 20.37 one of the simplest examples of a three-dimensional separation, a
steady horseshoe vortex above a solid wall. The wall is in the x —z plane, and only one-half
the flow is shown because of symmetry. The vortex is perpendicular to the oncoming
stream at point C, a spiral focus. Point A is a separation saddle point and point B is the
attachment saddle point. A bifurcation line leaves A and proceeds to bend back along the
wall. At some position the line ceases to be an asymptote and becomes an ordinary wall
streamline. In a similar fashion, a bifurcation attachment line is emanating from B, and it
could also turn into an ordinary streamline. The ultimate fate of the vortex is not depicted.

In a very viscous flow, the vortex could die out downstream and only a uniform shear flow
would remain.
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Free-Surface Wave-induced

Z. J. Zhang' £

Graduale Research Assistan!, Separaﬂon
F. Stern Free-surface wave-induced separation is studied for a surface-plercing NACA 0024
Protessor, foil over a range of Froude numbers (0, .2, .37, .55) through computational flwid
dynamics of the unsieady Reynolds-averaged Navier-Stokes and the continuily equa-
Departmeed of Machanical Enginsering, tions with the Baldwin-Lomax turbulence model, exact nonlinear kinematic and ap-
Jowa Institule of Hydraulic Ressarch, proximate dynamic free-sutface boundary condisions, and a body/free-surface con-
Tha University of lowa, forming grid. The flow conditions and uncertainty analysis are discussed. A topologi-

Iowa City, lowa 52242 cal rule for a surface-piercing body is derived and verified. Steady-fiow resuits are
presented and analyzed with regard to the wave and viscous flow and the nature of
the separation,

Fig. © Topological structures: (a) Fr = 0.20, (b) Fr = 0.37, and
(c) Fr = 0.65
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