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1. INTRODUCTION

This article summarizes our present understanding of the physical behavior
of two-dimensional turbulent separated flows, which occur due to adverse
pressure gradients around streamlined and bluff bodies. The physical
behavior of turbulence is flow dependent, so detailed experimental infor-
mation is needed for understanding such flows and modeling their physics
for calculation methods. An earlier review (Simpson 1985) discussed in
much detail prior experimental and computational work, and this was
followed by an updated review of calculation methods only (Simpson
1987). Here additional recent references are added to those cited in the
two other works.

By separation, we mean the entire process of departure or breakaway,
or the breakdown of boundary-layer flow. An abrupt thickening of the
rotational-flow region next to a wall and significant values of the normal-
to-wall velocity component must accompany breakaway, or otherwise this
region would not have any significant interaction with the free-stream
flow. This unwanted interaction causes a reduction in the performance of
the flow device of interest (e.g. a loss of lift on an airfoil or a loss of
pressurerise in a diffuser).

It is too narrow a view to use vanishing surface shearing stress or flow
reversal as the criterion for separation. Only in steady two-dimensional
flow do these conditions usually accompany separation. In unsteady two-
dimensional flow the surface shear stress can change sign with flow reversal
without the occurrence of breakaway. Conversely, the breakdown of the
boundary-layer concept can occur before any flow reversal is encountered.
In three-dimensional flow the rotational layer can depart without the
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surface shear stress necessarily falling to zero, and the wall shear is zero
only at the singular points.

For steady free-stream two-dimensional flows on streamlined surfaces,
separation begins intermittently at a given location; that is, the flow rever-
sal at that location occurs only a fraction of the total time. At progressively
farther downstream locations, the fraction of time that the flow moves
downstream is progressively less.

For steady free-stream separating turbulent boundary layers, the fol-
lowing set of quantitative definitions on the detachment state near the wall
has been proposed, with the definitions based on the fraction of time that
the flow moves downstream, y,, (Simpson 1981): Incipient detachment
(ID) occurs with instantaneous backflow 1% of the time (y,, = 0.99);
intermittent transitory detachment (ITD) occurs with instantaneous back-
flow 20% of the time (y,, = 0.80); transitory detachment (TD) occurs with
instantaneous backflow 50% of the time (y,, = 0.50); and detachment (D)
occurs where the time-averaged wall shearing stress T,, is 0. Available data
indicate that TD and D occur at the same location.

Incipient detachment has been observed experimentally when flow
markers such as a dye filament injected into liquids at the wall or a tuft
mounted on the surface occasionally move upstream. In the past this
location has been called incipient separation. (Here we do not use the latter
term, since it appears to have been used loosely to mean a flow near
conditions required for the separation process to occur. In some cases,
such as in supersonic flow, the separation process occurred but was not
documented; it was often called incipient separation.) The zone just down-
stream of incipient detachment is important, since the displacement thick-
ness of the boundary layer begins to increase rapidly there.

Intermittent transitory detachment has been observed in experiments
when tufts or dye filaments moved upstream a noticeably greater fraction
of the time than “occasionally.” Sandborn & Kline (1961) indicated that
this location corresponds to the location of “turbulent separation” or
“intermittent separation.” Sandborn (1970) labeled the velocity profile
at this position as “‘unrelaxed.”” Transitory detachment and detachment
correspond to the same location if the streamwise velocity probability
distribution at that location is symmetric. Detachment was called the
location of ‘“‘steady” separation by Sandborn & Klin¢, while Sandborn
(1970) noted that the velocity profile at this location is “relaxed.” Until
recently, many workers were concerned only with calculating the location
of D, ignoring the fact that the turbulent-separation process starts
upstream of this location in all but singular cases where ID and D are at
the same location.

The length of the region between the ID, ITD, TD, and D points will
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depend on the geometry and the flow, but the definitions of these points
are the same (Figure 1b). y,,, is not a sufficient variable to describe the flow
behavior, since it only represents the fraction of a streamwise velocity
probability distribution that is positive. However, it is important that such
a feature be documented in all future work. In the next section flows on
low-curvature streamlined surfaces are discussed, while later sections deal
with surface-pressure fluctuations, wall-curvature effects, flows separating
from sharp-edged bluff bodies, and unsteady effects.

2. STEADY FREE-STREAM SEPARATING
TURBULENT BOUNDARY LAYERS

For low-curvature and flat surfaces, the mean flow upstream of ID obeys
the “law of the wall” and the “law of the wake* as long as the maximum
shearing stress —puw,,,, is less than 1.5t,. When —puv,,,, > 1.517,, the
Perry & Schofield (1973) mean-velocity profile correlation, the law of the
wall, and the Ludwieg-Tillman skin-friction equation apply upstream of
ITD. The qualitative turbulence structure is not markedly different from
the zero-pressure-gradient case, except that the maximum fluctuations are
in the middle of the boundary layer. The “bursting” frequency » of the
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Figure |1 (a) Traditional view of turbulent boundary-layer separation with the mean back-
flow coming from far downstream. The dashed line indicates U = 0 locatiens. (b) A flow
model with the turbulent structures supplying the small mean backflow. ID, incipient detach-
ment; ITD, intermittent transitory detachment; D, detachment. The dashed line denotes U = 0
locations.
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most energetic eddies near the wall is correlated by U,/nd = 10, where U,
is the mean velocity outside the boundary layer and & is the boundary-
layer thickness (Simpson et al. 1977).

Sandborn & Kline (1961) observed that a family of power-law-type
mean-velocity profiles seemed to fit data near where appreciable inter-
mittent backflow was observed. This family of profiles yielded the relation

H—1 5\
h="—=2- 1
H ( 50,995) ( )

among the velocity profile shape factor H = d*/6, displacement thickness
6*, momentum thickness 6, and boundary-layer thickness 6 at the 0.995x,
velocity location. This relation is shown in Figure 2. Data (Simpson 1985)
indicate that this closely describes the location of ITD. The mean wall
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Figure 2 A plot of h vs. 0*/6 data for detaching and reattaching flows (from Simpson
1985). Shaded regions—data reviewed by Sandborn & Kline (1961): —- - —, detachment; —- —,
intermittent transitory detachment. Curved wall data: W, data of Chou & Sandborn (1973);

A, data of Sandborn & Liu (1968); ¥, data of Wadcock (1980); ..., data of So & Mellor
(1972) (zcro pressurc gradient); W, data of Gersten et al. (1983).
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shearing stress is greater than zero at this condition. Another family of
power-law mean-velocity profiles that had zero shearing stress at the wall
were used to describe conditions of detachment [Equation (6) of Sandborn
& Kline]. Figure 2 shows this 4 vs. */d relation at turbulent detachment,
which also correlates laminar detachment data. The shaded regions on this
figure show the data used by Sandborn & Kline and Kline et al. (1983)
that support these relationships.

Figure 2 also shows 4 vs. 6*/d paths taken by several backward-facing-
step reattaching and adverse-pressure-gradient-induced detaching flows.
Using a modified Coleslaw-of -the-wall and law-of-the-wake mean-velocity
profile model, Kline et al. showed that the A vs. 6*/5 path is only weakly
Reynolds number dependent even for low 6*/6 and is nearly the same for
flows on flat or low-curvature surfaces. The Perry & Schofield correlation
produces a path among these data, as do the experiments of Chu & Young
(1975). This path can be approximated by

h = 1.5(5*/5) Q)

for high Reynolds numbers. Note thatit crosses the 4 vs. */3 relationships
forintermittent backflow and detachment in the shaded regions. For near-
equilibrium flows satisfying the Coles velocity profile model, intermittent
transitory detachment occurs at 6*/6 = 0.42 and H = 2.70.

As a turbulent boundary layer undergoes an adverse pressure gradient,
the flow near the wall decelerates until some backflow first occurs at
incipient detachment. A spanwise line of detachment does not move up-
and downstream as a unit. Small three-dimensional elements of flow move
upstream for a distance and are later carried downstream. These reversed
flows occur in regions of low kinetic energy and are caused by forces
arising from the large-scale structures and adverse pressure gradient. Large
eddies, which bring outer-region momentum toward the wall, supply some
downstream flow. These large eddies grow rapidly in all directions and
agglomerate with one another to decrease the average frequency of passage
as detachment is approached. Substantial pressure-gradient relief begins
near intermittent transitory detachment as the detaching shear layer grows
at a rate proportional to 62,

These large-scale structures supply the turbulence energy to the near-
wall detaching flow. The velocity fluctuations in the backflow region are
greater than or at least comparable to the mean backflow velocities. Inter-
mittent backflow occurs as far away from the wall as the maximum shear-
ing-stress location y/é 2 1. Since the free-stream flow is observed to be
rather steady, this means that the near-wall fluctuations are not mainly
due to a flapping of the entire shear layer, but rather to turbulence within
the detached flow. In such a high-turbulence-level flow, mean streamlines
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do not rcpresent the average pathlines for elements of fluids (Figure 15).
Even though the outer-region mean-velocity profiles look like those for a
free mixing layer as shown in Figure 3, the inner region is substantially
different. Mean-velocity profiles and their shape factors are almost inde-
pendent of momentum-thickness Reynolds number, strongly correlate on
ypu near the wall, and strongly depend on local turbulence conditions.

The mean backflow appears to be just large enough to satisfy continuity
requirements. The backflow mean velocity U scales on the maximum
negative velocity Uy and its distance from the wall, N, which varies with
the shear-layer thickness 6. Downstream of detachment the mean backflow
can be divided into three layers: a viscous layer nearest the wall that is
dominated by the turbulent-flow unsteadiness but with little Reynolds
shearing-stress effects; an intermediate layer with a semilogarithmic mean-
velocity profile that seems to act as an overlap region between the viscous
wall and outer regions; and the outer backflow region that is really part
of the large-scale outer-region flow. No “law-of-the-wall” type of velocity
profile based on a wall shearing stress is valid for the backflow when
Yoo > 0 and —uv 22 0 in the backflow. For downstream of detachment
(7py < 3 near the wall), Simpson (1983) presented the equation

i=A<1_ln _1)_1, 3)

|Unl N
where 4 = 0.3. This equation describes for a number of data sets the
velocity profile of the middle region of the mean backflow
(0.02 < y/N < 1.0, where N/6 <0.06). Farther away from the wall
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Figure 3 Mean-velocity and turbulence profiles downstream of detachment in the Simpson
et al. (1981a) separating flow.




Annu. Rev. Fluid Mech. 1989.21:205-232. Downloaded from www.annualreviews.org
by Virginia Tech University on 09/27/10. For persona use only

TURBULENT BOUNDARY-LAYER SEPARATION 211

(y/N > 1.0) this equation does not describe the mean-velocity profile well,
since this outer backflow region is influenced strongly by the large-scale
outer-region flow. Nearer the wall (y/N < 0.02), the viscous layer can be
described by

U y\ P, y)2 N? dP
o)+ (2 h =Y 4ar 4
U] C(N)+ 2 <N Lo Where Py= U dx @

and Cis a constant. For this flow P, < 125 and the pressure-gradient term
contributes little. Here | Uy|/ U, varies almost linearly with 1/H, being 0.15
at H = 10, where H is the mean-velocity profile shape factor 6*/6 (Simpson
& Shivaprasad 1983). Buckles et al. (1984) indicate that their backflow
profiles agree with Equation (3). Dianat & Castro (1986) also report that
Equation (3) fits their data, but with 4 = 0.235. They also suggest that a
backflow skin-friction equation
TW

—¥ _~4.5Rey'?, where Re, =

UN(Lr_X)
20U v

)

fits reattachment as well as detachment data from a number of inves-
tigators for 10° < Rey < 10°. Here (L,— X) is the distance upstream of the
reattachment location (y,, = 3). The —3 exponent suggests that the
unsteady backflow “boundary layer” is similar to a viscous boundary
layer. Patrick (1987) also proposed the form of Equation (5) but with a
constant of 3.29.

The intermittently forward flow (y,, > 0) in the mean-backflow region
can be due to only two effects. Either high-momentum forward flow moves
toward the wall or high-momentum turbulent motions away from the wall
set up instantaneous streamwise pressure gradients that are impressed onto
the low-momentum wall region to produce instants of forward flow. Both
of these effects contribute to the turbulent diffusion of energy, which is
consistent with the conclusion given by Simpson et al. (1981b) that tur-
bulent diffusion and dissipation are the main terms in the backflow tur-
bulence-energy balance. Space-time correlations in the backflow indicate
y length scales of the order of 4 (Chehroudi & Simpson 1985).

As detachment is approached, the large eddies produce w? = v? away
from the wall. As a large structure the order of  in height and width
supplies fluid toward the wall in the separated region, v fluctuations
decrease and are exactly zero at the wall. Because of continuity require-
ments, the fluid must be deflected and must contribute to ¥ and w fluc-
tuations. Thus rms fluctuations #” and w’ are a little greater owing to this
wall effect than they would be with large-scale structure effects alone. This
explains why »” and w’ distributions have the inflection points near the
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wall. Semilogarithmic profiles of u? and w? between inflection points sug-
gest an overlap region between inner and outer velocity and length scales.
No plausible explanation of these data appears possible when elements of
fluid in the mean backflow are required to come from far downstream
(Figure la).

Even though —uwp is relatively large in the outer region (Figure 3),
—w/u'v’ and —iw/q’ (¢ = u*+v>+w?) decrease during the separation
process and downstream. In the backflow region these correlations are
close to zero. The Reynolds shearing stresses must be modeled by relating
them to the turbulence structure and not to local mean-velocity gradients.
The mean-velocity profiles in the backflow are a result of time-averaging
the large turbulent fluctuations and are not related to the cause of the
turbulence. The inertial subrange of velocity spectra of the outer-region
forward flow scale on the maximum shear stress at a given streamwise
location, as shown by Nagabushana et al. (1988). The most energetic
frequencies f in the backflow occur in the range 10 < U,/df < 50.

Normal-stress effects contribute significantly to the momentum and
turbulence-energy equations. Negligible turbulence-energy production
occurs in the backflow. Normal- and shear-stress production in the outer
region supply turbulence energy in the backflow by turbulent diffusion.
Movies of laser-illuminated smoke also have clearly revealed that the large-
eddy structure supplies most of the near-wall backflow. Fluid elements of
the small mean backflow do not come from far downstream, as suggested
in Figure 1a; rather, they appear to be supplied intermittently by large-
scale structures as they pass through the separated flow, as suggested by
Figure 1b. Blockage of the backflow region far downstream of detachment
does not seem to affect the detachment location (Simpson et al. 1981b).

The flow studied by Buckles et al. (1984) also supports this view. Visual-
ization of separated flow using surface-injected dye streaks (Zilker &
Hanratty 1979) showed the separated shear layer rolling up into vortices
that fill the backflow zone. In contrast, if this region behaved as a free
shear layer, we would expect instead to see more isolated eddy structures
with a passive fluid in the reversed-flow zone separating the shear layer
from the surface (Buckles et al. 1984). The photographs of Zilker showed
columnar motions carrying dye between the surface and the shear layer.
Some of the dye columns correspond to strong, intermittent downward
motions.

The data of Buckles et al. (1984) suggest a qualitative picture of the flow
in which shear-layer vortices send fluid downward toward the wall and
entrain fluid from the reversed-flow region upward into the shear layer.
Large, positive skewness values and large flatness values (Simpson et al.
1981b) in the reversed-flow region near the wall imply intermittent pulses
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of forward-moving fluid, possibly associated with the passage of shear-
layer vortices overhead. These observations led Buckles et al. to suggest
that the detached shear flow was driven by a mechanism other than just
the external pressure gradient.

Of course, this mechanism for supplying the backflow may be dominant
only when the thickness of the backflow region is small as compared with
the turbulent shear-layer thickness, as in the Simpson et al. (1981a) flow.
Experiments (Fox & Kline 1962, Patrick 1987) on separation in wide-
angle diffusers indicate that the mean backflow can come mainly from
downstream when the thickness of the backflow region is comparable to
the thickness of the forward flow, although even in this case y,, > 0 in much
of the backflow. Thus, some forward flow is supplied to the near-wall
region by the large eddies, with direct inrushes of forward flow and/or
instantaneous favorable pressure gradients imposed on the wall region by
the large eddies.

3. SURFACE-PRESSURE FLUCTUATIONS

It is well known that much higher levels of acoustic noise and pressure
fluctuations are produced by a separated flow as compared with an
attached boundary layer. In incompressible flow the fluctuating pressure

pisrelated to the velocity fluctuations by the Poisson equation V?p = — pg,
where the source term o is given in tensor notation by
oU; Ou; 0? —
c=2——"+ (i — ), (6)

T T x; ox; | Oxpx;

where U, and u, are the mean and fluctuating velocity components in the
x;direction. The first term on the right-hand side of this equation represents
the turbulence and mean-shear interaction, while the second term repre-
sents the turbulence-turbulence interaction. For a wall-bounded flow, if
contributions from surface integrals are neglected, then the fluctuating
pressure at a point X on the wall is given by

j o(R,)dV(R,)

_r ARJET R
p(X)= X-R) °

o ()

where the volume ¥ integration is at position R, over the entire half-space
containing the flow. This equation indicates that while surface-pressure
fluctuations are produced from sources in a large region of the flow,
contributions from various sources drop off rapidly with their distance
from the point under consideration. Although several attempts have been
made to calculate p from Equation (7), it appears that such efforts suffer
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from the lack of accurate information about the fluctuating velocity field
within the boundary layer (Willmarth 1975). Conscquently, the cffects of
adverse pressure gradients and separation on surface-pressure fluctuations
from such calculations are uncertain and need confirmation by experi-
mental data.

As measured by Buckles et al. (1984) the rms surface-pressure fluc-
tuations p’ increase at detachment to a maximum just downstream of
reattachment (y,, = 3). These fluctuations are large, being of the same
order as the local mean-pressure difference. This behavior is consistent
with that of other detached reattaching flows, as rcviewed by Mabey
(1972). The maximum rms value near reattachment is too large to be
explained entirely by wandering of the reattachment location. Rather, it
appears to be influenced by wide variations of the velocity of the fluid
impinging on the wall at reattachment. These unsteady motions may be a
combination of the unsteadiness caused by the passage of large-scale
structures and by unsteadiness associated with the location of the re-
attachment point fluctuating upstream and downstream, as discussed in
Section S below.

As suggested by Mabey (1982), the pressure fluctuations scale on the
maximum shearing stress ty for detaching turbulent boundary layers.
Simpson et al. (1987) suggest that p*/t is proportional to the ratio « of a
streamwise length scale to length scales in other directions. The integral—-
length scale data of Chehroudi & Simpson (1985) show that « is about 2.5
for the Simpson et al. (1981a,b) flow, which is in agreement with the
Schubauer & Klebanoff (1951) results for a in their separating flow. Down-
stream of detachment p? continues to increase, although p’/zy increases to
detachment and then decreases downstream. This decrease appears to
be because the pressure-fluctuation-producing motions move increasingly
away from the wall downstream of detachment.

Both the turbulence and mean-shear interaction and the turbulence-
turbulence interaction in the pressure-fluctuation source term [Equation
(6)] are important for detached flows. Velocity fluctuations are as large as
mean velocities in the backflow. Reynolds shear stresses and their gradients
are large away from the wall. Thus, the largest pressure fluctuations are
not at the wall in a detached flow, but rather they must be near the middle
of the shear layer. These large pressure fluctuations strongly influence the
near-wall flow. Equation (7) indicates that p(x)/ty on the wall must
decrease if the source ¢ moves away from the wall. The distance from the
wall to the maximum shear location N increases rapidly downstream of
detachment and inversely correlates with the decrease in p’/ty (Simpson
et al. 1987).

The spectra of Simpson et al. (1987) for p? substantially agree with those
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of other investigations of strong adverse-pressure-gradient attached flows
(Figure 4), which were reanalyzed and renormalized on 7y by Simpson et
al. (1987). Their data define a w~ %7 variation in the 0.01 < wé*/U,, < |
range for the attached flow, where U, is the mean velocity outside the
boundary layer. At higher frequencics the pressure-fluctuation spectrum
®(w) varies with w~>. Downstream of the beginning of intermittent back-
flow, o®(w) has a peak value near wé*/U., ~ 0.8 of 10 dB in the ordinate
scale of Figure 4 and a w~? range at higher frequencies. For lower fre-
quencies, w®(w) varies with @ near the beginning of intermittent backflow;
farther downstream this low-frequency range varies with w**.

The coherence of the pressure-fluctuation-producing motions remains
high in the streamwise direction upstream of incipient detachment but
drops drastically with the beginning of intermittent backflow. The stream-
wise coherence level downstream of detachment looks much like that
for the spanwise direction for attached flows. This indicates that even
over small streamwise distances, the detached-flow pressure-fluctuation-
producing turbulent motions do not retain the same structural features.

At low frequencies, both upstream and downstream of detachment, U,
celerity of the pressure fluctuations increases with increasing frequency
until near wé*/U,, = 0.5-1, as observed by Simpson et al. (1987) and
Brooks & Hodgson (1981). Upstream of detachment, U. decreases at
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Figure 4 Surface-pressure-fluctuation spectra from some strong adverse-pressure-gradient

turbulent boundary layers. Straight dashed line: w=> variation. ———, Schloemer (1967)
Res x 107% = 1.46; ——, Bradshaw (1967) Res; x 107*=4.0; — —, Burton (1973)
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& Linebarger (1974) Res. x 107 = 4.0, o = 2. From Simpson et al. (1987).
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higher frequencies and agrees asymptotically with the inner-outer overlap
region equation given by Panton & Linebarger (1974). Downstream of the
beginning of intermittent backflow, the instantaneous wave speed U, can
be both positive and negative for sufficiently high frequencies. Thus, the
long-time-averaged U, is lower than at upstream for these frequencies.

From the perspective of using pressure-fluctuation data to calculate far-
field noise, one should probably locate the effective pressure-fluctuation
sources along or near the locus of the maximum shear-stress position. The
pressure-fluctuation-producing motions are concentrated in this region.
The celerities of these fluid motions are probably close to those for the
pressure fluctuations in this region.

This hypothesis is consistent with the idea of placing the effective pres-
sure-fluctuation sources on the flow surface for low-pressure-gradient
flows, since in these cases the maximum velocity gradients and shear
stresses are at or very close to the wall. Since it is not possible to accurately
measure pressure fluctuations within the turbulent separated flow,
measurements of the far-field pressure fluctuation and the wall pressure
fluctuation should be used to estimate the effective pressure fluctuations
at the maximum-shearing-stress location.

4. EFFECTS OF SURFACE CURVATURE

Convex or concave surface curvature (1/R) without streamwise pressure
gradients clearly influences the behavior of a turbulent boundary layer.
Bradshaw (1973), Gillis & Johnston (1983), Barlow (1985), and Muck et al.
(1986) reviewed the results from a number of experimental investigations in
which 6/R was as large as 0.1. Equations in curved-wall and in Cartesian
coordinate systems apply (Bradshaw 1973). As pointed out by Wadcock
(1980), the highly directional nature of the structure of a turbulent shear
flow probably suggests that a mean streamline coordinate system be used
so that familiar turbulence descriptions for low-curvature flows will apply
approximately. In other words, since the turbulence structure is not
invariant with coordinate-system rotation, the coordinate system following
the flow should be used.

From experiments emerges an explanation of the effects of surface
curvature on a flow. If the streamlines of the flow near the free stream in
the turbulent-nonturbulent region have convex curvature, then 6P/on > 0
and there is a reduction in entrainment downstream. This occurs because
the tongues of large-eddy fluid that erupt into the free stream to engulf
high-momentum fluid encounter an opposing pressure gradient that
reduces their movement into the free stream. With a reduction in entrain-
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ment, there are less mixing, lower Reynolds shearing stresses, lower triple-
velocity correlations, and lower turbulence diffusion in the outer region.
For concave curvature, P/dn < 0 and greater entrainment, mixing, and
turbulent shearing stresses result.

In the above-mentioned experiments, the measurements were made in
ducts where the streamwise pressure gradient was adjusted to zero. For
flows over airfoils and blades, both convex surface curvature and adverse
pressure gradients influence the detachment of a turbulent boundary layer.
When an adverse pressure gradient is present, the outer-region streamlines
are not curved as much as the convex surface, so there is less influence of
curvature on entrainment than for a zero-pressure-gradient case. Baskaran
et al. (1987) showed that convex curvature (6/R = 0.05) reduces the

- momentum transport through a strong adverse-pressure-gradient tur-

bulent boundary layer and causes detachment to occur farther upstream
than for a comparable pressure-gradient flow without curvature.

For example, the data of Schubauer & Klebanoff (1951) showed little
effect of surface curvature on the mean-velocity profileupstream of detach-
ment, though 8/R was 0.01 at the beginning of curvature and 0.024 near
detachment. In fact, Perry & Schofield (1973) showed that these data fall
within the scatter of data from flat-surface experiments, and that they obey
their strong adverse-pressure-gradient velocity-profile correlations. The
“zero-skin-friction” experiments of Stratford (1959) for flow over a short
length of convex wall and a longer length of concave wall produced results
also in close agreement with the Perry & Schofield correlations. Wadcock
(1980) investigated with a flying hot-wire anemometer a separating tur-
bulent boundary layer on the convex-curved surface of an NACA 4412
airfoil with /R = 0.01 upstream of detachment and 6/R = 0.05 near the
trailing edge. These sets of data also agree with the flat surface 4 vs. 6%/
detachment criteria of Sandborn & Kline (1961; see Figure 2). The low-
surface-curvature flow studied by Deutsch & Zierke (1986) shows little
effect of curvature, and the 4 vs. §*/6 path follows that shown for zero-
curvature surfaces in Figure 2. Wadcock’s data showed no reduction in
turbulence activity in the outer region. The curvature effect in the stream-
wise momentum equation was relatively negligible, while the curvature
effect in the normal-to-surface equation was significant.

When the curvature of the surface quickly changes, the outer-region
streamlines do not curve as rapidly. Near such a convex surface the flow
direction and magnitude change quickly as a result of a local increase in
flow cross-sectional area and an increase in surface pressure. As observed
by Baskaran et al (1987), an “internal” boundary layer near the surface
occurs in such cases, as in the channel-flow data of Buckles et al. (1984)
showing a distinct knee in the velocity profile or discontinuity in U/dy as
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the flow proceeds downstream. As in the flows studied by Sandborn & Liu
(1968) (6/R = 0.13) and Chou & Sandborn (1973) (6/R = 0.1), velocities
near the wall decrease rapidly, thus changing the vclocity-profile shape
and the A vs. 6*/J path of thc flow in Figurc 2 and causing detachment to
occur at lower values of 4. Sandborn & Liu indicate that y,, ~ 0.7 at the
location where Equation (1) is satisfied. Thus in the absence of othcr data,
Equation (1) may not be very good for calculating the location of ITD for
strongly curved flows.

The flying hot-wire anemometer data of Thompson & Whitelaw (1985)
in Figure S and the data of Gersten et al. (1983) and Adair (1987) appear
to show this effect of rapidly changing surface curvature. In the outer
region of these cases, there is lower curvature of the streamlines than of
the wall as well as lower turbulence and velocity gradients. Outside 0.69,
the turbulent shear stress is negligible (Thompson & Whitelaw 1985, Adair
1987). Spatial correlations show a normal-to-wall integral length scale
L, ~ 040 in this intermittent turbulent-nonturbulent region. Nearer the
diverging wall, larger velocity gradients occur with much larger shearing
and normal stresses. As in the Simpson et al. (1981a,b) flow, Thompson &
Whitelaw found that the outer extremities of flow reversals coincide with
the location of maximum Reynolds shear stress. Spatial velocity cor-
relations show a normal-to-wall integral length scale L, & 0.26 around the
maximum-shear-stress location, indicating that the large active stress-
producing eddies are a smaller fraction of é than for the flat-wall case of
Chehroudi & Simpson (1985). Cross-stream pressure gradients cannot be
ignored, and the displacement thickness is not an adequate link between

Figure 5 Mean-velocity vectors for the Thompson & Whitelaw (1985) trailing-edge
separated flow.
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viscous and inviscid regions, since normal-to-wall and streamwise terms
of convection are of the same order of magnitude. As in the flat-wall case,
mixing-length and eddy-viscosity models fail downstream of detachment
in the backflow zone. Thompson & Whitelaw and Adair indicate that the
backflow mean-velocity profile [Equation (3)] described by Simpson (1983)
appears to hold downstream of detachment, indicating that the flow next
to a diverging surfaceis little different from that on a flat surface. Minimum
values of y,, and —uv coincided in the backflow.

From these experiments and our understanding of the nature of sepa-
rating turbulent boundary layers, we can summarize the qualitative effects
of rapidly diverging surfaces on turbulent boundary layers. When a surface
diverges from the local free-stream direction rapidly, mass-flow continuity
requires that the near-wall velocity decrease more rapidly than would
occur for a flat surface under the same streamwise pressure gradient. The
available Reynolds shear stress and turbulence-energy diffusion are lower
for a convex surface, so less momentum and energy are brought into the
wall region to increase the velocity. Consequently, detachment occurs
upstream of where it would occur under the same pressure gradient on a
flat wall.

The lag of the turbulent flow in quickly responding to a diverging wall
is due to the fact that the large energy-containing eddies do not respond
instantaneously to rapid changes of boundary conditions (nonequilibrium
condition). The Bradshaw et al. (1967) calculation method uses large-eddy
turbulence-energy diffusion, which is related to the maximum turbulent
shear stress and produces real characteristics from a hyperbolic set of
equations (momentum, continuity, and turbulence energy). Real lags and
upstream history effects can be calculated for separating turbulent bound-
ary layers (Collins & Simpson 1978). Johnson & King (1985) showed also
that large-eddy diffusion scaled on the local maximum turbulent shear
stress accounted for the lag between the mean-flow and turbulence struc-
ture in separating turbulent boundary layers.

To define the effects of curvature clearly, complete data sets are needed.
One problem with the available data that show an effect of convex surface
curvature on separation is that no measurements of turbulence-energy
diffusion were made. A second problem is the lack of Reynolds shearing-
stress data; only Thompson & Whitelaw (1985) and Adair (1987) have
measured that quantity. From Section 3 we know that the near-wall
pressure and pressure-gradient fluctuations are closely related to the shear-
stress-producing large eddies and influence the flow structure, and thus
there is a need to measure and relate the surface-pressure fluctuation
structure to the separated-flow structure in curved-wall flows. There are
no such data currently available.
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5. SEPARATION FROM TWO-DIMENSIONAL
SHARP-EDGED BLUFF BODIES AND
REATTACHMENT

The main obstacle to understanding this class of flows is that the major
detachment occurs near the sharp edges of the body, with accompanying
large variations in velocity and pressure around the detachment location.
Here intermittent detachment is located very near detachment. The flow
downstream of detachment is strongly dependent upon the upstream ve-
locity distribution and the local geometry of the surface around the detach-
ment location. Downstream of detachment, the thickness of the energetic
outer-region flow is comparable in size to that of the backflow region. The
zone of recirculating fluid is a substantial portion of the entire detached
shear layer. At some distance downstream the turbulent shear layer re-
attaches to the surface or mixes with an adjacent stream in the near-wake.

Bluff-body, fence, rib, and forward-facing step data are discussed to-
gether because the mean-flow streamline at detachment from a sharp edge
is at some large angle to the free-stream direction. For backward-facing
step flows, the mean streamlines at detachment are almost parallel to
the oncoming free-stream velocity direction. Cases with a thick initial
boundary layer as compared with the step height are not discussed, since
the oncoming turbulent boundary-layer structure is dominant and a bluff
body on the surface acts as a roughness element.

5.1 The Nature of the Backward-Facing Step
Reattachment Flow

Although the backward-facing step is the simplest reattaching flow, the
flow field is still very complex. Figure 6 illustrates some of the complexities.
The upstream boundary layer detaches at the sharp corner, forming a free-

TIME AVERAGED
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SHEAR LAYER

[
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Figure 6 Features of a rearward-facing step flow (Driver et al. 1987).
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shear layer. If the boundary layer is laminar, transition begins soon after
detachment, unless the Reynolds number is very low.

The separated shear layer appears to be much like an ordinary plane-
mixing layer through the first half of the separated-flow region. The divid-
ing mean-flow streamline is only slightly curved, and the shear layer is thin
enough that it is not affected by the presence of the wall (Figure 6).
However, the reattaching shear layer differs from the plane-mixing layer
in one important aspect: The flow on the low-speed side of the shear layer
is highly turbulent, as opposed to the low-turbulence-level stream in a
typical plane-mixing layer experiment.

The separated shear layer curves sharply downward in the reattachment
zone and impinges on the wall, although any stabilizing effect of curvature
appears to be small (Castro & Haque 1987). Part of the shear-layer fluid is
deflected upstream into the recirculating flow by a strong adverse pressure
gradient. The shear layer is subjected to the effects of adverse pressure
gradient and strong interaction with the wall in the reattachment zone. A
rapid decay of Reynolds normal and shear stresses occurs within the
reattachment zone.

The recirculating flow region below the shear layer cannot be charac-
terized as a dead-air zone. The maximum measured backflow velocity is
usually over 20% of the free-stream velocity, and negative skin-friction
coefficients as large as C; = —0.0012 (based on the free-stream velocity)
have been measured (Adams & Johnston 1988).

Downstream of reattachment, the Reynolds stresses continue to decay
rapidly for a distance of several step heights. Simultaneously, a new sub-
boundary layer begins to grow up through the reattached shear layer. The
measurements have shown that the outer part of the reattached shear layer
still has most of the charcteristics of a free-shear layer as much as 50 step
heights downstream of reattachment. This observation demonstrates the
persistence of the large-scale eddies that are developed in the separated
free-shear layer.

This flow is highly unsteady. Large turbulent structures with length
scales at least as large as the step height pass through the reattachment
region. In addition, flow visualization showed that the length of the sep-
aration region fluctuated so that the instantaneous impingement location
of the shear layer moved up and downstream. Quantitative measurements
confirmed this conclusion and showed that the short-time-averaged re-
attachment location deviated from the long-time-averaged reattachment
location by as much as +2 step heights. The nondimensional frequency
of this motion is f X3/ Uy & 0.6-0.8, which agrees with the results of Driver
et al. (1987). Maximum energy content of wall pressure fluctuations occurs
at these frequencies. Here Xy is the distance from the step to the long-
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time-average location of reattachment, and U is the inviscid-flow velocity
upstream of the step.

The period between flow reversals in the reattachment region appears
to be random with no apparent correlation between the near-wall flow
upstream and downstream of reattachment. Although the time 7 between
flow reversals is such that Xp/TU, ~ 0.09, these flow reversals are short-
lived during time ¢, with X3/tUg ~ 0.6 (Driver et al. 1987).

The largest structure in the flow originates from the roll-up and multiple
pairing of spanwise vortices (Pronchick 1983). This roll-up is similar to
the vortex roll-up and pairing process seen in the plane free-shear layer.
The convective speed of these structures is about 0.6U,. The spanwise
coherence or organization of these vortical structures starts to break down
about 3 step heights downstream of detachment. The turbulence structure
becomes fully three dimensional upstream of reattachment.

From their flow visualization studies, Muller & Gyr (1982) explained
this breakdown behavior conceptually. As soon as a vortex tube is bent
or distorted, it starts to induce velocities on itself (the Biot-Savart law). A
vortex loop bent in the downstream direction moves away from the adjac-
ent wall, while a vortex loop bent in the upstream direction moves closer
toward the wall. The velocity induced on the near-wall vortex loop by its
image vortex can cause it to move upstream relative to the surrounding
flow, thus supplying some backflow and forming a very large streamwise
length scale and a long time scale. The vortex tubes that are stretched in
the streamwise direction lead to more intense mixing, greater Reynolds
shearing stresses, and greater turbulence intensities.

Pronchick (1983) did not observe large-scale structures in the backflow
zone. Instead, he found that the backflow consists of small-scale turbulent
fluid created by eddy impingements on the wall and directed upstream by
the adverse pressure gradient. This is not inconsistent with the conceptual
description of Muller & Gyr (1982), which deals with the outer region
upstream of reattachment.

The turbulence-intensity level of the detached flow is 5-10% higher than
for the plane-mixing layers, which is believed to be the result of a very low
frequency (f Xr/U, < 0.1) vertical or “flapping” motion of the reattaching
shear layer. Streamlines of the flow field at various times in a flapping
sequence show that the amplitude of flapping is less than 20% of the shear-
layer thickness, and that the flapping correlates with strong flow reversals
in the vicinity of reattachment. There is a reduction in the reverse-flow
rate with abnormally short instantaneous reattachment lengths. The shear
stress in the flow increases dramatically with longer instantaneous re-
attachment lengths. Driver et al. (1987) suggest that the flapping is pro-
duced when a particularly high-momentum structure moves far down-
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stream before reattaching. This would create a somewhat greater pressure
gradient that would cause greater backflow at a latcr time. The flapping
motion produces negligible contributions to the Reynolds shearing stress.

The distance from the step to the reattachment location Xy, where
Ypu < 0.5 and C;= 0, is an important length scalc for normalizing the
streamwise position in correlations of Cy, y,,, surface pressure coefficient
C,, and pressure fluctuation data. The turbulent-flow reattachment length
to step-height ratio Xy/H is mainly a function of the expansion ratio
(downstream flow height/upstream flow height = h,/h,) for step-height
Reynolds numbers Rey; (based on the upstream free-stream velocity and
the step height) above 10*. There is a strong Reynolds number dependence
for Rey < 6000. For h,/h, > 2, there is little expansion-ratio dependence.
Xr/H seems to increase with increasing initial-momentum-thickness
Reynolds number and with increasing adverse pressure gradients. When
the reattachment surface is divergent from the upstream flow, Xy/H
increases. This is plausible, since the large-scale structures of the shear
layer must travel farther in order tointeract with the reattachment surface.
Xg/H can be reduced by a curved edge on the backward-facing step.

Eaton & Johnston (1981) summarize other flow effects on reattachment
length. High-free-stream-turbulence levels reduce the reattachment length,
as do low-aspect-ratio test channels (width/step height < 10). Rotation of
the channel about a spanwise axis in the stabilizing direction reduces the
three-dimensional turbulence and increases the reattachment length about
8% over the no-rotation case. Rotation in the opposite direction enhances
the three-dimensional motions and decreases the reattachment length by
50%.

The maximum Reynolds shearing stress occurs near the maximum
dU/dy value, as in detaching flows, and moves toward the wall as re-
attachmentis approached. According to Pronchick’s (1983) data, the shear
correlation coefficient —up/u’v’ is about 0.5 in the middle of the detached
shear layer, decreasing toward the wall and the free stream. The data of
Simpson et al. (1981a) for a detaching flow show a much lower value.
Pressure fluctuations scale on the maximum shearing stress.

The mixing-length and eddy-viscosity (g,/U.0*) distributions for the
detached flows of Driver & Seegmiller (1985) and Pronchick (1983) have
maximum values of about one half those for an attached flow. This is in
agreement with the results of Simpson et al. (1981a). The Reynolds-
normal-stress terms of the momentum and turbulent-kinetic-energy equa-
tions appear to be important to these flows. Little diffusion of turbulence
energy occurs in the backflow before the reattachment region is reached
(0ypu/0x > 0). In the backflow as reattachment is approeached, the tur-
bulence energy is supplied by diffusion and is balanced by dissipation,
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since the production and advection terms are negligible. This behavior is
consistent with that for detaching flows.

This type of detached flow can be manipulated by imposed unsteadiness.
McGuinness (1978) and Roos & Kegelman (1986, 1987) modified the
roll-up and pairing process by introducing periodic disturbances in the
detached flow at frequencies characteristic of the passing of vortex struc-
tures, which resulted in shortened reattachment lengths. Like Roos &
Kegelman, Reisenthel et al. (1985) used an oscillating flap of length 4 at
the backstep. At low reduced frequencies (k = fh/U, = 0.01-0.05) and
small flap extensions (45°), the flap does not generate much vorticity but
periodically blocks the accumulation of vortical fluid at the backstep.
This causes the shear-layer vortices to be drawn closer to the plate, thus
shortening the reattachment length. At k = 0.06--0.09 and a full flap exten-
sion (90°), the flap tip produces significant vorticity that merges with the
shear layer to reduce X by 50%. Beyond k = 0.1 with a full flap extension,
the flap vortices are so close together that they do not allow the separated
flow to reattach until they have diffused downstream, which produces a
larger Xp.

Mullin et al. (1980) reported that M. Lebouché & M. Martin pulsed the
oncoming mean flow. For fXz/U, < 0.5 the recirculation zone appeared
to wash out periodically. For fXi/U, > 0.5 this zone appeared stable but
smaller than for the steady free-stream case. In their own experiment,
Mullin et al. used a sinusoidal oscillation with an amplitude 12% of the
average and f Xz/U, ~ 0.04. The stall zone was washed out periodically at
the time that the free-stream velocity reached its minimum.

5.2 The Nature of Fence, Rib, and Forward-Facing
Step Flows

Figure 7 shows an instantaneous view of a uniform free-stream flow normal
to a plate with a long splitter plate. The splitter plate eliminates the periodic
vortex shedding from the two edges of the normal plate that occurs when

Figure 7 Instantaneous streamlines for flow over a bluff plate with a splitter plate (Smits
1982).
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the normal plate is used alone. According to Smits (1982), after an initial
Kelvin-Helmholtz-like roll-up of the vortex sheet, the vortices are seen to
pair, triple, and even quadruple together. This process results in lower
energy-containing frequencies in the downstream direction (Cherry et al.
1984). This appears to be the mechanism for the rapid growth of the shear
layer and bears many similarities to the structure of a simple mixing layer.
The structure that results from a number of vortices joining together
appears to behave like a single vortex. The three dimensionality of the
structures increases downstream, but the essential features of the flow,
even near reattachment, are still recognizable.

Only vortex pairing is shown in Figure 7 for simplicity. Because of the
high velocity gradient, small differences in the initial conditions of vortex
pair A cause them to come together as in pair B. They commence to role
around each other and deform in response to strains caused by their
induced velocity (pair C). Viscosity smears out the vorticity, and the pair
then acts like a single vortex (vortex D). Two pairs (C and D) begin to roll
around each other, which forces the saddle point closer to the splitter plate.
S becomes the instantaneous reattachment point, or saddle point, N.
Vortex E enters the separation bubble while F proceeds downstream.
Although E becomes highly distorted, stretched, and eventually entrained
in the shear layer, there appears to be no vortex splitting. Note that all
vortices are shown as foci—that is, flow goes into the vortices, which
means that they are three dimensional. In the secondary separation bubble
G, the fluid is transported laterally and expelled into the flow at the
junction of the side wall and the splitter plate, and a complex eigenvalue
critical point is observed at that point. Ruderich & Fernholz (1986)
observed the same behavior.

As in the backward-facing step case, there is a significant low-frequency
flapping of the shear layer near detachment and a modulation of shedding
characteristics near reattachment. For other such sharp leading-edge
geometries (Simpson 1985), low-frequency fluctuations are present with a
characteristic time scale in which the shear-layer disturbances convect
several reattachment lengths. Flow-visualization studies show that vor-
ticity is shed from the recirculating flow as a series of more-or-less discrete
turbulent structures with streamwise spacings of the order of 0.6-0.8X%.
Between the shedding of successive structures, there was a noticeably
thinner shear layer downstream of reattachment. This suggests that the
low-frequency motions perhaps correspond to the period between shed-
ding phases.

When there is an incident boundary layer on a fence, rib, or forward-
facing step, the first detachment occurs upstream of the bluff body as a
result of the adverse pressure gradient induced by the bluff obstacle.
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Reattachment occurs on the front of the obstacle. For sharp-edged bodies
the second detachment is located at the leading edge with the second
reattachment on the obstacle if it is long enough. For short bodies the
second reattachment occurs far downstream, while for long bodies a third
detachment occurs with a backward-facing step type of flow. In either
case, the downstream region of recirculation contains two vortices of
opposite sense, as in the backward-facing step and splitter-plate flows.

The large-scale structures of the incident boundarylayer are accelerated
as they move over the leading edge of an obstacle, increasing the energy-
containing frequencies and possibly subdividing the large-scale structures.
Downstream of the flow acceleration, the energy-containing frequencies
decrease because of the pairing process, described above for the splitter-
plate flow and for the backward-facing step flow. Data indicate that
SfmaxXr/U,, varies from about 7 to 10 near detachment to near 1 at re-
attachment, where f,, is the peak energy-containing frequency of fF(f)
vs. log | f] of the u energy spectrum F(f). For many cases, the spanwise
spatial correlations at reattachment are the same when normalized on the
vorticity thickness and are independent of Reynolds number.

Increasing the blockage of the obstacle in a flow channel increases the
acceleration of the flow over the obstacle, leading to increased velocity
gradients, turbulent mixing, and entrainment of fluid in the separated zone
back into the shear layer. This in turn causes reattachment to occur farther
upstream than if less blockage were present. As in the backward-facing
step case, the reattachment length is the streamwise length scale for describ-
ing the reattaching flow.

The reattachment length varies with the flow angle # at detachment.
Simpson (1985) showed that for a given blockage-area ratio, the non-
dimensional reattachment length X/H = X’ can be crudely approximated
by

X'(0)—X'(0°)

X'909—x'(0) ™
where X”(0°) is from the backward-facing step case, and X’(90°) is from
the splitter-plate flow shown in Figure 7.

The reattachment length can be used as the streamwise length scale to
normalize the streamwise distributions of C,, C;, and y,, and to describe
the behavior of velocity-profile distributions (Simpson 1985). The structure
of these flows is qualitatively very close to that for a backward-facing step,
although there are detailed quantitative differences (Castro & Haque 1987).
The maximum shearing stress is the proper scale for the turbulence and
pressure-fluctuation structure. The low-frequency flapping motion does
not contribute to significant Reynolds-stress-producing motions.

no, (®)
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Nakamura & Ozono (1987) found that for a blunt leading edge, the
effect of the free-stream turbulence is to shorten the separation bubble
with increasing intensity. For small-scale turbulence there is little effect of
scale on the mean pressure distribution, as found by Hillier & Cherry
(1981), but for larger scales the mean pressure distribution asymptotically
approaches the smooth-flow distribution. In other words, very large-scale

.-turbulence is equivalent to a flow with slowly fluctuating velocity, so that

it can no longer influence the mean flow effectively.

6. UNSTEADY EFFECTS ON SEPARATION

While all turbulent flows are inherently unsteady, the term “unsteady” as
used here means an organized time-dependent motion in contrast to the
relatively aperiodic motion of turbulence. Periodic flow is by far the most
common organized time-dependent motion. Two types are possible: one
in which a periodic flow condition is imposed on a turbulent boundary
layer, and a second in which the turbulent flow interacts with adjacent
flow regions to set up a quasi-periodic motion. Here we summarize the
physical behavior, with most references and details given in Simpson
(1985). Reynolds & Carr (1985) reviewed unsteady separated flows driven
by imposed flow oscillations.

Section 6.1 discussesexperiments on unsteady separating turbulent flows
on flat or low-curvature walls with imposed periodic inviscid free-stream
velocity and pressure oscillations. Dynamic stall on helicopter and com-
pressor blades is an example of the first type of periodic condition imposed
on the boundary layer,.and this topic is described in Section 6.2. Self-
induced quasi-periodic motion has been observed under some conditions
in diffuser, airfoil, and duct flows including shock-induced separation and
is discussed in Section 6.3.

6.1 Unsteady Separating Turbulent Boundary Layers

Unsteady turbulent boundary layers are governed by the same equations
as for the steady case, except that time-dependent effects must also be
included. The difficulty of solving these equations is the same as that for
steady flows, namely describing the behavior of the Reynolds shear stress
—up for a given phase of an oscillation cycle. A number of investigators
have argued that as long as the period of the organized unsteadiness is
relatively long compared with the turbulence time scales, it should be
acceptable to use the approximation that the turbulence structure is
unaffected by the unsteadiness. Quasi-steady flow exists when the phase-
averaged flow can be described by the steady free-stream flow structure.
For moderate-amplitude oscillations (velocity amplitude/mean velocity =
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U/0 < 0.37), —up/ié is independent of phase angle and has values cor-
responding to steady turbulent boundary layers, which thus confirms this
argument. All low-frequency unsteadiness, moderate-amplitude attached-
flow measurements indicate that outside of the near-wall region the tur-
bulence structure is basically unaffected by organized unsteadiness.

When the frequency of the organized unsteadiness is comparable to
energy-containing turbulence frequencies, this approximation may not
hold. Substantial interaction between the periodic unsteadiness and the
aperiodic turbulence may occur in this case, although the time-varying
nearly random phase differences between these two kinds of motion at the
same frequency suggest that there will be little effect on ensemble-averaged
quantities.

Several experiments on strong adverse-pressure-gradient unsteady tur-
bulent boundary layers with moderate-amplitude oscillationsindicate that
the outer region of ensemble-averaged velocity profiles look like the strong
adverse-pressure-gradient steady turbulent boundary layers observed by
Perry & Schofield (1973). A semilogarithmic velocity-profile region exists
with a constant phase angle. Competinginfluences of the oscillating pres-
sure gradient, Reynolds shearing stress, and inertia determine the phase
shift of oscillating profiles within the boundary layer. For example, if the
flow nearest the wall is governed by viscosity and the oscillating and
mean pressure gradients such as near separation, then the solution to the
unsteady vorticity equation

dw, 0'm,
3 )]

ot oy

indicates that the near-wall velocity oscillation leads the pressure-gradient
oscillation by 135°.

In some cases (e.g. Jayaraman et al. 1982), ensemble-averaged backflow
is observed near the wall, although the mean velocities are not negative
and a semilogarithmic region exists farther from the wall. One should not
think of such a periodically reversed flow as detached, since no breakaway,
as discussed in Section 1, was observed. In these cases, the imposed oscil-
latory pressure gradient dominated the low-momentum wall region and
produced phase leads relative to the free stream that agreed approximately
with the Stokes solution to Equation (9).

After the beginning of adverse-pressure-gradient-induced detachment,
large amplitude and phase variations develop through the flow, and the
structure is not quasi-steady. Unsteady effects produce hysteresis in
relationships between flow parameters. As the free-stream velocity during
a cycle begins to increase, the fraction of time that the flow moves down-
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stream, J,,, at a given phase of the cycle increases as backflow fluid is
washed downstream. As the free-stream velocity nears the maximum value
in a cycle, the increasingly adverse pressure gradient at downstream
locations causes progressively greater near-wall backflow while §,, remains
high at the upstream part of the detached flow. After the free-stream
velocity begins to decelerate, the location where flow reversal begins moves
upstream. This cycle is repeated as the free-stream velocity again increases.

Near the wall in the backflow region, the ensemble-averaged velocity
leads the free-stream velocity by a large amount. The phase angle of the
periodic backflow velocity is nearly independent of y near the wall. The
ensemble-averaged backflow near the wall behaves like a quasi-steady flow
when normalized on the maximum phase-averaged negative velocity Uy
and its distance from the wall N, when — i~ 0 near the wall. The
turbulence structure progressively lags the ensemble-averaged flow oscil-
lation (Simpson 1985).

Oscillation amplitude strongly influences the detached-flow behavior.
Mean-velocity profiles for a large-amplitude flow (0/U > 1) are much
different in shape than those of the lower amplitude sinusoidal cases, since
large variations of the detached shear flow occur and the shapes of the
ensemble-averaged profiles for each phase of the cycle are much different
than those of the lower amplitude flows. Unlike the lower amplitude
sinusoidal waveform flows, there is little variation of the phase angle
through the detached shear layer. This does not mean that this detached
flow is quasi-steady, because higher harmonics and nonlinear effects are
important. The waveform and amplitude of the unsteadiness strongly
influence the detached-flow behavior. In order to improve our under-
standing of unsteady detached flows, measurements of Reynolds stresses
and the turbulence structure have been made for these cases (Agarwal &
Simpson 1987, 1988a,b).

6.2 Dynamic Stall

Dynamic stall on helicopter and compressor blades is associated with
unsteady gusts and rapid changes in the angle of attack. If the angle of
attack of an airfoil or other lifting surface oscillates about the static stall
angle, large hysteresis develops in the fluid-dynamic forces and moments
(McCroskey 1982). The unsteady turbulent boundary layers cannot be
ignored because there is considerable interaction between the boundary
layer and the inviscid flow during the high-lift operating conditions of
these devices. In such cases the relatively thick boundary layer on the
suction side of thelifting body is near separation. At the maximum normal-
force angle of attack, the boundary-layer flow on the front third of the
chord abruptly separates, causing a catastrophic drop in the normal force.
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The magnitude of the reversed flow near the surface increases as thelarge
separation vortex forms and moves downstream.

6.3 Self-Induced Unsteadiness in Separating Turbulent
Flows

In many detaching turbulent boundary layers, there are conditions when
unsteadiness is induced throughout much of the flow field by the interacting
inviscid and turbulent-flow regions, even when the approaching flow is
steady. In Section 5.1, a self-induced low-frequency flapping of the
detached shear layer for a backward-facing step was discussed. Flows with
shock waves can induce unsteadiness, as can large transitory stall in a two-
dimensional diff user.

Transitory stalls in diffusers of included angle 2@ between walls are
large, pulsating detached-flow regions that occur primarily in relatively
narrow passages of symmetric shape. A positive pressure gradient exists
all along the surfaces in all known data. The peak pressure recovery is
achieved at the lowest 2@ angles in this regime. At peak pressure recovery,
both side walls have a nonzero fraction of time with flow reversal, but with
?pu > 1/2 and no detachment. The overall pressure recovery starts to fall
off with an increase of 2@ as soon as a zone of strong reversed flow is found
solely on one side wall (Ashjaee & Johnston 1980). Even for 20 > 24°, we
have y,, > 0.1 on the stalled wall in the transitory-stall regime, which
indicates intermittent backflow.

The flow first detaches near the end of the diffuser, forming a stall. The
stalled region grows toward the diffuser throat with fluid from the diffuser
exit. After sufficient growth the stall becomes unstable, is entrained by the
mainstream flow, and is washed out of the diffuser. The sequence then
repeats itself. S. J. Kline & J. P. Johnston (Simpson 1979) suggest that the
positive dP/dx is essential in sustaining the transitory-stall fluctuating flow
pattern. Smith & Kline (1974) have shown that the maximum unsteadiness
occurs just before some fixed stall zone is observed. It is the most complex
and the least predictable flow regime.

In transitory stall, the maximum unsteadiness occurs for angles between
walls of 2@ in the range 20° to 24°. Large-amplitude fluctuations can
occur more or less periodically as detached flow washes in and out of the
downstream end of the diffuser or as the stalled region grows and collapses
in the lateral direction. Lyrio et al. (1981) summarized the experiments on
the period between washouts of part of the stalled fluid. Transitory stall
induces inlet-flow unsteadiness on an otherwise disturbance-free flow, with
the greatest unsteadiness occurring for 2@ between 16° and 22°. A periodic
inlet disturbance induces only moderate changes in the exit unsteadiness
and a substantial change in the size of the exit blockage.
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As summarized by Simpson (1985), unsteadiness can develop because of
shock-wave/boundary-layer interactions. For steady approach flow over a
biconvex airfoil (Marvin et al. 1980) at Mach numbers of 0.7-0.8, periodic
unsteadiness is present. During the initial portion of the cycle, the flow on
the upper surface of the airfoil is attached and accelerating, As the speed
increases, a series of compression waves strengthen and coalesce into a
single shock wave that moves upstream. A thick shear layer develops
downstream of the shock wave, and detachment occurs. As the shock wave
approaches midchord, it weakens and the shear layer collapses and is
convected downstream. On the other side of the airfoil, a similar sequence
occurs 180° out of phase. Sajben et al. (1982) report similar self-induced
shock-position oscillations for transonic diffuser flow. Meier (1975) dis-
cussed shock-separation-induced oscillations for transonic flowin a curved
channel, over a symmetric airfoil at an angle of attack, and in a Laval
nozzle with the same mechanism as discussed here for airfoil and diffuser
flows.

7. CONCLUSIONS

In recent years, the experiments discussed here and in Simpson (1985) have
revealed that the structure of separated turbulent flows is much different
than for attached flows. The largest turbulent stresses occur in the middle
of the separated shear layer and are mainly due to large-scale structures.
Pressure fluctuations produced by these structures are relatively large and
influence the low-velocity backflow zone. Since the backflow is reentrained
into the outer-region flow, this indicates that there is significant interaction
between the pressure and velocity fluctuations. Although there have been
a few experimental studies of surface pressure fluctuations, this interaction
still remains to be examined.

The effects of significant wall curvature are not well described quan-
titatively, although most separation cases occur on curved walls. The
separation process is controlled by the transport of momentum and energy
toward the wall. The rate at which the outer flow supplies energetic flow
along a diverging wall over an increasing area determines the detachment
location and the downstream behavior. With this in mind, we need to
measure the turbulent transport of momentum and energy.

Imposed and self-induced unsteadiness strongly influence detached
flows. Detachment from sharply diverging walls leads to large transitory
stall in diffusers and flapping shear layers around bluff bodies. Large-scale
motions produced in such cases do not contribute much to turbulent shear
stresses but change the mean flow and produce low-frequency pressure
fluctuations. This behavior makes such flows difficult to calculate.
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Future research should address these unresolved issues. Calculation
methods should be physically based (Simpson 1987).
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