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Abstract

The development of the boundary layer flow down stream of a region of three-dimensional turbulent separated flow has been
investigated using hot-wire anemometry and pulsed-wire anemometry for wall shear stress. The flow, generated by means of
a ‘v-shaped’ separation line, was set up so as to generate a central region of fully three-dimensional flow, bounded on each
side by the degenerate case of spanwise-invariant flow, wiclosely related to two-dimensional co-planar flow. The flow
developing in the central region has fundamentally different features from that after a region of two-dimensional separated flow.
A bulge in the boundary layer, generated in the separated flow, has a strong wake-like characteristic that sits very persistently in
the outer part of the layer, its shape and relative size changing little2it reattachment length scales. The Reynolds stresses in
this bulge region, driven by the mean velocity gradient of the wake-like flow, are very much larger than the normal levels in the
boundary layer or in the developing region downstream of a two-dimensional separation. The inner layer that lies beneath the
bulge is subjected to a high level of non-shear-stress-containing motion, the normal stresses being much higher than the shear
stress which exhibits a constant level in the inner layer despite much higher levels further out.
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1. Introduction

In many instances of practical concern a boundary layer flow has developed from a region of reattached separated flow, the
latter having itself developed from some form of boundary layer flow. It is well established that turbulent flows often take not
only a considerable distance to recover from a region of distortion but that the recovery is frequently non-monotonic. In general
terms this behaviour arises because turbulence structure is sensitive to the imposition of ‘extra’ rates of mean strain, such as that
caused by streamline curvature or divergence, and the imposition of a large disturbance imposes large changes in turbulence
structure which in turn take a considerable distance (or time) to return to a ‘normal’ state. Castro and Epik [1] (hereafter
denoted CE) noted that the term ‘development’ rather than ‘recovery’ or ‘relaxation’ is more appropriate because there is often
no upstream turbulent boundary layer. Fernholz [2] distinguishes between weak and strong separated flows, in which the reverse
flow is respectively weak and strong, and where a weak revenserfteracts little with the sgating boundaryayer, while a
strong reverse flow interacts strongly.

Numerous experiments show the inner layer of a boundary layer, when assessed from the mean velocity scaled on inner layer
variables(y, u, v), to be resilient to changes in the outer layer, unexpectedly so in some respects (Bradshaw [3]). The classical
justification is in part that the inner-layer length scale is small compared with the outer-layer scale, from which it is inferred
that the inner-layer motion remains more readily in equilibrium. However, as is also well known, other quantities such as the
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Reynolds stresses are much less resilient. In Townsend’s corfc@piaiive motion’ part of the inner-layer motion is driven

by the outer-layer turbulence, scaling on outer-layer rather than inner-layer scales. The outer layer imposes lateral motions in
the inner layer that do not contribute significantly to the Reynolds shear stress because the associated wall-normal velocity
fluctuations are small compared with those of the inner-layer active motion. Consequently, the Reynolds stresses do not scale
on the wall shear stress, though these lateral motions do not significantly affect the mean velocity in the inner layer. A similar
effect is seen when free-stream turbulerscpresent, where the persistence of an inner layer conforming to an unchanged inner
layer logarithmic law is argued on the basis that free-streanulembe is like perturbed outer-layer turbulence (Hancock and
Bradshaw [4]).

The turbulence in the outer part of a separated flow is much like that of a mixing layer and therefore very much more intense
than itis in a canonical turbuléboundary layer. In qualitative terms at least the development downstream of reattachment must
be that of an outer flow with mixing-layer like structures that change and decay in strength, beneath which a boundary-layer like
flow must develop as an internal layer. As yet unresolved questions concern the development of this layer. Bradshaw and Wong
[5] concluded that the inner layer structure developed the canonical form more quickly than the outer layer, whereas CE argue
that the inner layer develops no more quickly than the outer layer which essentially determines the overall rate of development of
the whole flow. However, although they analyse the behaviour of the inner layer in terms of free-stream turbulence imposed by
the outer flow, drawing on the measurements of Hancock and Bradshaw [4], they do not make it clear whether the non-canonical
structure can be attributed to inactive-type motions. Moreover, they do not present turbulence gquantities in inner-layer scaling.
In contrast, Song et al. [6] argue that the inner layer develops more rapidly and recovers normal boundary layer characteristics
before the outer layer. However, they do so on the basis of an unconventional scaling for the inner layer, based on the work of
DeGraaf and Eaton [7], where the scaling velocity is the geometric mean of the friction velocity and the free-stream velocity.
In conventional scaling the Reynolds strésgels in the inner layer were still highey lthe last station than they are in the
canonical inner layer. Their flow was formed from a separating turbulent boundary layer which had a thickness comparable
with the bubble length, whereas the bubble of CE was formed from a thin laminar layer. Turbulence levels are substantially
higher in the latter case, and so some difference in rates of development would not be surprising.

Most detailed experimental studies of the development downstream of a separated region have, like those cited above and
most studies of separated flow, been made in flows that are nominally two-dimensional and co-planar (where the term co-planar
refers to planes of mean streamlines perpendicular to the invariant direction). Some studies have been made in axi-symmetric
(unswirled) flow so as to avoid ‘end effects’ (e.g., Kalter and Fernholz [8]). Three-dimensional separated flows are considerably
more complex than two-dimensional flow — which, though a crucial stepping stone for understanding, arise relatively rarely
in practice — and are much less well understood as a consequence. An approach employed in recent studies (e.g., Hardman
and Hancock [9]) has been to set up flows which on the one hantuby three-dimensional but on the other are related to
two-dimensional (co-planar) flow. This has been achieved bgrmeans of a doubly-swept segigon line, asllustrated in
Fig. 1(b), where the flow formed near the centre-line is fully three-dimensional, while that formed sufficiently far to the sides
has the property of spanwise invariance (provided end effects are small enough). The degree of sweep controls the degree
of three-dimensionality in the central region and, what is more, the degree of general three-dimensionality varies with lateral
position. Spanwise-invariant flows are, by definition, two-dimensional, but are not co-planar except in the special case of an
unswept separation line. At least for moderate sweep angles, of less thama#@u(Kaltenbach [10]), spanwise-invariant
flows are not very different from the corresponding unswept flow once an axis system aligned with the separation line is used
(Hancock and McCluskey [11]). Although, so far, this strategy has been used only in the study of sharp-edged separation there
appears to be no reason why the same idea should not be used for systematic study of smooth-wall separated flows.

The present measurements show that the developing flow has an outer region exhibiting (axisymmetric) wake-like
characteristics that sits above an underlying developing boundary layer, which necessarily has characteristics of a three-
dimensional boundary layer, but which is otherwise not fundaaily different from that for two-dimensional co-planar
flow. This wake-like region is very persistent, and the flow as a whole is therefore fundamentally different from that for two-
dimensional co-planar flow; studies of the latter wiit contain key physical features of the flow after certain regions of three-
dimensional flow, therefore. Some features seen in the préses resemble boundary layer flows with imbedded longitudinal
vortices, such as that studied by Mehta and Bradshaw [12], though the streamwise vorticity there was much stronger than the
very weak vorticity of the same sense (upwards in the centre) here.

Although not reported here, extensive comparisons were made between the developing layer downstream of spanwise-
invariant, swept separation bubbles and that for two-dimensional co-planar (i.e., unswept) flow. These will be presented in due
course, but as the differences are quite undramatic the emphasis of the present paper is on the fully three-dimensional flow.
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2. Experimental techniques

The separated flows were generated at the leading edge of a bluff thick plate, made of aluminium of tooling plate quality,
8.1 mm thick, and made in two parts. The main part, of length 1.2 m, provided an unswept leading edge, and short leading
edge pieces smoothly aligned at the junction provided singly and doubly swept separation lines, as shown in Fig. 1. Most of
the measurements were made with sweep angles ©B88+25° (singly- and doubly-swept, respectively). The plate was
mounted on the horizontal centre-plane of the wind tunnel working section, of width 600 mm and height 300 mm, and overall
length of 2 m. The plate thickness was chosen so as to give adequate width in terms of size of the separated flow region (the
distance to attachment), that is, wide enough to give regions of spanwise-invariant flow either side of the central region of the
double-swept case. A laterally-sliding roof arrangement, driven by a stepper motor, and moveable roof panels allowed probes
to be moved over the whole of the working section. Streamwise and vertical probe movements were also controlled by stepper
motors, where the streamwise motion was allowed by means of a slot in the sliding roof, sealed either side of the probe support
by means of a brush. The traverse mechanism itself was cotestr from Parker slides driven by precision lead screws with
a position resolution as fine as 0.001 mm. Measurements were made batiwéenf 2 and 25, and at lateral positions of
Z =0,+10, £25, +325, +40, £50, 60, +75, £100, £150 and+200 mm, typically. HereX,, the distance to reattachment
in the spanwise-invariant region, measured in the streamwise direction, was 48 mm. The axis system is described in Section 3.
Unless otherwise stated, dimensional spatial co-ordinates are in mm.

X, was measured by means of a two-tube differential pregsuniee (Castro and Fackrell [13]), which has always been
found to give good agreement with the pulsed-wire wall shear stress probe. For the unsweft flas 5.2 plate thicknesses,
which is very close to the length given by Cherry at al. [14] for the blockage of these experiments. (Earlier, unpublished,
experiments in this wind tunnel, where the bubble length had been measured on both upper and lower surfaces, had also shown
the free-stream flow to be at negligibly small incidence.)

Conventional hot-wire anemometry techniques were used for all the velocity measurements. Modified standard Dantec
single-wire (P11) and cross-wire (P51) probe types were used: the wire lengths and diameter were nominally 0.5 mm and
2.5 um, respectively, the prongs of the probes having been moved closer together and slightly reduced in diameter at the tips.
Some cross-wire measurements were made with further modified probes having wire angfs ,ahstead of the standard
+45°, but these probes were not used for the measurements presented here as the intensities at these stations were not high
enough to necessitate their use. The streamwise velocity and moment fluctuations are from the single-wire measurements. The
probes were driven by standard bridges operating at an overheat ratio of 0.7, and the output digitally processed via 16-bit ADC’s
under the control of data acqitien and control software written in LabViewhE probes were calibratestatically according
to E2 = E(Z) + BU™, whereE andU are respectively bridge voltage and velocity, and the other terms are calibration constants.
Calibrations were carried out automatically and frequently enough to minimize any effects ofgréhd B were corrected
for temperature changes andtypically 0.45, was adjusted to give best fit. The cross-wire measurements were made using the
effective-angle method Bradshaw [15] for wire angle.

A pulsed-wire wall shear stress probe was used to make independent measurements of shear stress, since it could not be
assumed that the inner layer mean flow would conform to the standard form. Once calibrated the probe provides in principle a
direct measurement of mean and fluctuating shear stress. Calibration was made against Preston tubes (Patel [16]) in a standard
turbulent boundary layer formed on the plate but with atiyetounded leaded edge piece, upon which a transition trip was
fixed, placed at the front. Three tubes of differing diameter were used as a check for self-consistency and accuracy. The pulsed-
wire-probe calibration was of the usual form, namely A + B(1/T) + C(1/T2) + D(1/T3), whereT is the elapsed time
andt the wall stress. The probe could only be located in instrumentation plugs at discrete positions on the plate centre line (at
100, 200, 300 and 500 mm along the main, i.e., unswept, plate).
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Fig. 1. Plan view of plate, showing leadirglge pieces. (a) Singly swept, (b) doubly swept.
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The reference velocity,16.0 /8, was measured in free stream flow upstream of the plate’s field of influence. The free-stream
mean flow was uniform to better thainl% and the turbulence intensity less than 0.2%. The streamwise pressure gradient was
measured using static pressure tappings in the roof and in the instrumentation plugs. The pavameﬁedp/dx was about
5 x 104 and is small enough to neglect in terms of its effect on turbulence structure of a standard boundary layer.

In the initial studies the sweep angles weré@ Hdd +10° as these had been employed by Hardman [17] in his study of
a three-dimensional separation bubble formed in a similar way. However, after some preliminary measurements, the larger
sweep was chosen to give a stronger degfebree-dimensionality. Tlsilarger angle had beenagsin the previous studies
of Hancock and McCluskey [11] and Hancock [18]. Checks were made to ensure symmetry of the flow. Although there is
no automatic reason that the flow should be symmetric simply because the flow boundaries are symmetric no evidence has
suggested that this type of flow is not in principle symmetric. Symmetry is a convenient feature.

3. Results

Before presenting the results it is necessary to mention the spatial co-ordinate systems. The primary system employed here is
with the streamwise distanaemeasured from the separation line on the plate centre line (i.e., the apex of the ‘V’ of the leading
edge), and the lateral distancg, taken from this line. A second system is to take the streamwise diskafroen the separation
line at some perpendicular distanég,from the centre line — see Fig. 1(b). The third is to take distancandz’ perpendicular
and parallel to the separation line. The latter is particularly relevant to spanwise-invariant flows, since by deffjfditios,0,
though the second system is also relevant to these flowstrahy quantity will be necessarily constant at consklas for
instanceX,). y is perpendicular to and zero on the plate surface.

Other than some contour plots measurements will be presented from three planes: (i) the centre-line plane, (ii) the plane at
Z =100 mm & 2.08X,) or (iii) a plane in the spanwise-invariant flow formed downstream of the singly swept separation line.

The flow in the plane aZ = 100 mm is nominally in the spanwise-invariantiggand should be no different from that in (iii).
However, it turned out that the overall flow width was not really quite wide enough for there to have been side regions that were
fully independent of both the central region and the effect of the wind tunnel side walls. There is no evidence to suggest that this
lack of width had any significant effect on the central region except necessarily near its ‘border’ with the nominally invariant
side regions, where the effects were small.

In order to make straightforward comparison between the géfiew in the central region and the spanwise invariant flow,
the normalising scale used here, unless stated otherwise, is the streamwise distance to the attachment line in the spanwise-
invariant zone (and denoted bY,, as noted earlier). This scale is preferable to that of the plate thickness in that it is a
physical scale associated with the separated flow. On the centre line attachment (as measured by the two-tube probe) occurred
atx =54 mm.

3.1. Mean flow

Mean velocity profiles orZ = 0 are shown in Fig. 2 in inner-layer co-ordinates and can be compared with those for
the spanwise-invariant flow in Fig. 3, where the four stations in each case correspond to the stations of the pulsed-wire
measurements of wall shear stress. Note that the streamwise intervals do not correspond directly because of the leading pieces
used to generate the three-dimensional flows, as outlined in Section 2. As seen in earlier studies the profiles, while showing
regions of logarithmic behaviour, do not conform to the standard log law for some distance downstream. The characteristic
‘dip’ in the outer flow is much more pronounced in the central region. By ab&utaBstandard logarithmic behaviour has been
established, though a dip is still present ak23long after it has disappeared in the spanwise-invariant flow.

Contour plots of mean velocity are given in Fig. 4, where the vertical scale is exaggerated. These show a very clear ‘bulge’
whose shape stays much the same, with strikingly steep sides, and in about fixed proportion to the boundary layers in the side
region. The downward slopes of the contours in the side regions are largely becadsaxisas perpendicular to the centre-
line, and not parallel to the leading edge. Fig. 6(a) shows the boundary layer thicknasg,= 0 and 100 mm, where it can
be seen that they remain in about the same proportion to each other, by about a factos of 8€fined as the point where
U =0.99U,, whereU, is the local free-stream velocity. Defining the height and width of the bulge in terms of the contour at
whichU = 0.99U,, as illustrated in Fig. 5, leads to the height and width shown in Fig. 6(b). It is striking that all these measures
vary in almost constant proportion rather than, as might be supposed, mixing causing the bulge to diffuse more rapidly than
the growth of the (side region) boundary layer. On this basis the presence and relative scale of the bulge persists indefinitely,
implying at least in this respect the history of the separated flow is not lost. This constancy of shape also implies constancy of
proportion of mean strain rates. In that the mean velocity field of the bulge is rather like a ‘half-wake’ it is tempting to compare
its development with that of the classical far wake. From, for example, Townsend [19], an axisymmetric wake grows in width at
a rate ofx1/3; the full lines in Fig. 6(b) show that bulge does indeed follow a very comparable behaviour. However, the velocity
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Fig. 3. Mean velocity profiles in spanse-invariant flow. Numbers denaoig X . Offsets in vertical axis: 5.

deficit (not shown here) does not follow the corresponding developmamjd?, perhaps because the plateawinloes in fact
cease after about/ X, of 12. Nonetheless, the concept of the bulge behaving like a wake in some respects may be a useful one.
Another aspect of the mean velocity profile (Fig. 2) is that inside the plateau it is quite like that of Fig. 3 —i.e., like a boundary
layer, albeit at a lower free stream velocity and Reynolds number.

The vertical mean velocity/, is everywhere much smaller théh and in the range where it is well known to be inaccurate
(from x-wire anemometry), and is therefore not shown. For instance, slight probe alignment errors of alaoat dlight
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differential drift in calibration give errors comparable with the measured levels. Essentially, the vertical mean motion is weak,
typical of unperturbed boundary layer flows. The lateral mean veloditywas within 001U, in the free-stream before
corrections for alignment angle errors of abous°Owhere made, using the local freeestm flow to give a reference flow
direction. Fig. 7 show$V /U, for the spanwise invariant flow and at= 100 mm.W/U, is slightly stronger aZ = 100 mm,

and this higher level is probably caused by residual influence of the side-wall boundary layers, as mentioned earlier. Differences
in flow direction are less than°land are largest near the surface, consisteétit @arlier observations of residual end effects
(Hancock [18]). Fig. 8 shows pulsed-wire measurements dif stear stress, normalised by local free-stream conditions, on

Z =0, in the spanwise-invariant flow, and also in the unswept flow, where the measurements for the latter two cases concur
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Fig. 6. (a) Boundary Iger thickness orZ = 0 and 100 mm. (b) Bulge height and width.

very closely, providing an example of how these two flows differ only in relatively small ways. This figure also shows the shear
stress inferred from fitting the velocity profile to the standard logarithmic law.

3.2. Turbuénce quatities

The four non-zero Reynolds stresses on the centre plameandvw are of course zero on a plane of symmetry — are shown
in Fig. 9, in inner layer and outer layer co-ordinates. These figures also show profiles for a canonical boundary layer, taken from
Erm and Joubert [20], also used by CE. Measurements made in a standard boundary layer on the present plate showed very
close agreement with those of Erm and Joubert. These profiles are very different from their counterparts in a spanwise-invariant
flow, shown in Fig. 10, the levels in the outer layer being very much higher. Not surprisingly, the outer péato'rmesponds
to the high gradient in@/dy outside the dip in the mean velocity profile. It is striking théyuz fairly quickly falls towards
the standard inner-layer form even where the peak level fuotiigs still very large compared to that in the canonical flow. The
outer peak ini2 has not fallen to the level of the inner layer peak until abatt.1n outer-layer scallng2 falls well below the
standard level in the inner part (at, says = 0.2) and shows no sign of returning by the last station & ,23vhereas in the
outer part (at, say/8 = 0.8) it has yet to reach the standard level, if ever it does. As noted above, this higher level is of course
associated with the gradient th, which is not present in the spanwise-invariant flow this far downstream.

2 , shown in Fig. 9 (c) and (d), is very much larger than it is in the canonical flow or in the spanwise-invariant flow, given in
Fig. 10 (c) and (d), and this is also truewf and—irv. In the linear plot of Fig. 9(d)v can be seen to decrease sharply as the
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wall is approached, as is to be expected on the basis that the outer layer structures, as well as inner layer structures, must meet
the inertial condition thab must be zero at the surface. (See, for exampkmnias and Hancock [21Aronson et al. [22].)

This implies that the scale and the effects of the outer layer structures are large enough to be felt at the wall, and it is even more
curious that:2 more rapidly conforms to the inner layer canonical form. At the last statiak, 282/14% has fallen in the inner

region to that of the standard layer, though thelén the outer layer is still significantly higher.

w? is also much higher than in a standard boundary layer, and m_uch higher than in the spanwise_invariant region, as shown

in Figs. 9 (e) and (f) and 10 (e) and (f), respectively. It is surprisingdifabehaves quite differently from?2. Only at the last
station, 2%, has it almost reached the standard level in the inner layer, and this is true both on the centre line, where it starts
at a much higher level, and in the spanwise-invariant flow. In outer-layer co-ordinat&s=d w? like v2 has not fallen to
the level of the standard boundary layer by the last station, whereas both have fallen below the standard level by this station in
the spanwise-invariant flow.

The behaviour of-iv is dramatically different on the centre-plane from that in the invariant region, as can be seen by
comparing Fig. 9 (g) and (h) with Fig. 10 (g) and (h). In the invariant region the shear stress profiles are mostly below the
standard profile, but on the centre plane_v/ug is very much larger than 1 in the outer part of the flow in the neighbourhood
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of the large gradient i/. At the first station—iv/ Ue2 is comparable with (though less than) the level in a mixing layer. The
manner in which—uzv decreases with decreasingy/v, and then follows relatively closely to the standard level for smaller

ury/v, is very distinctive. A not dissimilar behaviour was observed by Song et al. [6]. The behaviotiissfomewnhat similar
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though less pronounced and, given that the generatio_ﬁ sf—uv dU/ dy, profiles ofU, u2 and—irv that are all fairly close to

the standard levels is at least broadly self-consistent. In outer-layer co-ordinaidsehaves much a# at the later stations.
The peaks in2 and—irv occur at about the same height from the surface, at ah@ut 0.7, while the peak in? is at about

0.5 and the peak in2 at about 0.2. Itis noteworthy that the peakuTﬁ is close in level to that o2 at the same height, and to
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the peak level of? further out. Arguably, in that? is large, at, sayy/8 = 0.2, it is not strictly within the original concept to
regard the high level af2 andw? (but an almost unchanged level-efiv) as in-active motion — ‘non-shear-stress-containing’
motion might be a better term.

Examples of contours of Reynolds stresses are given in Figs. 11 and 12. Like the mean velocity contours these also show a
bulge with strikingly steep sides, and an overall shape that changes very slowly. Wittetail, the stresses are not in constant
proportion to each other, as can be seen for instance from the ratidwf;2 shown in Fig. 13(a), wherg? = 12 + v2 + w2,
and from Figs. 14(a) and 15(a). Figs. 13(b), 14(b) and 15(b) show the same ratios for the spanwise-invariant flow. Within the
bulge —izv /42 is much less than it is in the standard boundary layer, except in the outer edge, where the level is much as in a
boundary layer, though this may be fortuitous. In Figs. 13(b) and 14(b) the data are less scattered than the measurement of CE
and more like the shape and level seen when free-stredmmlénce is present (Hancock [23] where the profiles @ /42 are
closely proportional to the profiles efzﬁ/(uzvz)l/2 given in Hancock and Bradshaw [4]). The low levels-afv/¢2 on the
centre line are related of course to low levelsiofand, it is supposed, to the plateau in the mean velocity profile, in much the
same way as-itv /g2 is low above the outer edge of a shear layer.

All the contour profiles show degrees of imperfeginmetry, and this is most noticeable in thos@ofandiw , which are
also the smallest in magnitude of the five stresses, the last being the smaller of these two. (Fig. 12 is typical.) It is possibly that
some of this asymmetry is a genuine residual asymmetry originating in the separated region. Some is likely to be measurement
error. There is no clear indication that the flow is inherently slightly asymmetric.
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4. Discussion and concluding comments

The flow downstream of the present three-dimensional flow is different in fundamental ways from that downstream of
two-dimensional flow, whether it is a two-dimensional co-planar flow as in the studies of CE and Song et al., for example,
or a two-dimensional but nonco-planar flow as in that generated by a swept separation line (e.g., [10]). The converging flow
generated within the separated region leads to an up-flow and a bulge in and immediately downstream of this region, a bulge
which is very persistent, perhaps permanent, or requiring a distance an order of magnitude longer before it would ‘disappear’
into the background of the adjacent boundary layers. Arguably, the development of the bulge could be assessed in terms of a
length scale that takes into account its greater thickness, such as a length scale dXsay even on this basis the dip in
the mean velocity profile is significantly slower to disappear. Any streamwise vortex-like rotating motions within the bulge are
weak, with a weak common up flow. The persistence of a plateau in the mean velocity and its decreasing deficit with respect to
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the free-stream velocity is one of the features that give the bulge a wake-line characteristic, as is its growth rate of height and

width following an approximately !/ 3 form, characteristic of axi- -symmetric wakes.
Beneath the bulg&a;2 is the slowest to develop toward that of the standard boundary layer. Surprlslﬁgiy',d more so

—uv fall quickly to follow fairly closely an hner-layer-like scaling, even though teeguantities are very much larger in the
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overlying bulge than in the outer part of a standard boundary layer. A comparable behaviour is seen in the inner layer of the
spanwise invariant flow even though there is no strong turbulence in the outer flow. This behaviduaraf —irv supports

the stress-equilibrium layer idea of Song et al. thom_éhhere does not conform nearly asadily as in their measurements.

They did not measure? or izw. In some of the cases of free-stream turbulence acting on an otherwise standard boundary layer

Hancock and Bradshaw [4] found that the fractional increase?invas larger than that |u2 rather as here. Thus, as regards
the development of the inner layer, it does develop towards that of the canonical layer more quickly than the outer layer, except
in so far as the outer flow is like free-stream turbulence above an otherwise standard inner layer, imposing non-shear-stress-

containing (as distinct from inactive) motions. In the inner part of the Ia?emd —uv undershoot the standard, hiftandw?
either reach the canonical state monotonically, or take even longer non-monotonically. In the outer part, i.e., in the bulge part,
none of the stresses had reached the standard levels by the last@akpnh

There are some qualitative similaritiesttveen the present flow and that of a boundary layer flow with a pair of imbedded
streamwise vorticies generating an up-flow, as studied for instance by Mehta and Bradshaw [12]. (Vortices of the opposite sense
generate a very different flow — a down flow and a dip, rather than a bulge — and the vortices move apart. See, for example,
Pauley and Eaton [24].) The up-flow leads to a mushroom-shaped bulge that is roughly in the same proportion to that here,
the mushroom shape arising from the much stronger vorticity. There is also a reduction in shear stress in relation to the direct
stresses, not too different from that here.

As noted earlier, the wake-like structure, with its characteristics of the far wake, has its origins in the separated flow.
The classical wake arises from eitheraatied boundary layers merging at a trailing edge or from the separated flow region
downstream of a bluff body. In the former case, the wake develops from a growing inner layer in the near-wake region. Prediction
methods for this type of wake therefore need to represent the effects of the sudden removal of the wall shear stress, the changes
taking place at scales of order of the inner length scales, the outer flow changing much more slowly. The wake of a bluff body
is fundamentally different in that the development of the near wake involves changes at all length scales up to the largest, which
are of order the wake width. The present flow is much more like the latter than it is the former, and accurate prediction of its
early formation will depend upon accurate prediction of the separated flow itself.

Although the present flow is an idealised one it is expected that more general separated flows in which there is a lateral
convergence of the flow within the separated region will extsbnilar characteristics to those observed here. An asymmetric
region of converging separated flow is likely to lead to an asymmetric bulge, but the absence of streamwise vorticies is likely to
remain (since their absence in the present flow is not a consequence of symmetry as such). This being so, physical models that
accurately represent the processes in this special case ayetdiked successful in the more general flow than would otherwise
be the case. It would seem that prediction should be easier than for flows in which there are imbedded streamwise vorticies in
that there is no significant rotation of the structures [12].

A separated region, converse to that here, within which the flow diverges rather than converges, as can be realised by the
separation lines forming an upstream-facing V, would (from cwrity considerations) lead to a ‘dip’ rather than a bulge, and
perhaps a much lower level of outer layer turbulence than in a two-dimensional flow. As to whether this dip would be equally
persistent, and for instance exhibit equally characteristic steep sides as seen in the bulge, is a matter for further investigation, of
course.
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