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Near-Wall Behavior of Separated and Reattaching Flows

William J. Devenport* and E. Peter Suttont
Cambridge University, Cambridge CB2 1PZ, England, United Kingdom

Two separated and reattaching flows produced by a sudden expansion in a pipe have been studied experimen-
tally. Velocity measurements were made close to the reattachment surface using a new type of pulsed-wire probe.
These data show the near-wall flow to be very different from a normal turbulent boundary layer. Mean-velocity
profiles do not obey the law of the wall and cannot be correlated outside the linear sublayer using the friction
velocity. However, they do contain semilogarithmic regions that appear to form tangents to the linear sublayer
profile. A satisfactory description of the backflow mean velocity profile is obtained by incorporating this
observation into Simpson's model. The distribution of streamwise turbulence intensity in the near-wall region
appears independent of the mean skin friction. It is, however, related to the root-mean-square of skin friction
fluctuations expressed as a friction velocity. A simple one-dimensional model of the near-wall flow suggests that
the form of the turbulence intensity profile is dependent on the frequency of large-scale velocity fluctuations.
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Nomenclature
slope of the semilogarithmic region in
mean-velocity profiles
constants of integration
skin-friction coefficient based on UKf
skin-friction coefficient based on UN
coefficient of rms of skin-friction
fluctuations, based on C/ref
nondimensional pressure gradient,
= [(dP/dX)N]/V2pUN
amplitude of pressure-gradient fluctuations
distance from wall to location of peak mean
backflow velocity
mean pressure
fluctuating pressure
radius of working-section pipe (75 mm)
Reynolds number, = N-UN/v
Str ouhal number, = 2irwXr/UTef
axial component of mean velocity
peak mean backflow velocity
potential- flow velocity at separation
axial component of fluctuating velocity
friction velocity based on mean wall-shear
stress, = 4i~J~p
friction velocity based on rms of wall-shear-
stress fluctuations, =
U/ur

axial distance measured from separation
distance from separation to reattachment
distance normal to wall
thickness of linear sublayer according to Eq. (6)
YuT/v
Yu*/v
"ac" boundary-layer thickness, = V(2*>/oo)
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v = kinematic viscosity
p = density
TW = mean wall shear stress
TW = fluctuating wall shear stress
co = angular frequency

Introduction

M OST incompressible turbulent separated and reattach-
ing flows consist of a shear layer that on one side

bounds a main stream and on the other encloses a region of
time-mean backflow next to a wall. In all such flows, there is
a thin region adjacent to the reattachment surface within
which the latter has a direct influence on the flow. This near-
wall region is often thought of as extending from the wall to
the vicinity of the peak time-mean backflow velocity.

Past experimental work has shown that the near-wall flow
lacks many characteristics normally associated with turbulent
boundary layers: Profiles of turbulence intensity in the near-
wall region do not have a peak close to the wall1'3; profiles of
mean velocity do not contain log-law regions related to the
friction velocity ur in the normal way1'3'6; the Reynolds shear
stress remains small in the near-wall region4'7'8; and turbulent
bursts (the rapid mixing of fluid from the viscous sublayer that
has been lifted away from the wall) are relatively infrequent.9

Consistent with these results, there is little production or con-
vection of turbulence kinetic energy within the near-wall re-
gion.5'7 Turbulence energy dissipated here appears to be sup-
plied primarily by diffusion from the separated or reattaching
shear layer above.

The lack of much Reynolds shear stress suggests the laminar
shear stress pdU/dY is important. When based on the local
peak backflow velocity and the distance from the wall at
which it occurs, the low Reynolds numbers (ReN) and high
skin-friction coefficients (CfN) of the near-wall flow also sug-
gest a laminar-like structure. The CfN and ReN are typically 500
and 0.02 respectively.3'9'11

The intensity of velocity fluctuations parallel to the wall in
the near-wall region is of the order of magnitude of the local
mean velocity.4'9'12 The intensity of fluctuations normal to the
wall is nearly an order of magnitude smaller.2 The characteris-
tic frequency of velocity fluctuations parallel to the wall is
comparatively low. Spectra measured by Adams et al.9 show
peaks at Strouhal numbers, based on the distance from sepa-
ration to reattachment (Xr) and the potential-flow velocity at
separation (£/ref), of between 0.2 and 0.5. Diagrams presented
by Eaton and Johnston13 showing the flow direction at the
wall, close to the reattachment point, suggest a Strouhal num-
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her of about 0.3. Simpson et al.5 also observe some low-fre-
quency velocity fluctuations.

The work just referenced by no means gives a complete
picture of the near-wall flow. Many basic questions remain.
How, for example, does the turbulence structure of the near-
wall flow depend on the separated or reattaching shear layer
above? What are the best parameters for describing the time-
averaged and turbulence structure? Do useful laws for those
scaling parameters exist? This lack of understanding results
primarily from a dearth of experimental data. Measurements
in the near-wall region are difficult to make; it is usually too
thin to be probed using standard pulsed-wire or laser-Doppler
anemometers, and the flow here is too turbulent for more
conventional techniques to be used.

A new type of pulsed-wire probe, designed specifically for
use in the near-wall regions of separated flows, has recently
been developed.14 The purpose of this paper is to present and
discuss detailed measurements made with this probe in the
light of the questions just raised. Measurements were made in
two separated and reattaching flows formed downstream of
an axisymmetric back ward-facing step. This research forms
part of a longer-term study of axisymmetric separated
flows.12'15'16

Apparatus
The experimental apparatus outlined below is described in

more detail by Devenport.16

Wind Tunnel
A small axisymmetric wind tunnel built for earlier experi-

ments on separation bubbles12'15 was used. This has a cylindri-
cal settling chamber 840 mm in diameter. Air is supplied to the
chamber from a centrifugal blower through a flexible pipe, a
silencer, a wide-angle diffuser with screens, further screens
with fine mesh, and a honeycomb. Air from the chamber
passes through a nozzle into the working section (see Fig. 1).
The nozzle consists of a contracting section with a throat
diameter of 80 mm followed by a parallel-sided section 80 mm
in diameter and 240 mm in length. A boundary-layer transi-
tion trip, 1 mm high with a rectangular cross section, is
mounted 180 mm upstream of the nozzle exit.

Under nominal test conditions, the flow at the nozzle exit
consists of a uniform potential core with a mean velocity Unf
of 15 m/s and an axial turbulence intensity of 0.4%. This is
surrounded by a near-equilibrium turbulent boundary layer 7
mm thick of momentum-thickness Reynolds number 6.6 x 102;
the Reynolds number per meter is l.Ox 106.

The working section, a 150-mm-diam pipe, is attached to
the downstream end of the nozzle. The sudden axisymmetric
expansion from the nozzle to the working-section pipe (step
height 35 mm) causes the flow to separate and then reattach to
the pipe wall downstream. This "datum" flow may be modi-
fied by mounting a centerbody in the working section. The
centerbody, included in Fig. 1, imposes a strong negative
streamwise pressure gradient on the reattaching flow in the
working section. Its shape was computed using a potential-
flow method to give an approximation to a specified pressure
distribution. The exact shape and details of the design of the

80mm k———isomm———*— 90mm

centerbody are given by Devenport.16 When in use, the center-
body is mounted with its upstream end 90 mm downstream of
the nozzle exit.

Instrumentation
Pulsed-wire techniques were used extensively. A pulsed-wire

anemometer measures velocity or skin friction by timing the
flight of a heated tracer of air between a pulsing wire and one
of two sensor wires. Three different types of probes were used.
All were operated using a PELA Flow Instruments Ltd.
anemometer unit interfaced to a Commodore CBM 4032
(PET) computer. The operating principles of this unit are
described by Bradbury and Castro.17

For velocity measurements more than 6 mm from the work-
ing section wall, a PELA pulsed-wire probe of standard de-
sign17 was used. It consists of two parallel sensor wires
mounted perpendicular to and on either side of a central
pulsing wire at the end of a probe stem. The pulsing and
sensor wires have lengths of 8 mm and are made from tungsten
wire of 9 and 2.5ju, diam, respectively. The large size of this
probe prevents it frdm being used in the near-wall region.

For velocity measurements in the near-wall region, a new
type of pulsed-wire probe was used. The design and testing of
the probe are only summarized here; for more details see
Devenport et al.14 The probe (see Fig. 2) is built around a plug
cast from epoxy resin. When mounted, the top surface of the
plug lies flush with the internal wall of the working-section
pipe and is thus curved with a 75 mm radius. The wires are
arranged so that the probe is sensitive to the axial velocity
component U. The pulsing wire (8-mm long, 9-ju-diam tung-
sten) rises vertically out of the plug center to which it is fixed.
The two sensor wires (8-mm long, 5-ju-diam tungsten) are
mounted horizontally on either side, across the curved surface
of the plug. The sensor wires and their supporting prongs can
l?e traversed in the vertical direction using a micrometer screw
allowing velocity measurements made between 0.15 and 5.5
mm from the wall. Bias errors in measurements made with this
probe, analyzed by Devenport et al.,14 are no greater than for
a standard pulsed-wire probe. Comparisons with a hot-wire
anemometer in an attached turbulent boundary layer suggest
the near-wall probe measures mean-velocity and turbulence
intensity to accuracies of 2 and 10%, respectively.

For measurements of wall-shear stress, a pulsed-wire skin-
friction probe supplied by PELA was used. This probe, de-
scribed by Castro and Dianat,18 consists of three parallel wires
mounted approximately 0.05 mm from the wall. The central
pulsing wire is 3-mm long and made from 9-ju-diam tungsten
wire. The two sensor wires are 2-mm long and made from

Nozzle Working-section pipe

Fig. 1 Cross section of the nozzle and working-section pipe.

SURFACE FLUSH
WITH TEST WALL

Fig. 2 Near-wall pulsed-wire probe.
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Fig. 3 Mean axial velocity profiles and mean streamlines for the
datum flow.

Fig. 4 Mean axial velocity profiles and mean streamlines for the flow
with centerbody.

2.5-/>i-diam tungsten wire. The probe measures velocity in the
sublayer, which is assumed to be proportional to skin friction.

Pulsed-wire probes must be calibrated since the relationship
between velocity or skin friction and the reciprocal of the time
of flight is nonlinear. This is due to the effects of thermal
diffusion on heat tracers.19 The standard and near-wall
pulsed-wire probes (which had qualitatively identical calibra-
tion curves) were calibrated for velocity in the potential core at
the nozzle exit. The velocity here was known from pressure
measurements and could be varied by altering the blower
speed. The pulsed-wire skin-friction meter was calibrated for
wall shear stress in equilibrium turbulent boundary layer in an
against a Preston tube. For all probes, the calibration curve
was approximated by a series of straight line segments joining
the measured calibration points. This was found to give a
more accurate representation of the calibration curve than the
analytical expressions used by Bradbury,19 Castro and Di-
anat,18 and others.

Results and Discussion
Results are presented using the coordinate system shown in

Fig. 1. Figures 3 and 4 show profiles of time-mean velocity
and time-averaged streamlines deduced from them. Figure 5
shows distributions of the mean and root-mean-square (rms)
skin-friction coefficients C/( = rw/VipU^) and C/r s( = \Tf /
'/2pt£f).

In both cases the flow separates at the sudden expansion
creating a turbulent shear layer, which then reattaches to the
pipe wall downstream. In the datum flow (without the center-
body), the distance from separation to reattachment is
5 ±Q.13R (10.7 step heights). (All uncertainty intervals were
calculated for 95% confidence limits using the method of
Kline and McClintock.20) With the centerbody, Xr is
1.47 ± 0.04R (3.14 step heights). Mean reattachment positions
were measured as the point of zero time-mean skin friction
using the pulsed-wire skin-friction meter. In the datum flow,
circumferential variations in Xr were less than ±2.5%.

The mean velocity profiles of the two flows show the large
velocity gradient associated with the separated shear layer and
its relaxation with distance downstream. They also show the
development of the mean backflow. Time-averaged backflow
velocities reach a maximum of - 0.16C/ref in the datum flow at
X/Xr = 0.48 and one of - 0.27£/ref at X/Xr = 0.77 with the
centerbody.

Figure 5 demonstrates that the distributions of C/ and C/rms
(uncertainties both ±6%) do not scale on the distance to
reattachment. In the datum flow, C/ reaches a minimum of

Fig. 5 Skin-friction distributions for the datum flow (squares) and
the flow with centerbody (triangles); solid symbols, C/; open symbols,
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Fig. 6 Near-wall mean-velocity profiles plotted in inner variables.

-0.00073 (-0.03 based on local peak backflow velocity)
approximately midway between separation and reattachment.
With the centerbody, the minimum occurs at X/Xr = 0.9
where C/is — 0.0030 ( — 0.05 based on local backflow condi-
tions). In both flows, C/rms reaches its maximum near reattach-
ment. The peak value ofmC/rms is, however, about 2.5 times as
large with the centerbody than without.

The structure of these flows, in particular the turbulence
structure of the separated and reattaching shear layers, is
discussed in detail by Devenport.16 In this paper, we shall
restrict our attention to their near-wall behavior upstream of
reattachment and in the reattachment region. To allow com-
parisons to be made with the results of other workers, we shall
treat these flows as though they were plane two-dimensional in
the time mean. Axisymmetric effects would have been small as
both near-wall regions were thin in comparison to the pipe
radius.

Profiles of Time-Mean Velocity
It is conventional to scale near-wall velocity measurements

using the friction velocity UT = VTW/P. Upstream of reattach-
ment, mean-velocity profiles may also be normalized using the
local peak backflow velocity UN and the distance from the
wall at which it occurs, TV.

Profiles of mean-velocity (uncertainty ±2.5%) measured
in both flows are plotted in terms of u+ (= U/uT) and
y + (= YuT/v) in Fig. 6 (UT being obtained from the indepen-
dent skin-friction measurements of Fig. 5). The two lines on
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this figure represent the linear and semilogarithmic regions of
a standard turbulent boundary-layer velocity profile:

u+=y+ (1)

where K is a universal constant. Rearranging gives

u+ = (2)

In the sublayer (which at some locations is thinner than 3y +),
the profiles follow the u + = y + line, as they should. How-
ever, as would be expected from the results of previous inves-
tigations, there is no collapse of the data outside the sublayer.
While most profiles have semilogarithmic regions here, these
fall well below Eq. (2) and appear to form tangents to the
linear sublayer profile.

Figure 7 shows those profiles measured upstream of reat-
tachment plotted in terms of U/UNand Y/N. Considering the
uncertainty in the data (which is worst near separation), Fig. 7
does show some collapse, particularly over the outer part of
the profiles (7/TV>0.6).

For Figs. 6 and 7 to be consistent, there must either be a
simple constant of proportionality between UN and UT and
between TV and V/UT or some change in scaling of the velocity
profile between the linear sublayer and the outer part of the
near-wall region. The first of these possibilities leads to the
expression

UT
(3)

.6
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U/U M
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Fig. 7 Normalized backflow mean-velocity profiles.

.001

DATUM FLOW
D X/Xr = .16
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• X/Xr = .362
G X/Xr = .498
o X/Xr = .634
0 X/Xr - .11
.̂ X/Xr = .907

Fig. 8 Local skin friction coefficient as a function of local backflow
Reynolds number.

(4)

where CfN( = rw/l/2pU^) and ReNrepresent the local skin-fric-
tion coefficient and Reynolds number of the backflow. Al-
though estimates of CfN and ReN obtained from the present
measurements appear consistent with this relationship (see
Fig. 8), the results of other investigations are not. The data of
Adams and Johnston,1 Eaton and Johnston,13 and Driver and
Seegmiller,21 presented by Adams and Johnston,1 more closely
follow a relationship of the form

CfN~Rej* (5)

In general, then, there is a change in scaling. Any universal
description of the backflow velocity profile must therefore
depend on TV, UN, and UT. One such description has been
proposed by Simpson.22 Close to the wall, Simpson uses a
sublayer profile, scaled on UT, that includes the effect of the
mean stream wise pressure gradient dP/dX

,
3X2pu3/

(6)

He arbitrarily chooses the sublayer thickness YI to be 2% of
the thickness of the near-wall region TV. Away from the wall,
Simpson uses an expression that scales on TV and UN,

U
\UN

for Y>Yl (7)

where A is an empirical constant. Consistent with the present
results, this expression has a partly semilogarithmic behavior.
Simpson shows a semilogarithmic region to be an implicit
result of the change in scaling. Figure 9 compares the present
measurements with Eq. (7). Curves for A = 0.3 (as suggested
by Simpson's measurements) and A = 0.235 (as suggested by
those of Castro and Dianat6) are drawn. Quantitatively, the
agreement is fairly poor. For Y > TV the mean-velocity profiles
do not collapse, making Eq. (7) inadequate here. For Y<N
the agreement is better, but most of the measured profiles lie
significantly above the analytical curves. Qualitatively, how-
ever, the profile shape is well described by Eq. (7). It appears
that the agreement would be much better if A were allowed to
take different values.

The fact the A does not appear to be a universal constant
can be easily accounted for by extending Simpson's22 rela-
tions. The semilogarithmic regions in the present mean-veloc-

u / u,

DATUM FLOW
d X/Xr = .16
X X/Xr = .32
A X/Xr = .48
+ X/Xr = .64
V X/Xr = .8

Y/N

FLOW WITH CENTERBODY
• X/Xr = .362
G X/Xr = .498
<=> X/Xr = .634
0 X/Xr = .77
^7X/Xr = .907

Fig. 9 Normalized backflow mean-velocity profiles compared with
Eq. (7).
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(a) DATUM FLOW
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Fig. 10 Normalized backflow mean-velocity profiles compared with
a family of curves given by Eqs. (6), (7), (10), and (11): a) datum flow;
b) flow with centerbody.
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Fig. 11 Comparison of measured values of C/N and estimates ob-
tained using Eq. (11).

ity profiles (see Fig. 6) all appear to form tangents to the linear
sublayer profile suggesting that Eq. (7) should be tangent to
Eq. (6) at YI. This matching gives an implicit equation for the
position YI

1 Yl

2C^N~(2R^N

where the equation for the slope A is

MCp^QVAQ2-!
^ — ——————————————————————————

(8)

(9)

Simpler expressions are obtained if the pressure-gradient term
is negligible (as it was in the present experiments). These are

(10)

(11)C/N= -2A(e"A-l)/ReN

Equations (6), (7), (10), and (11) describe, without empirical
constants, a mean-velocity profile determined by C/ and ReN.
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Fig. 12
ables.

Near-wall turbulence-intensity profiles plotted in inner vari-

Plotted in terms of Y/N and U/UN, the profile shape depends
only on the value of A. A series of these curves for different
values of A are compared with the present measurements in
Fig. 10. Values of A obtained from measurements of CfN and
ReN are included in the legends of this figure.

For Y>N, there are still large discrepancies between the
measured and theoretical profiles. For Y<N, the agreement
is better than before but most of the measured profiles still lie
slightly above their corresponding analytical ones, particularly
in the flow with the centerbody. At most locations, however,
this difference is smaller than the uncertainty in the measure-
ments.

Perhaps the most important result of the preceding analysis
is Eq. (11). This amounts to a skin-friction law since it gives
local skin-friction coefficient as a function of the slope of the
semilogarithmic part of the mean-velocity profile (A) and the
local Reynolds number. The validity of this relationship is
examined in Fig. 11 in which measured values of CfN are
compared with values computed using Eq. (11) from the mea-
sured slopes and Reynolds numbers. Considering the uncer-
tainties involved (especially in determining the value of A),
Fig. 11 shows a satisfactory correlation.

Profiles of Turbulence Intensity
In this section, the axial turbulence intensity measurements

made with the near-wall pulsed-wire probe are discussed sepa-
rately from those of mean velocity just presented. The justifi-
cation for this comes from the turbulence kinetic energy equa-
tion. Simpson et al.5 and Pronchick and Kline7 have shown
that the production and convection terms of this equation are
insignificant in the near-wall region. Without these terms,
turbulence kinetic energy ceases to be dependent on the local
mean-velocity field. An illustration of this is Fig. 12. Here the
near-wall profiles of axial turbulence intensity V "^2 (uncer-
tainty ± 10%) are plotted in terms of V^/wT and y + . Even
at low values of y + , UT (a factor determined by the mean-ve-
locity field) does not scale these profiles.

A scaling parameter directly related to the turbulence field is
clearly required. One candidate is the friction velocity based
on the intensity of wall shear-stress fluctuations, (V^72/p)0-5,
which we shall represent using the symbol «*. Figurewl3 pre-
sents the data replotted in terms of «*( = V^/w*) and y*
(= Yu*/v). The profiles measured in the datum flow now
collapse reasonably well to a single curve. Those measured
with the centerbody also collapse (except at X/R = 1.33) but
onto a different curve. The implications of this behavior are
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Fig. 13 Near-wall turbulence-intensity profiles plotted in terms of u *
and y * and compared with Eq. (18).

best revealed by considering a simple theoretical model of the
near-wall flow.

As a first approximation, we will ignore all but the U
component of velocity in the near-wall region. The equations
of motion are then

du d2u
dY2 (12)

Though drastic, this assumption is not entirely unrealistic.
Previous work (already described) has shown the near-wall
flow to be dominated by large-amplitude low-frequency veloc-
ity fluctuations parallel to the wall. Equation (12) is also
consistent with Simpson's23 proposal that large-scale velocity
fluctuations in the near-wall region are driven primarily by
fluctuations in streamwise pressure gradient produced by the
separated and reattaching shear layer above. Consider a single
frequency co of pressure-gradient fluctuations of amplitude k,

1 dp-— = k exp(/wf)
p OA

(13)

[Since Eq. (12) is linear, solutions for different frequencies
may be superimposed.] The general solution to Eq. (12) is then

u=A{ exp[/(wf - Y/60) - Y/50]

+ A2 Y/d0] /co) exp(io>0 (14)

where <50 is sometimes called the ac boundary-layer thickness.
For a physically realistic solution, the constant of integration
A2 must be taken as zero; otherwise u^oo as F-^oo. The A\
is evaluated by applying the no-slip condition u = 0 at 7 = 0.
Extracting the real part of Eq. (14) then leaves

u = (k/u) [sin(a>0 - exp( - Y/d0) - Y/dQ)] (15)

This is a fairly well-known solution to the equations of motion
that has been used in the past to describe oscillating laminar
flows.24'25 We will use it here to obtain an equation for the
turbulence intensity. Taking the root-mean-square gives

(k/a) [0.5 + 0.5 exp( - 2Y/d0)

exp(-r/<5o)cos(F/<5o)]0-5

The parameter u* may be obtained from the gradient of Eq.
(15) at the wall

(17)

Using the nondimensional variables u* and y* already defined
and by defining 6* as d0u*/v, Eq. (16) becomes

w* = 5*[0.5 + 0.5 exp( - 2y*/6*)

- exp( -y*/5*) cosO*/<5*)]°-5 (18)
In these idealized circumstances then, the profile of turbulence
intensity is a function of y* and the nondimensional parameter
<5*, dependent on the frequency of fluctuations. Curves de-
scribed by Eq. (18) are compared with the present measure-
ments in Fig. 13. For >>*<10, there is reasonable agreement
between Eq. (18) and the measurements if 6* is taken as 8 in
the datum flow and as 6 in the flow with the centerbody. For
y* > 10, the agreement is not as good because of a peak in the
theoretical profiles. This peak appears to be a result of the
choice of a single frequency to represent the fluctuating pres-
sure gradient. Through superposition, a range of frequencies
would tend to smooth out this feature resulting in a more
realistic curve. Ignoring this discrepancy we appear to have, in
the datum flow,

(19)

(16)

which implies a frequency of velocity fluctuations in the near-
wall region, in terms of Strouhal number based on reference
velocity and bubble length (Str = (aXr/2vUTef)9 of 0.18 near
separation and 0.74 near reattachment. For the flow with the
centerbody, it appears that

(20)

which implies Str = 0.05 near separation and 1.12 near reat-
tachment.

The preceding frequencies are similar in magnitude to those
observed by previous workers studying the near-wall behavior
of separated flows. The increase in frequency from separation
to near reattachment, implied by the rather variations of C/
(see Fig. 5), is also supported by the sparse information avail-
able from previous work. It is, of course, the opposite of what
would be expected if fluctuations in the near-wall flow were
determined entirely by the passing of eddies in the shear layer
above. Velocity spectra measured by Adams et al.,9 in the
near-wall flow downstream of a back ward-facing step, show
an increase in the characteristic frequency of velocity fluctua-
tions (Str) from 0.2 to 0.5 between X/Xr = 0.38 and 0.58.
Spectra of wall-pressure fluctuations measured by Cherry,26

under the separation bubble formed in the flow over a blunt
flat plate, show a peak at Str = 0.1 near separation and one at
Str = 0.6 near reattachment. Cherry attributes the first of
these to a slow "flapping" of the separated shear layer and the
second to the passing of shear-layer eddies through the reat-
tachment region. Both of these processes are likely to be
associated with velocity fluctuations in the near-wall region of
the same frequency.

A further result of the preceding analysis, implied by Eqs.
(19) and (20) and the collapse of the turbulence profiles in Fig.
13, is that <av/u*2 is an appropriate nondimensional frequency
for fluctuations in the near-wall flow. This is analogous to the
nondimensional frequency uv/u2 usually used in "normal"
turbulent boundary layers.

Conclusions
The near-wall behavior of two separated and reattaching

flows formed by a sudden expansion in a pipe has been studied
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experimentally. Pulsed-wire techniques were used extensively.
A new "near-wall" pulsed-wire probe was used to measure
detailed profiles of velocity and turbulence intensity in those
regions of reversing flow close to the pipe wall.

This near-wall flow is very different from a normal attached
turbulent boundary layer. Mean velocity profiles do not obey
the law of the wall and cannot be correlated outside of the
linear sublayer using the friction velocity. However, they do
contain semilogarithmic regions that appear to form tangents
to the linear sublayer profile. A satisfactory description of the
backflow mean velocity profile is obtained by incorporating
this observation into Simpson's22 model. This extension also
leads to an expression for the local skin-friction coefficient in
terms of the local Reynolds number of the backflow and the
slope of the Semilogarithmic part of the profile. This skin-fric-
tion law is consistent with the present data.

The distribution of streamwise turbulence intensity pro-
duced by the near-wall flow appears independent of the time-
mean skin friction. It is, however, related to the rms of fluctu-
ations in skin friction expressed as a friction velocity. A simple
one-dimensional model of the near-wall flow has been pro-
posed in which the streamwise velocity fluctuations of the
near-wall flow are driven by pressure gradient fluctuations
imposed by the shear layer above. This model suggests that the
form of the turbulence intensity profile is a function of a
parameter 6* dependent on the frequency of velocity fluctua-
tions in the near-wall flow.

With appropriate values of 6*, the theory satisfactorily de-
scribes the form of the turbulence intensity profile close to the
wall. These values of 6* imply characteristic frequencies in the
near-wall flow typical of those reported by other workers.
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