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Spectral Measurements and Other Features of
Separating Turbulent Flows

Roger L. Simpson,* Naval K. Agarwal, K. A. Nagabushana,} and S. Olcmen§
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

Measurements from two strong adverse-pressure-gradient separating turbulent boundary-layer flows are pre-
sented. Detailed study of spectra shows that the flow variables ¢, (k,8)/—uv,,, vs k,6 form a set of scaling
parameters for streamwise velocity fluctuation power spectra from these and other adverse pressure gradient flows.
The backflow mean velocity profile scales on the maximum negative mean velocity Uy and its distance from the
wall V. In the mean backflow region, there appears to be a semilogarithmic region in profiles of the streamwise
fluctuating velocity component, u’, which spreads over a definite range of y/é.

Nomenclature

A, = universal constant for inverse power law in u
spectra

= skin friction coefficient, Eq. (6)

= pressure coefficient, Eq. (1)

= frequency, Hz

= shape factor, =d%*/0

= universal constant for —5/3 power law in u
spectra

= wavenumber, = 2znf/U

= spectral length scale

= distance of maximum —up from the wall

= distance of maximum mean negative velocity
from the wall

P = pressure

—puv = Reynolds shear stress

Reqy = Reynolds number based on the momentum
thickness

= maximum negative velocity

= wall region scaling parameter for velocity

= frictional velocity, ./1,,/p

= local freestream velocity

= nondimensional velocity = U/U,

=mean square of longitudinal velocity fluctuation,
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u
=rms of longitudinal velocity fluctuation, = \/;;2
= normal component of local mean flow velocity
= mean square of normal velocity fluctuation, »
=rms of normal velocity fluctuation, =./,2
= streamwise distance from the leading edge
= normal distance from the wall
= wall region scaling parameter for distance
= a Reynolds number, =yU, /v
= flow incidence angle to the cross-wire bisector
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Vou = downstream-upstream intermittency

o = boundary-layer thickness, y where U/U_ =0.99
o* = displacement thickness

£ = turbulence energy dissipation rate

0 = momentum thickness

K = von Karman constant, = 0.41

P = density

Ty = wall shearing stress

Pu = power spectrum of u velocity component,

W= f " bl )ik, 2)

1. Introduction

S a turbulent boundary layer undergoes an adverse pres-

sure gradient, the flow near the wall decelerates until
some backflow first occurs (Fig. 1) at incipient detachment
(ID), defined as the near-wall location where the fraction of
time that the flow moves downstream, y,,, is 0.99. 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
(%, =0; y,, =0.5) is approached. Substantial pressure gradi-
ent relief begins near intermittent transitory detachment
(ITD) defined as y,, = 0.8 near the wall.

Several common experimentally observed features for all
types of separating and reattaching flows are discussed by
Simpson.!* In the vicinity of detachment, the turbulence
intensities become the largest in the middle of the shear layer.
Lower —uv/u’v’ correlation coefficients occur than for at-
tached flows. Large-scale structures pair to form larger struc-
tures that pass downstream at lower frequencies. Mean
velocity profiles look similar to those for mixing layers, except
near the wall where backflow occurs. The mean backflow
profile scales on the maximum mean backflow velocity and its
distance from the wall. The backflow is strongly controlled by
the maximum shear stress within the flow. The traditional
semilogarithmic law-of-the-wall velocity profile does not de-
scribe the backflow for low-velocity backflows with negligible
Reynolds shearing stresses.

Experimental results are described here for two nominally
two-dimensional separating turbulent boundary layers for
airfoil-type pressure distribution flows, which detach and
reattach some distance downstream soon after detachment.
Upstream of separation, single and cross-wire hot-wire
anemometer measurements are presented. A directionally sen-
sitive laser anemometer was used in the separated zone and



MARCH 1990
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Fig. 1 Sectional schematic diagram of wind tunnel test section. Major
divisions on the scales are 0.254 m. Dashed lines show side-wall
boundary-layer control-wall jets. Note upper-wall boundary-layer con-
trol-wall jets also.
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Fig. 2 Pressure gradient distribution and freestream velocity along the
tunnel center line for flow without roughness element (flow C; (1) and
with roughness element (flow D; ). Note the displaced ordinate.
Detachment at 3.71 m.

the region immediately upstream. Data for U, V, u?, v, —up,
7, (the fraction of time that the flow moves downstream),
streamwise velocity component u power spectra and higher-
order turbulent quantities such as u3, u4, v3, and v* are
presented in Ref. 3. The flow direction intermittency v,, was
also measured using a thermal tuft.

Oné purpose for studying these flows is to obtain data at
higher Reynolds numbers at detachment (Re, = 2.8 x 10%)
than studied by Simpson et al.* (Re, = 16.3 x 10*). Compari-
sons are made here with the correlations and observations of
Simpson.! The scaling of these and streamwise velocity fluctu-
ation spectral data from other experiments is examined here.
In companion work not reported here, surface pressure fluctu-
ations have been obtained for these flows.

II. Experimental Equipment
The wind-tunnel configuration (Fig. 1) used for this study is
the Low-Speed Boundary-Layer Tunnel at Virginia Polytech-
nic Institute and State University. The equipment used in these
experiments are described in detail in Refs. 3 and 4.

III. Description of Test Flows

Two strong adverse pressure gradient steady freestream
flows were studied. In flow C, the freestream velocity at the
throat of the tunnel test section at x = 1.62m was 33 m/s,
which produced a Re, of about 2.8 x 10* near detachment.
For flow D, a leading-edge single rectangular cross-section
roughness element of 12.5 mm high and 10.3 mm wide was
placed across the two-dimensional flow, 51 mm downstream
of the blunt leading edge of the plywood floor in order to
thicken the boundary layer. The freestream velocity at the
throat of the tunnel for this flow was 22 m/s which produced
a Rey of about 2.9 x 10* near detachment. For each case, the
flow reattached some distance downstream.

Figure 2 shows the freestream velocity and nondimensional
pressure gradient dC,/dx distribution for both of the flows
obtained along the tunnel centerline of the bottom test wall
using the single-wire probe. The mean velocity measurements
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Fig. 3 Nondimensional composite mean-velocity profile from the laser
anemometer and hot-wire anemometers for flow C. Note the displaced
ordinate for x > 2.85 m. Solid lines are for visual aid only. O laser; A
cross wire; + single wire.
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Fig. 4 Nondimensional composite mean-velocity profile from the laser
anemometer and hot-wire anemometers for flow C. Note the displaced
ordinate for x > 2.85 m. Solid lines are for visual aid only. O laser; A
cross wire; + single wire.

were repeatable well within the uncertainty of hot-wire
anemometer results ( +2.4% for the mean velocity). The C,
was calculated using the relation

~1 _((%> (m

where ‘i° denotes freestream entrance condition at a distance
of 0.153 m along the tunnel. To determine the derivative of
C,, a five-point local least-square curve fit of C, data was
used at each streamwise location. From Fig: 2 we can observe
that the static pressure gradient distribution is similar for both
flows. Also, in both of these cases the slope of static pressure
gradient changes its sign at about x = 2.5 m, where the second
wall-jet boundary-layer control unit is located (Fig. 1). Pres-
sure gradient relaxation begins upstream of intermittent tran-
sitory detachment near the wall-jet control in these flows and
continues weakly downstream of detachment.

2P - P,)
€= pUZ,;

IV. Experimental Results and Discussion

A. Mean Velocity Profiles

Mean velocity profiles for both flows are presented in Figs.
3 and 4. Tables 1 and 2 report associated parameters. Up-
stream of intermittent backflow these composite plots repre-
sent hot-wire anemometer measurements. Downstream of
intermittent backflow, laser anemometer measurements and
valid hot-wire measurements are presented. To check the



448

SIMPSON, AGARWAL, NAGABUSHANA, AND OLCMEN

AIAA JOURNAL

Table 1 Parameters of the mean flow development for flow without roughness element (flow C)

x,m Ug,mfs dU,/dx,s™' g, cm 8%, cm Re, Hy, 10, x C, UyU,
1.63 31.47 —1.624 2.2064 0.2549 3958.8 1.2965 3.1708 —
221 29.30 —5.533 3.5666 0.4433 5724.7 1.4459 2.4814 —
2.85 24.49 —9.203 5.0800 1.2025 11641.7 1.6250 1.3795 —
3.46 21.23 —2.890 16.3223 5.1079 27587.9 2.5145 0.1161 —
3.96 19.80 —1.724 20.8585 10.6095 36293.1 3.7118 — 0.012
4.47 19.59 —1.556 31.9532 17.0502 40883.0 5.6861 — 0.105
4.88 18.07 —1.551 40.1551 22.3519 43862.8 5.8935 — 0.130
5.77 14.24 —0.588 38.8595 13.5157 54421.5 2.2700 0.1907 —
Table 2 Parameters of the mean flow development for flow with roughness element (flow D)

x,m Ug,m/s dU,/dx, s~! 80,99, I &*, cm Re, H,, 10* x C; UnU,,
1.63 21.45 —0.881 2.4600 0.1897 2052.1 1.2619 3.8143 —
221 20.33 —5.325 9.4102 0.7428 7808.0 1.2396 2.7956 —
2.85 16.11 —6.041 15.2400 1.6997 11600.2 1.5070 1.4328 —
3.20 14.07 —3.168 16.9370 2.8512 13110.2 1.8895 0.5417 —
3.46 13.60 —2.146 21.4503 6.6817 24351.6 2.4401 0.2071 —
3.96 13.04 —1.594 32.1005 13.1089 29105.7 3.7614 — 0.02
447 12.09 —1.221 37.8746 21.7251 31268.8 7.1653 — 0.13

validity of hot-wire measurements from the region of flow
reversal (where 7, is less than unity), the following approxi-
mations were used as a check. In the case of single-wire data,
u’/U < 0.3 if the measurements are valid with no signal
rectification.® For cross-wire data, if the magnitude of the flow
incidence angle to the cross-wire bisector is less than or equal
to 30deg, then the data are considered valid, i.e.,
B =tan~'|(V +20") /(U — 2u’)| £ 30 deg. By these criteria the
validity of cross-wire and single-wire data decreases in the
direction of decreasing y,,.

Valid hot-wire data for the mean velocity show good
agreement within 3% with laser measurements with an over-
lap region, thus demonstrating the reliability of measurements
by different techniques. The laser-anemometer results ob-
tained on different days at the same location indicated a same
level of data repeatability. The uncertainties in laser-
anemometer measurements at 20 : 1 odds are as follows: mean
velocity (U) + 0.1 m/s; u2+ 3% of maximum profile value;
Y £0.02; and —uv + 5% of maximum profile value. Uncer-
tainties for hot-wire anemometer measurements are as fol-
lows: 32+ 7% for the single wire; uZ + 10%, —uv + 15% for
the cross wire.

For attached flow upstream of any flow reversal, the law-
of-the-wall velocity profile holds. The extent of the semiloga-
rithmic region for the law of the wall decreases continuously

U/ Uy
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Fig. 5 Normalized backflow mean velocity profiles. U/U,, vs y/N. flow
C: +3.96 m; (0 4.47m; O 4.88m. flow D: A 3.96 m; O 4.47 m. Solid
line represents Eq. (2) with 4 =0.3.

after the beginning of intermittent flow reversal. The mean
wall shear stress values (Tables 1 and 2) upstream of intermit-
tent detachment were obtained by the Coles and Hirst®
method, which is based on the law of the wall and requires
that for a given U,, Ut =16.23 at y* = 100. Close to detach-
ment, C, values obtained by the Coles and Hirst method are
6% lower than values obtained by the Ludwieg-Tillmann’
skin-friction relation. This difference reduces to as little as
1.2% far upstream of intermittent backflow.

In the inner region where the backflow exists, the law of the
wall for attached flow does not hold. Both of these flows
exhibit profile similarity in the backflow region as shown in
Figs. 3 and 4. To get a better understanding of this similarity
in the backflow region, U and y are normalized with the
maximum negative velocity |Uy| and its distance N from the
wall, respectively, as shown in Fig. 5. The solid line in this
figure is a semi-empirical relation® for 0.02 < y/N < 1.0:

U _ 2 _zf(2) 1)
w5 - v

based on a semilogarithmic overlap region between the vis-
cous wall layer and the large-scaled outer region. This correla-
tion of negative velocity agrees with the data of other
researchers® with 4 =0.3. Dianat and Castro® obtained
A =0.235 for their separating boundary layer. Even though
there is some scatter in the present data and the Simpson et
al# data, Eq. (2) with 4 =0.3 gives a better fit than with
A =0.235. Thus, it seems that there exists a “‘universal law”
for negative velocity correlation given by Eq. (2), although
there is some question on a unique value of the constant A.
The law-of-the-wall velocity profile is not consistent with this
correlation, since the law-of-the-wall length scale v/U, varies
inversely with its velocity scale U,, whereas Uy and N both
increase in the direction of decreasing y,,.

The maximum negative velocity U, varies with H for
detaching flow data!® by

\Uy| 1
DNl 0807(1——)—0.57 3
07\ 1= )= 0577 (3)

o

Simpson' found that the data of other investigators for
adverse-pressure-gradient-induced separation agreed with this
equation. The reattaching flow data' from several investiga-
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Fig. 6 Fraction of time that the flow is in downstream direction at
1.2. mm from the wall vs x for flows C and D. Solid line is for visual aid
only. B laser; O, U, A, > thermal tuft for two ordination.

tors is approximated by:

U 4 1
|U—Ni=§<1—§>—1 (4)

The present detaching flow data support these general obser-
vations although they show higher values compared to Egs.
(3) and (4).

B. Downstream-Upstream Intermittency

The fraction of time that the flow moves in the downstream
direction, 7,,, was obtained by laser Doppler velocimeter
measurements. The y,, vs. x at 1.2 mm from the floor was
measured also by a thermal tuft and is presented in Fig. 6
with LDV results at the same location. The tuft data were
obtained at 0 and 180 deg orientations of the tuft at each x
location. In each orientation one sensor wire detects forward
flow over the central heater wire while the other sensor wire
detects backward flow. Two sets of data were obtained using
the thermal tuft in each orientation. All of these measure-
ments show a good agreement with a maximum discrepancy
of 7%.

In flow C, ID occurs at 3.05 m, ITD occurs at 3.46 m, and
TD and D occur at 3.71 m from the leading edge. This flow
reattaches at y,, =0.5 (at 1.2 mm from the wall), which is
approximately at 4.7 m from the leading edge. In the flow D,
ID occurs at 3.05m, ITD occurs at 3.36 m, and TD and D
occur at 3.71 m from the leading edge. The locations of ITD
and D are close to the locations of “intermittent separation”
and “fully developed separation,” respectively, as defined by
Sandborn and Kline (Fig. 4a of Ref. 11), based on H and
0*/0440 from mean velocity profiles.

The y,, vs y distributions reach a minimum value y,, nin
near the wall downstream of ITD and show some
Gow — Vpumin) (1 = Vpumin) VS ¥/M similarity®, where M is the
distance from the wall to the location of the maximum —uwv
value. Data for y,, < 0.8 at 1.2 mm from the wall correlate
together, and data for 0.8 <y,, < 1.0 at 1.2 mm from the wall
correlate together, which is consistent with results from the
Simpson et al.* flow.

C. Turbulence Quantities

Plots of u’/U,, vs y/6 are shown in Figs. 7 and 8. To
minimize the uncertainty in cross-wire probe data in the
separated region, measurements were performed with the
probe axis oriented parallel to the test wall in the attached
flow region and parallel to the top wall of the tunnel in the
separated region. After the measurements, all of the data were
rotated into a test wall coordinate system. Measurements of
turbulence quantities by the cross wire show good agreement
with single-wire (1’ only) and LDV measurements with less
discrepancy than the uncertainties of these measurements.
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Fig. 7 Axial turbulence intensity profiles, \/u:ZI U, vs y/é for flow C.
Note the displaced ordinate. Solid lines are for visual aid only. O laser;
A cross wire; + single wire.

0.25

Fig. 8 Axial turbulence intensity profiles, ./u2/U_ vs y|é for flow C.
Note the displaced ordinate. Solid lines are for visual aid only. O laser;
A cross-wire; + single-wire.

Near the wall 42 is greater than v? at all the locations® as
observed by Simpson et al.* From incipient detachment
(x = 3.05 m) downstream, the slope of u’/U,_, first increases
with log(y/6) and then decreases to a constant value at
location “A” over a short region (0.01 <y/é <0.1) before
increasing again at location “B” until reaching a maximum
value in the flow. In their separated flow work, Shiloh et al.!2
have also reported a semilogarithmic region in the range
0.01 <y/6 <0.1. The y,, remains low until the location “B”
where it starts increasing dramatically. In this region dU/dy is
also small, as seen in Figs. 3 and 4.

This semilogarithmic region in the 4’ profile may be due to
two different sets of scaling parameters dominating the inner
and outer region of the flow. In the inner region the turbulent
motion for u” may be represented as

WU, =f<1> )
Yw

where U, and y,, are wall region scaling parameters. Here y,,
has to be some function of viscosity. In the outer region the
scaling parameters can be U, and ¢ such that

w'[U., =g<§> 0!

If so, then the overlapping region should satisfy these two
relations simultaneously. The only function that matches two
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different length scales is logarithmic.’* However, the slope of
the semilogarithmic region in each profile was found to be
different in the present study and also in Ref. (12). Various
scaling parameters have been tried to correlate this longitudi-
nal fluctuating velocity component. The parameters involved
were M, N, 8, —Ubpayxs Uimaxs Umaxs a0d OU/0p|ay. However,
none of the attempts showed any satisfactory correlation of
the semilogarithmic «” profiles.

The maximum value of u? along the streamwise direction
was noted to increase until the flow reattaches after separa-
tion. Once the flow is reattached, the maximum value of 2
decreases. The normal and Reynolds shear stress components
v? and —up maximum values increased even after the flow
reattachment. All of these three turbulent quantities show
profile similarity and low levels of Reynolds shearing stress in
the wall region after detachment.?

D. Turbulent Shear Stress Correlation

The distribution of shear stress correlation coefficient — v/
u'v’ is a measure of the correlation between u and » fluctua-
tions and is largest near the maximum shear stress location in
each profile. Upstream of detachment, the correlation co-
efficient is nearly independent of y in the inner half of the
boundary layer.!* This constant value was about 0.42 at
x = 2.2 m and monotonically decreases to as low as 0.3 in the
vicinity of the beginning of intermittent backflow. This is
consistent with the Schubauer and Klebanoff'® shear stress
correlation coefficient distribution in their strong adverse
pressure gradient boundary-layer flow, even though the ad-
verse-pressure gradient distributions are different.

Unlike the distribution far upstream, the shear stress corre-
lation coefficient does not exhibit a constant value over a large
part of the outer layer once the backflow starts to appear. As
one moves downstream, the peaks of the distribution seem to
move gradually toward the outer edge of the shear layer with
a maximum correlation coefficient of 0.3 (Figs. 9 and 10).
Once the flow starts reattaching, the correlation coefficient
increases to a higher maximum value of 0.4 again.

All of these observations are in agreement with those of
Simpson et al.* for a similar adverse pressure gradient distri-
bution. Upstream of intermittent backflow, the maximum
value in a shear stress correlation coefficient profile noted by
them was as high as 0.5 and decreased downstream. In the
backflow region, the maximum profile correlation coefficient
of about 0.3 was observed in Fig. 13 of Ref. 4.

E. Spectral Measurements

Spectra describe the energy distribution among different
sizes of eddies, i.e., largest eddies to the smallest eddies where
energy is dissipated. Based on dimensional analysis Perry et
al.'* have proposed a scaling for the power spectrum in an
attached flow turbulent wall region (defined as yU, /v > 1 and
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Fig. 9 Distribution of shear stress correlation coefficient, —uv [u’v’ vs
/96 for flow C. Solid symbols for laser and open symbols for cross-wire
data. (0 345m; O 3.96m; A 447m; O 4.88m; + « 5.77 m.
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y/é < 1). They define three types of scaling: inner, outer, and
Kolmogoroff or dissipating eddy. Many researchers have used
inner flow scaling, showing good agreement in zero and
favorable pressure gradient flows.'>!¢ The only adverse pres-
sure gradient flow power spectral studies available in the
literature were those of Refs. 17—-19. However, none of these
studies examined the effectiveness of the inner scaling for
adverse pressure gradient flow conditions.

In this study an attempt has been made to check the
validity of the Perry et al.'* inner flow scaling under adverse
pressure gradient conditions. It is known that in the detached
and near-detached flow regions U, is nearly zero, and the
maximum shearing stress controls the flow behavior.! Up-
stream of the adverse pressure gradient region the maximum
local Reynolds shearing stress is equal to the wall shear stress.
Thus, in adapting the Perry et al.'® scaling for the present
study, the maximum Reynolds shear stress is used as a scaling
parameter instead of 7,. The model equations proposed!* in
terms of inner flow scaling with the maximum Reynolds shear
stress instead of z,, are as follows:

¢uu(k1y) — ﬁ
™ Umax kly

(N

for the k! spectral region (present only in the near-wall
“law-of-the-wall”” zone of attached flow),

¢uu(k1y) _ KO

=7 3 (8)
— Ulmax K3(k1y)3
for the k7> inertial subrange spectral region,
k 1 +4
d)uu( 1) ) _ Y (9)

— UDpax - 126(’(1_}1)7

for the k7 dissipating eddy spectral region. Here, A, = 0.833,
K, =049, and x =041, which are universal constants.

In flows C and D, u power spectra were taken at five
different streamwise locations. Spectral data were obtained
only at y locations where y,, =1 using the single hot-wire
probe. Near the wall upstream of incipient detachment, spec-
tral measurements show excellent agreement with the model
equation (7) with a k' law region (Ref. 3, Figs. 25 and 26).
Farther from the wall and downstream, but upstream of the
beginning of intermittent backflow, a k> law region starts
dominating the higher wavenumber energy structure. These
spectra do not fall on top of one another in inner variables
scaling, although a k' envelope bounds the top of each
spectrum (Ref. 3, Figs. 25-28). This kind of envelope was
also reported by Perry et al.?® and Ahn'® in their zero and
favorable pressure gradient flows. Since the flow is attached in
this region, the spectral scaling exhibits the wall-bounded flow
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Fig. 10 Distribution of shear stress correlation coefficient, —uv ju’v’
vs y/d for flow D. Solid symbols for laser and open symbols for
cross-wire data. O 3.45m; O 3.96m; A 4.47m.
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behavior even in the adverse pressure gradient conditions. At
streamwise locations with intermittent backflow, the model
equations using inner flow scaling fail to show full agreement.
No such significant envelope in the spectral distribution was
observed as seen upstream of backflow (Ref. 3, Figs. 29 and
30).

In order to get a better correlation of u power spectra
downstream of incipient detachment several other scaling
parameters have been tried. They involved using the local
shear stress at each y location or using the maximum shear
stress at a given x location for all y locations. In another
attempt the normal stresses turbulence energy production was
considered, since it is significant in detaching flows. The ratio
of total turbulence energy production to the shear stress
turbulence energy production was multiplied by the local
shearing stress to obtain a candidate scaling stress.

From all of these attempts, only the outer flow variable &
instead of the inner flow variable y shows a good correlation
at all streamwise locations whether attached or detached. The
inverse power law and —5/3 law with § as scaling parameter
are for the k! region,

¢uu(kl 5) - ﬁ
— U, k0

(10
and for the k ~%3 region.

¢uu(k1 5) o K2

= 1
—Wax  (k,O) (h
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Fig. 11 Normalized 4’ power spectral distribution from single-wire
measurements for flow C. Note the displaced ordinate. Solid lines
represent Egs. (12) and (13).
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Fig. 12 Normalized u’ power spectral distribution from single-wire
measurements for flow D. Note the displaced ordinate. Solid lines
represent Eqs. (12) and (13).
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Upstream of intermittent backflow, Fig. 11 (at x = 1.63 m)
shows a good correlation of spectral data that agrees with the
model equation (10) representing the inverse power law. The
outer flow scaling does not show any envelope in the spectral
distribution as observed with the inner flow scaling. In this
type of scaling, the constant A, of the model equation (10) is
still 0.833 as for Eq. (7). Thus, the type of scaling using either
inner or outer flow parameters does not have any significant
effect on the spectral distribution in unseparated flows. For
outer-flow scaling, the inverse power law region appears in the
wavenumber range of k,8 ~ 1 deg ~ 4 x 10! where ¢, (k,5)/
—UD,,,, tanges from 4 x 1072~ 5x 1071

In the strong adverse pressure gradient and detached flow
region (after 2.85m for both flows), the inverse power law
loses its significance and a dominant —5/3 spectral region
with a good correlation can be noted when outer flow vari-
ables are used. The constant K, of the model equation (11) for
the — 5/3 region has a higher value for outer flow scaling than
K,. The —5/3 law with K, = 20.84 presents a best fit to this
type of scaling for the adverse pressure gradient flows, al-
though at a given x location the spectra seem to collapse
better with slightly different values of K.

From Figs. 11 and 12 one sees that u power spectra deviate
from these power laws at lower wavenumbers. This deviation
is greater at lower Reynolds numbers and y/§ at the low
wavenumber end. At higher wavenumbers all spectra show a
good collapse, reflecting good spatial measurement resolution
over the higher frequency inertial subrange. The data match
quite well with the —5/3 line associated with the higher value
of constant K,(220.84) in the inertial subrange. However,
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once flow reattachment begins, the spectral data (Fig. 11 at
x = 5.4 m) do not quite match with the —5/3 line associated
with K3 =20.84. This may be due to the fact that the
Reynolds shear stress development lags the u? development in
reattaching flows. The inertial subrange has almost the same
wavenumber range of k;6 =4 x 10! to 10® with its value
ranging from 10~* to 5 x 10~! for both detached flows.

The present data with the outer flow scaling are compared
with results from other adverse pressure gradient studies. The
Simpson et al.!” data for an adverse pressure gradient sepa-
rated flow, Bradshaw!® data for an equilibrium attached
boundary-layer flow, and the Sandborn and Slogar!® data for
a strong adverse pressure gradient turbulent boundary layer
are presented in Fig. 13 with the outer flow scaling parameter
0. Figure 14 shows a good comparison of arbitrarily selected
present data with data from these other flows. In the present
study the outer flow scaling parameter correlated spectra for
0.5 <u?/ — U, <2.8.

This scaling result implies that the turbulence kinetic energy
dissipation rate ¢ is constant across the flow at a given x
location where this relation holds. In other words, since the
spectral inertial subrange is described by

Bty 6) = 0.49(&0)3(k, O)k " (12)

then Eqs. (11) and (12) yield
3 J— 3
2084\ (= utpman
£T < 0.49 ) 5 (13)

which is independent of y over the middle half of the shear
layer at a given x location. Simpson et al.'”*' show that ¢ is
almost constant over the middle of their separated shear flow
at a given streamwise location.

V. Conclusions

Since the maximum shearing stress and the shear layer
thickness are dominant stress and length scales for detaching
and separated flows, it is consistent that streamwise velocity
spectra away from the reversed flow zone should scale on
these parameters in the k;*? inertial subrange law. This
implies that the energy dissipation rate is nearly constant over
the region where this scaling holds. The inner-flow length
scale of distance from the wall fails to correlate these spectra.
Upstream of intermittent backflow in the near-wall region the
production of turbulence is still dominant and the spectra for
the nonviscous subrange varies with k7 1.

The mean velocity profile data for the backflow of these
flows agree with the proposed model profile of Simpson,®
which scales on the local maximum negative mean velocity Uy
and its distance from the wall N. A semilogarithmic variation
of u’ from the wall exists in the near wall detaching and
detached flow region, although no consistent correlation of
the profiles from various data sets was found. For
16.3 x 10* < Rey < 4.7 x 10* the structure discussed here is
Reynolds-number independent.
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