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Backflow Structure of Steady and Unsteady Separating
Turbulent Boundary Layers

Naval K. Agarwal* and Roger L. Simpsonf
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

Recent LDA measurements in unsteady separating turbulent boundary layers by the authors have revealed
some new information on the phase-ensemble-averaged backflow behavior. In the large-amplitude unsteady
flows studied, very large backflow velocities exist in the detached flow at some phases of the oscillation cycle,
in some cases even greater than the freestream velocity. The Reynolds shearing stress and turbulence-energy
production near the wall in the backflow region are not negligible at these phases. Under such conditions,
Simpson’s backflow velocity profile model is not applicable, and a normal turbulent boundary-layer type of
structure appears to be present in the phase-ensemble-averaged near-wall backflow. These new features of
backflow are discussed, and a new concept of a ‘‘re-entrainment velocity”’ of the backflow into the outer region

downstream flow is introduced.

Nomenclature
= constant in Eq. (1)
C,C, = constants
length of converging-diverging portion of test
section, 4.9 m
= 7,/(VapU3), local skin-friction coefficient for
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= streamwise pressure gradient
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frequency of oscillation, Hz

backflow shape factor = 8x/8y

wc/2U,;, reduced frequency of the flow

mixing length

= distance from wall to maximum-pitv location in
boundary layer

= distance from wall to maximum velocity in

phase-ensemble-averaged backflow velocity pro-

file

distance from wall to dU/dy =0 location in

phase-ensemble-averaged backflow velocity pro-

file R

(yeLmax - Uei min)/ZUei

ein = UnOn/v, momentum thickness Reynolds num-

ber in the backflow
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time

phase-ensemble-averaged velocities in x, y direc-

tions, respectively

u,v,w = turbulent fluctuations in x, y, and z directions,

respectively

phase-ensemble-averaged freestream velocity

= mean test section entrance time-averaged free-

stream velocity

maximum phase-ensemble-averaged backflow

A velocity

Uy = phase-ensemble-averaged backflow velocity at a

distance N’ from the wall
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U, = (%./p)v2, shear velocity

U+ = U/Ur

@2,92,%* = phase-ensemble-averaged mean square values of
u, v, and w, respectively

— pltv = phase-ensembie-averaged Reynolds shear stress

Ve = phase-ensemble-averaged re-entrainment veloc-
ity

X, 0,2 = streamwise from leading edge, normal and span-
wise coordinates

Xo = streamwise location of flow detachment from
the wall

yr = yU,/v

ip,, = forward flow fractign

0 = y, where U= 0.99U,

80,995 = y, where U = 0.9950,

5, = backflow thickness

84 = {§¥ [1 = (U/Ux\)}dy = displacement thickness in
the backflow

)N = (NU/Ty) 1 —(U/0y)}dy = moment = thick-

ness in the backflow

K = von Karman constant, 0.41

v = kinematic viscosity

0 = density

Tmax = maximum value of shear stress in the boundary
layer

T = wall shear stress

w = 2xnf

Subscripts

e = freestream or conditions outside shear flow

i = freestream entrance conditions

max, min = maximum and minimum values

Introduction

URBULENT separated flows are of considerable interest

because of their practical importance in many applica-
tions. Until recent years, little reliable experimental informa-
tion was available on the structure downstream of separation
in such flows, especially for the near-wall backflow region.
Pitot tube and hot-wire anemometry techniques in separated
flow are limited by the fact that such probes produce direc-
tionally ambiguous results.!”* With the invention of laser-
Doppler and pulsed-wire anemometry, a number of research-
ers have studied the near-wall region of separated flows,
obtaining more reliable results. However, in many experi-
ments, the thickness of the backflow region and mean back-
flow velocities were too small for detailed measurements.
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Simpson* proposed a correlation to fit low-velocity (Uy/U.
< 0.25) backflow profiles when 7, = 0, and suggested that, in
the phase-ensemble-averaged backflow, U/lUNI is a function
of (y/N).5% (Phase-ensemble-averaged quantities were ob-
tained by ensemble-averaging the measurements for that phase
over at least 200 cycles. Here we denote phase-ensemble-aver-
aged quantities by a caret above the symbol). The equation

U y y
A<T—enﬁ!-1>—1 (1)

{Un| N

describes the velocity profile of the middle region of the phase-
ensemble-averaged backflow, 0.02<y/N <1, downstream of
detachment (%, < Y2 near the wall) and correlates the data of
Simpson et al.>? and Dianat and Castro'® in this region. Far-
ther away from the wall, this equation does not describe the
velocity profile since the outer backflow region is influenced
strongly by the outer region flow. Nearest the wall (y/N <
0.02), the viscous sublayer can be described by*

2
v —c3<¥>-+fﬁ<ﬁ> @
|0y N/ 2\N
where P, = (N2/pv{Uy) (dp/dx) and C, is a constant. The
pressure gradient term is relatively small for these flows.* The
viscous sublayer joins Eq. (1) tangentially at y /N = 0.035 with
a C, of 8.25.

However, as discussed in this paper, Simpson’s backflow
mean velocity profile model is applicable only in low-velocity
backflow cases, where the Reynolds shearing stress near the
wall is negligible. In such cases, turbulence-energy production
near the wall is negligible and hence turbulence-energy diffu-
sion toward the wall is responsible for the turbulence energy
dissipated near the wall.>®

Recent LDA measurements in three unsteady separating
turbulent boundary layers by the authors have revealed some
new information on the phase-ensembled-averaged backflow
behavior, which is presented here.!'-! In the two large-ampli-
tude flows studied, very large phase-ensembled-averaged
backflow velocities have been measured. Substantial turbu-
lence-energy near the wall is produced at these phases of the
cycle (with large backflow velocities), and Simpson’s mean
backflow velocity correlation is not applicable. In another
unsteady flow with a diverging freestream, negligible turbu-
lence-energy production near the wall exists, and Simpson’s
mean backflow velocity correlation is applicable very near to
the wall. Detailed velocity and turbulence measurements for
these flows are reported in Refs. 14 and 15, respectively, and
are also contained in a technical report.'?

Phase-ensembled-averaged backflow velocity profile data
for these three unsteady flows and earlier measurements of
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Simpson et al.>® in steady and unsteady separating boundary
layers are examined here. In the large-amplitude flows at the
phases of the oscillation cycle with substantial turbulence-en-
ergy production, the normal attached-flow law-of-the-wall ve-
locity profiles appear to be valid in the backflow under some
conditions. In another unsteady flow with a diverging free-
stream, very thick backflow is produced, and the mean back-
flow velocity shapes are quite different away from the wall.

These observations and conditions of applicability of Simp-
son’s mean backflow velocity correlation and the law of the
wall in the phase-ensembled-averaged mean backflow are dis-
cussed in this paper. Attention is also concentrated on the
re-entrainment of flow from the backflow region into the
outer region shear layer.

Description of Test Flows

Phase-ensemble-averaged backflow velocity results are pre-
sented for three unsteady separating turbulent boundary lay-
ers; two with large-amplitude unsteadiness (first harmonic
amplitude/mean velocity ratio of 0.75 (R =0.63 and 0.74)
and reduced frequencies, k = 0.61 and 1.33, with f, the fre-
quency of oscillations as 0.596 and 0.954 Hz, respectively) and
another with a diverging freestream [first harmonic ampli-
tude/mean velocity ratio of 0.12 (R = 0.17) and & = 1.03 with
f =0.954 Hz], hereafter called the ‘“‘roof-damper flow.”” The
wind tunnel, with a 8-m- long and 0.91-m-wide converging-di-
verging test section with boundary-layer control; the program-
mable-rotating blade damper for producing large-amplitude
unsteadiness; and the hot-wire and laser anemometers used in
these measurements have been described in detail in Refs 5-9
and 11-13.

Changes made in the diverging section to produce the roof-
damper flow!>!3 are briefly described here. The rotating
damper used downstream of the mainstream blower in large-
amplitude experiments was fixed open, so that the flow at the
entrance to the test section was almost steady. The roof of the
diverging section was replaced by a mesh screen, which per-
mitted part of the mainstream flow to be periodically diverted
through the roof. A damper with 12 rotating blades mounted
above this section controlled the phase and amplitude of the
flow. A wooden piece 0.38 m long was placed over the roof to
delay detachment. The wind-tunnel test section with these
modifications is schematically shown in Fig. 1. The phase-
ensemble-averaged freestream velocity distributions at ap-
proximately the test section throat (minimum cross-sectional
area location) for the flows studied are shown in Fig. 2. Note
the abrupt changes in freestream velocity distribution (40 deg
<wt <70 deg) for the k =1.33 flow as a result of a disturbance
generated upstream.'>!4 These flows are described in detail in
Refs. 13-15.

To atmosphere or boundary layer
suction system

i

programmable rotating blade

wooden piece

(

l

i

|
77777

perforated
upper wall

Fig. 1

Side view of the test section with modifications for k = 1.03 flow with roof damper. Major dimension on scale is 25 cm. Note baffle plate

upstream of blunt leading edge on bottom test wall and side- and upper-wall jet boundary-layer control.



1766 N. K. AGARWAL AND R. L. SIMPSON

40 ——r o R o
L ]
w <> Ee
€301 s 2 B
& < 0() 4
O s < 1
§ L :. i VOO 1
= [ o &£ )
3 20 S £ N
> ks < L -
I y S A Do
e F =N Ao 1
5 F Sa o
2 Py 2l i
] r S A PS4
£ 10 F o k=0.61, X=1.52m 22,
& o k=1.33, X=1.46m o\
PN
-’éf % k=1.03, X=1.46m N g
& M&
O FIIT SR GO T G N SIS H S T S S S S S T FRSE B i
0 60 120 180 240 300 360

Phase Angle wt, degrees

Fig. 2 Ensembled-averaged freestream velocity, U, distributions.
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Fig. 3a Backflow velocity profiles plotted in law-of-the-wall coordi-
nates, |+ | vs y+, X =2.95 m, k = 0.61 (large-amplitude) flow, at
phases 315 deg < wt <30 deg: (X, wt =15 deg, Uy =3.16 m/
s; + = 30 deg, 2.10 m/s; 1= 315 deg, 5.29 m/s; W= 330 deg, 5.96
m/s; T = 345 deg, 5.50 m/s; (= 360 deg, 4.33 m/s).

Phase-Ensemble-Averaged Velocity Profiles

The large-amplitude flows show some new features in the
backflow that were not observed in moderate-amplitude flows
(first harmonic amplitude/mean velocity ratio of 0.33 and k =
0.61, 0.90) studied earlier by Simpson et al.” using the same
test facility. Low backflow velocities (Uy/U, <0.3) and nearly
zero Reynolds shearing stress close to the wall were measured
in these moderate-amplitude flows of Simpson et al.

Phase-ensemble-averaged backflow velocity profiles in the
large-amplitude flows do not correlate with Simpson’s model
at most of the phases of the oscillation cycle. Thus, several
other proposed models for backflow velocity profiles were
examined. Adams and Johnston'® suggested a velocity profile
law of the type U/Uy =f(»,N,») on the assumption that only
the parameters Uy, N, and » affect the flow structure. They
obtained a fair collapse of their data in the backflow region
using U/ Ux vs f(Un/vN)" coordinates. Simpson’s backflow
model expressed in terms of these coordinates produced a
marginally better, but still unsatisfactory, collapse of the pre-
sent large backflow velocity profiles.

Simpson* suggested that the U* vs 7+ type of law-of-the-
wall scaling was not possible in the low-velocity backflow cases
he examined because the law of-the-wall length scale »/U,
varies inversely with its velocity scale U,, whereas the mea-
sured length scale N and velocity scale Uy both increased with

AJAA JOURNAL

» — T T T T T

Equation 3

LU S I L D S O O

ooty b e b by b

[S N8
s + L
hing
+ o
. e T BT S R
100 10! 102 e 10° 10t

Fig. 3b Backflow velocity profiles plotted in law-of-the-wall coordi-
nates, |U*| vs +, X =3.15 m, k = 0.61 (large-amplitude) flow, at
phases 285 deg < wf <30 deg: (X, wt =15 deg, Uy =3.48 m/
s; + = 30 deg, 2.40 m/s; [J= 285 deg, 0.68 m/s; M = 300 deg, 4.00
m/s; 1= 315 deg, 5.77 m/s; M= 330 deg, 6.40 m/s; I (= 345 deg,
5.56 m/s; = 360 deg, 4.72 m/s).
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Fig. 3¢ Backflow velocity profiles plotted in law-of-the-wall coordi-
nates, ]f]"] vs ¥+, X =4.27 m, k = 0.61 (Jarge-amplitude) flow, at
phases 165 deg < wf <45 deg: (X, wf =15 deg, Uy = 4.67 m/s;
+ = 30deg, 3.47 m/s; O = 45 deg, 1.81 m/s; A = 165 deg, 2.57 m/s;
A =180 deg, 3.28 m/s; < = 195 deg, 3.18 m/s; @ = 210 deg, 2.84
m/s; <7 = 225 deg, 2.39 m/s; w = 240 deg, 2.38 m/s; O = 255 deg,
2.82 m/s; @ = 270 deg, 3.69 m/s; [T= 285 deg, 4.79 m/s; I = 300
deg, 6.11 m/s; IX'= 315 deg, 7.50 m/s; M= 330 deg, 7.81 m/s;
T 1= 345 deg, 6.95 m/s; = 360 deg, 5.70 m/s).

the streamwise distance. However, in the large-amplitude
flows, N increases and Uy remains nearly constant. This fea-
ture and the significant turbulence-energy production near the
wall,’?!* which is as large as outer region production at some
phases, suggest the possible existence of normal turbulent
boundary-layer features near the wall and the possible appli-
cability of the attached-flow law of the wall in the near-wall
backflow. Very large backflow velocities in large-amplitude
flows appear to be responsible for significant turbulence-
energy production and nonzero Reynolds shearing stress near
the wall.

Other evidence is that values of U, calculated from the
semilogarithmic relation

- | B
Ut=-ty*+50 3)
K

at v ' =30 for the phases of the oscillation cycles with sub-
stantial turbulence-energy production close to the wall agree
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Fig. 4a Backflow velocity profiles plotted in law-of-the-wall coordi-
nates, |U+ |vs ¥*, X =2.95 m, k =1.33 (large-amplitude) flow, at
phases 315 deg < wf <30 deg: (X, of =15 deg, Un =6.57 m/s;
+ =30 deg, 3.75 m/s; = 315 deg, 5.90 m/s; 3 = 330 deg, 8.25
m/s;]{ = 345 deg, 9.22 m/s; JK= 360 deg, 8.50 m/s).

30 + T

T T T T T T T T T

a5 Equation 3

20

10+

&
LANLENL I T L O LB B B

I I N I IS SN AN AT I

10 10 102 o 103 1t

Fig. 4b Backflow velocity profiles plotted in law-of-the-wall coordi-
nates, 1(7"[ vs y*, X = 3.51 m, k = 1.33 (large-amplitude) flow, at
phases 270 deg < wf <30 deg: (X, wt =15 deg, Uy =5.54 m/s;
+ =30 deg, 3.35 m/s; @ =270 deg, 2.85 m/s; (T= 285 deg, 4.04
m/s; B = 300 deg, 5.55 m/s; I'= 315 deg, 7.25 m/s; = 330 deg,
8.06 m/s; (= 345 deg, 8.00 m/s; = 360 deg, 7.01 m/s).

within experimental uncertainties with the measured values of
— puv closest to the wall.'>!# Phase-ensemble-averaged back-
flow velocities plotted in law-of-the-wall coordinates show
similarity, and data appear to follow the law-of-the-wall pro-
file, even in the | * | = § * sublayer, as shown in Figs. 3 and 4
for the phases with phase-ensemble-averaged backflow at
X = 2.95m, 3.51 mand 4.27 m, for k = 0.61 and 1.33 flows.
Viscous sublayer, buffer layer, and semilogarithmic regions
are shown by a solid line in these figures. In the buffer layer,
a Spalding-type function is used.!” A negative wake is clearly
evident, and velocity profiles look very similar to a wall jet
type of flow such as that studied by Saripalli and Simpson.'®
(With a limited amount of laser anemometer data, Patrick!”
also suggested that the law-of-the-wall profile may apply to
the backflow, but he lacked data close to the wall.)

On the other hand, at some phases of the oscillation cycle
where backflow velocities are low and turbulence-energy pro-
duction close to the wall is negligible, Simpson’s backflow
correlation holds, e.g., as shown in Fig. 5§ for the k = 1.33
flow at X = 3.51 m. Figure 5 shows that data closely follow
Eq. (1) for 0.02 < y/N < 1.0. In the near-wall backflow y/N
=< 0.02, where Reynolds shearing stress is negligible, the data

Fig. 4c Backflow velocity profiles plotted in law-of-the-wall coordi-
nates, |U+|vs y+, X =4.27 m, k = 1.33 (large-amplitude) flow, at
phases 255 deg < wf < 60 deg: (X, wt =15 deg, Uy = 8.03 m/s;
+ =30 deg, 6.66 m/s; O = 45 deg, 5.00 m/s; * = 60 deg, 2.93 m/s;
O = 255 deg, 4.18 m/s; @ =270 deg, 5.25 m/s; [T = 285 deg, 5.70
m/s; Il = 300 deg, 6.37 m/s; 1X'= 315 deg, 6.91 m/s; M= 330 deg,
7.20 m/s; (= 345 deg, 7.60 m/s; (= 360 deg, 8.24 m/s).
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Fig. 5 Normalized backflow velocity profiles at X =3.51 m, k =1.33
(large-amplitude) flow, at the phases (beginning of detachment) where
Simpson’s backflow correlation is applicable; ¥, wf =240 deg; O,
wt =255 deg. Solid line is given by Eq. (1). Viscous sublayer, Eq. (2),
shown by dotted line, meets tangentially with Eq. (1) at arrow.

follow the sublayer given by Eq. (2), as shown in Fig. 5. These
are the phases where the flow just starts separating, with
accompanying low values of Uy and N.

For the & = 1.03 flow with the roof damper, backflow
occurs downstream of X = 3.01 m at all the phases of the
oscillation cycle, and moderate backflow velocities, Un/U, <
0.3 exist. The backflow thickness in this flow is very large
compared to the large-amplitude flows. Negligible turbulence-
energy production and Reynolds shearing stress are produced
for all the phases close to the wall.'*!* Outer backflow profile
shapes for this flow are quite different (Fig. 6) than those
observed in Refs. 5-9 and 12-14.

The phase-ensemble-averaged backflow velocity increases
away from the wall, reaching a region of (30/dy) =0 and
then increasing again until it reaches a maximum backflow
velocity, as shown in Fig. 6a for X = 3.59 m. This behavior is
more pronounced at X =4.12 m, as shown in Fig. 6b. A
similar backflow velocity profile shape was observed by Adair
and Horne® and Thompson and Whitelaw?! for separated
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flow over an airfoil flap. However; Adair and Horne did not
have data close to the wall to compare with Simpson’s correla-
tion. The backflow thickness N’ is chosen just at the begin-
ning of the (3U/dy) = 0 region. Simpson’s correlation holds
close to the wall for the phases of the cycle with backflow as
shown in Figs. 6a and 6b at X =3.59 and 4.12 m. In the
present stidy and earlier studies by Simpson et al.>%? a good
correlation with Eq. (1) exists with A = 0.3. However, Dianat
and Castro' found that their pulsed-wire data were well de-
scribed with A = 0.235. The reason for this difference is not
clear.

Simpson’s backflow model {Eq. (1)] does not describe the
outer region of the backflow (Figs. 6a and 6b). In addition,
there appears to be two different length scales in the inner and
outer regions of the backflow that appear to govern the back-

T T T T T
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107 102 107! 10° 10! w2 N
Fig. 6a Normalized backflow velocity profiles at X =3.59 m,
k =1.03 flow with roof damper at phases 0 deg < wt <360 deg: (X,
wt =15 deg; + =30 deg; O =45 deg; * =60 deg; (=75 deg; A =90
deg; v =105 deg; G =120 deg; [J =135 deg; M =150 deg; & =165
deg; A =180 deg; © =195 deg; ¢ =210 deg; V =225 deg; v =240
deg; O =255 deg; =270 deg; (1= 285 deg; M= 300 deg; =315 deg;
=330 deg; =345 deg; =360 deg). Solid line is given by Eq. (1).
Viscous sublayer, (Eq. 2), shown by dotted line, meets tangentially
with Eq. (1) at arrow.
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Fig. 6b Normalized backflow velocity profiles at X =4.12 m,
k =1.03 flow with roof damper at phases 0 deg < wt <360 deg. Solid
line is given by Eq. (1). Viscous sublayer, (Eq. 2), shown by dotted

line, meets tangentially with Eq. (1) at arrow. Legend same as that for
Fig. 6a.
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flow turbulence behavior. Semilogarithmic profiles of u?2 be-
tween inflection points suggest an overlap region between
inner and outer velocity and length scales.!?-'5 In an attempt to
correlate the outer region backflow velocity, various length
scales, e.g., N, N’, §, and M were tried, but they did not
correlate the outer backflow region for the large-amplitude
and roof-damper flows. .

Integral parameters based on the maximum phase-ensem-
ble-averaged backflow velocity, Uy, were calculated for large-
amplitude and roof-damper flows and the steady and unsteady
flows of Simpson et al.>® All of these data plotted in Uy/ U,
vs Re;y coordinates (Fig. 7) fall into two distirict regions: one
for which Simpson’s correlation holds (filled symbols) and the
other to which the normal |U * | vs y * law of the wall appears
to apply. The shapes of the mean backflow profiles close to
the wall are substantially different in these two cases. For the
cases for which Simpson’s correlation holds, a shape parame-
ter H has a value close to 1.8 whereas, in the other case, a
value of 1.34-1.6 is obtained. It should be noted that the
momentum thickness Reynolds number, Rezy is more than
about 200 when the law of the wall holds in the backflow.
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Fig. 7 |Un)/Ue vs Resn; A, X =295 m, & =3.51 m, [1=4.27 m,
k =0.61 (large-amplitude) flow; A =2.95m, $=3.51 m,(1=4.27m
k =1.33 (large-amplitude) flow; = =3.28 m, ¢ =3.54 m, k =1.03
flow with roof damper; #7; Simpson et al.5;$7 Y, Simpson et al.7; @,
Simpson et al.3; v, flow C,J, flow D, Simpson et al.? Filled symbols
where Eq. (1) and (2) hold. Open symbols where the law of the wall
holds.
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Fig. 8 C‘j vs Rejp; solid line given by Eq. (4) (C2=0.0256); dashed
line shows the effect of outer region turbulence.
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Fig.9 Correlation between C} obtained from semilog region and € 't
obtained from Ludwieg-Tillmann relation?? for k =0.61 and k =1.33
(large-amplitude) flows. Dashed line shows the effect of outer region
turbulence.

We can define a local backflow skin-friction coefficient C ; 7
based on Uy. For the cases for which the law-of-the-wall
profile holds in the backflow, one would expect a universal
relationship between C; 7 and Regy. ¢ + data from the above-
mentioned calculated U, results suggest a relationship of the
form (Fig. 8)

C; = CRey " )

which is the same as that suggested with C, = 0.0256 for the
friction coefficient in terms of a local momentum thickness
Reynolds number for zero and mild favorable pressure gradi-
ent boundary layers.!” Data in Fig. 8 are close to the line given
by Eq. (4). Although there is some scatter in the data, they
appear to be systematically above the line. Skin-friction coef-
ficients calculated using the Ludwieg-Tillmann relation,?? as
shown in Fig. 9, are also slightly lower than those obtained
from the semilogarithmic region in the backflow.

These slightly higher values of C 7 appear to be due to the
influence of the larger-scale outer region turbulent flow on the
near-wall backflow. Hancock and Bradshaw?® studied the ef-
fect of freestream turbulence on skin-friction coefficients of
attached turbulent boundary layers and found that they in-
creased and H decreased with incteasing freestream turbu-
lence. Using the correlation results of Hancock and Bradshaw,
¢ 7 in the present experiments should be about 10% higher
than the solid line shown in Fig. 8 because of outer region
turbulence. Experimental values of C; are about 10% higher
than the line, indicating good agreement.

Re-Entrainment of the Backflow
into the Outer Region Flow

At any given X location where there is mean backflow, the
continuity equation requires that the velocity V at the U =0
line be given by

. d [ [
V]U:0=‘ ~d—X[ L Udy] %)

However, this relation is valid only for the steady flows. In the
case of unsteady flow, the normal-to-the-wall flow velocity ¥
at the &/ = 0 line at a given time contributes backflow fluid
that goes to increase the thickness of the backflow zone as well
as to provide fluid to be transported to the outer region.
Therefore, the velocity relative to the moving (_7 =0 line will
be given by ¥|y.— (88,/8t) = V. (refer to Fig. 10). Thus,

the unsteady continuity equation leads to

_ 3 3 [ oo
Pe=Vig_o——7 = —57([ [0 Udy] ©)

V.. at a given X location is the phase-ensemble-averaged veloc-
ity of fluid that is re-entrained into the forward flow.
This equation also leads to

X 35, b
Vp-o—5rlax = —| 04y ()
0

C X C X

VedX =

Jx, J X,

when integrated from detachment at X, to a given X location
downstream. This right-hand side is the total volumetric flow
rate of the backflow at X. This also shows that this backflow
mean flow rate at X is dependent on ¥];_ ¢ and (38, /3¢) at all
locations between detachment and a given X location.

The re-entrainment velocity ¥;. should be controlled by the
outer region flow. Bradshaw et al.?* suggest that Vinyainment
scales on (Fma/p)”*, which is the diffusion velocity for turbu-
lence kinetic energy for the outer region turbulent/nonturbu-
lent interface (g2v = §* Voyrainmen). This suggested that per-
haps the re-entrainment velocity ¥, at U =0 scales on
(Tmax/P)”:. However V,./(Tmax/p)" did not correlate the present
data and the steady flows of Refs. 5 and 9.

East and Sawyer?® suggest that

, deny?
g = —0.47 (’fiy) ®)

where g2 =72+ 72 + w2 and 7 is the mixing length expressed
by East and Sawyer as

7 S_y sp\? sy\?
S 05 [(a) “]/[(9 “] ®)

East and Sawyer show very good agreement between measure-
ments and these equations for steady attached adverse-pres-
sure-gradient layers. Simpson et al.® show fair agreement in
the outer region between their steady freestream data and Eq.
(8), using measured mlxmg lengths. Assuming that

q*v = q*V,, then V., is given from Eqgs. (6) and (8) as

. 36, 0.6¢ 9g?
Vr - 7~ —_—— = ‘—,«‘T /= 10
€ VlU 0 ot (qz)/2 ayiU [ ( )

Because w? measurements for these unsteady flows were not
made and Shiloh et al.2¢ show that w? = ¥? in the outer region,
§? was estimated from the approximation §? = (22 + 29?).
Good agreement between calculated and measured values of
V.. was obtained for the & = 0.61 unsteady flow, using values
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of the mixing length in Eq. (10) calculated from — piiv and U
measurements. Results for this flow at 4.27 m are shown in
Fig. 11. Data appear to correlate well at all the axial locations
for the £ = 0.61 flow and for the steady flow of Simpson et
al.,>% as shown in Fig. 12. However, in the high-frequency
k = 1.03 and 1.33 unsteady flows, lag between the ensemble-
averaged velocity and the turbulence appears to be dominant,
and this model overpredicts the V,.. These results indicate that
the backflow mass flow rate is controlied by the upstream
large eddies in the outer region flow whereas its profile struc-
ture is strongly determined by the local flow conditions. This
supports the suggestion by Simpson et al.!:¢ that the ensemble-
averaged backflow does not appear to come from far down-
stream but is supplied intermittently by large-scale structures
as they pass through the separated region.

Conclusions

All the results presented herein suggest that, in the presence
of significant turbulence-energy production near the wall, a
normal turbulent boundary-layer type of structure exists for
the near-wall phase-ensemble-averaged backflow. Very large
backflow velocities appear to be responsible for the produc-
tion of turbulence energy close to the wall and, in such cases,
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in addition to the dissipation and diffusion, the production
term in the turbulence kinetic energy equation is also impor-
tant. The skin-friction coefficient, C; in the ensemble-aver-
aged backflow closely correlates on a momentum thickness
Reynolds number basis and closely follows the data for zero
and mild favorable pressure-gradient-attached turbulent
boundary layers, when the data are corrected for the influence
of the larger-scale outer region turbulent flow on the near-wall
backflow. Simpson’s backflow law is valid only in the cases
where turbulence-energy production near the wall is negligi-
ble, which appears to be a necessary condition for this correla-
tion to hold.

The shapes of the ensemble-averaged mean backflow veloc-
ity profiles close to the wall are substantially different in these
two cases. In a semilogarithmic plot, the law-of-the-wall ve-
locity profile increases through the viscous sublayer from the
wall and then bends over to form a semilog region. For Simp-
son’s correlation, the data in the sublayer and semilog regions
follow Egs. (1) and (2), which show that these two regions
blend together tangentially.

Good agreement between measured and calculated values of
the re-entrainment velocity of backflow fluid into the outer
forward flow region suggests that the backflow volumetric
flow rate is determined by the outer part of the upstream flow.
The backflow velocity profile shape is governed by the local
flow conditions. These are important conclusions and should
be included in the calculation methods for separated flows.

Acknowledgments

This work was supported by the U.S. Air Force Office of
Scientific Research under Grant 84-0134 and monitored by
J. McMichael and Capt. H. Helin.

References

! Simpson, R. L.,*“Two Dimensional Turbulent Separated Flow,"’
AGARDograph 287, Vol. 1, 1985.

2 Strickland, J. H., and Simpson, R. L., ““The Separating Turbu-
lent Boundary Layer: An Experimental Study of an Airfoil Type
Flow,”” Thermal Fluid Science Center, Southern Methodist Univ.,
Dallas, TX, Rept. WT-2; also AD-771170/8GA, 1973.

3Simpson, R. L., “Interpreting Laser and Hot-Film Anemometer
Signals in a Separating Boundary Layer,” AIAA Journal, Vol. 14,
Jan. 1976, pp. 124-126.

Simpson, R. L., ‘A Model for the Backflow Mean Velocity Pro-
file,”” AIAA Journal, Vol. 21, Jan. 1983, pp. 142, 143.

*Simpson, R. L., Chew, Y.-T., and Shivaprasad, B.G., “The
Structure of a Separating Turbulent Boundary Layer: Part 1, Mean
Flow and Reynolds Stresses,”” Journal of Fluid Mechanics, Vol. 127,
1981, pp. 23-51.

%Simpson, R. L., Chew, Y.-T. and Shivaprasad, B. G., ““The Struc-
ture of a Separating Turbulent Boundary Layer: Part 2, Higher Order
Turbulence Results,” Journal of Fluid Mechanics, Vol. 113, 1981,
pp. 53-73.

’Simpson, R. L., Shivaprasad, B.G., and Chew, Y.-T., “The
Structure of a Separating Turbulent Boundary Layer: Part 4, Effects
of Periodic Free-Stream Unsteadiness,”” Journal of Fluid Mechanics,
Vol. 127, 1983, pp. 219-261.

8Simpson, R. L., and Shivaprasad, B.G., ‘‘The Structure of a
Separating Turbulent Boundary Layer: Part 5, Effects of Periodic
Free-Stream Flows,”’ Journal of Fluid Mechanics, Vol. 131, 1983, pp.
319-339.

“Simpson, R. L., Agarwal, N. K., Nagabushana, K. A., and Olc-
man, S., ‘“Spectral Measurements and Other Features of Separating
Turbulent Flows,”” AIAA Journal, Vol. 28, March 1990, pp. 446-452.

19Djianat M., and Castro I. P., ‘“Measurements in Separating
Boundary Layers,”” AI4AA Journal, Vol. 27, June 1989, pp. 719-724.

"Agarwal, N. K., and Simpson, R. L., “The Structure of Large
Amplitude Unsteady Separating Turbulent Boundary Layers,”” AIAA
Paper 87-0191, 1987.

I2Agarwal N. K., and Simpson, R. L., ‘“‘Experimental Measure-
ments of the Structure of a Large, Amplitude Unsteady Separating
Turbulent Boundary Layers,”” Proceedings of AFOSR Workshop 11
on Unsteady Separated Flows, Frank J. Seilor Research Laboratory,
Rept. FJSRL-TR-88-004, Sept. 1988, pp. 147-153.

BAgarwal, N. K., and Simpson, R. L., ‘“Experimental Study of



OCTOBER 1990

Unsteady Separating Turbulent Boundary Layers,”” Aerospace and
Ocean Engineering, Virginia Polytechnic, Institute and State Univer-
sity, Blacksburg, VA, Final Technical Report, AFOSR-88-0271TR,
Feb. 1988; also AD-A192997.

l4Agarwal, N.K., and Simpson, R. L., “‘Separating Turbulent
Boundary Layers with Very Large Amplitude Unsteadiness,’’ submit-
ted to Journal of Fluid Mechanics, 1989

15Agarwal, N. K., and Simpson, R.L.,*“A Separating Turbulent
Boundary Layer with an Unsteady Diverging Free-Stream,”” submit-
ted to Experiments in Fluids, 1989.

16Adams, E. W., and Johnston, J. P., “Flow Structure in the Near-
Wall Zone of a Turbulent Separated Flow,”” AI4A Journal, Vol. 26,
Aug. 1988, pp. 932-939.

17Kays, W. M., and Crawford, M. E., Convective Heat and Mass
Transfer, 2nd Ed., McGraw-Hill, New York, 1980.

18Saripalli, K., and Simpson, R.L., “Investigation of Blown
Boundary Layers with an Improved Wall Jet System,”” NASA CR-
3340, 1980.

9Patrick W. M., “Flowfield Measurements in a Separated and
Reattached Flat Plate Turbulent Boundary Layers,”” NASA CR-4052,
1987.

STEADY AND UNSTEADY SEPARATING TURBULENT BOUNDARY LAYERS 1771

20Adair D., and Horne, W. C., “Turbulent Separated Flow in the
Vicinity of a Single- Stotted Airfoil Flap,”” AIAA Paper 88-0613, 1988.

2I'Thompson, B.E., and Whitelaw, J. H., ‘“‘Characteristics of a
Trailing-Edge Flow with Turbulent Boundary-Layer Separation,’’
Journal of Fluid Mechanics, Vol. 157, 1985, pp. 305-326.

22l udwieg, H., and Tillmann, W., “‘Investigation of the Wall-
Shearing Stress in Turbulent Boundary Layers,”” NACA TM-1285,
1950.

23Hancock, P. E., and Bradshaw, P., ““The Effect of Free-Stream
Turbulence on Turbulent Boundary Layers,”” Journal of Fluids Engi-
neering, Vol. 105, 1983, pp. 284-289.

24Bradshaw, P., Ferriss, D. H., and Atwell, N. P., “Calculation of
Boundary-Layer Development Using the Turbulent Energy Equa-
tion”’ Journal of Fluid Mechanics, Vol. 28, 1967, pp. 593-616.

25East, L. F., and Sawyer, W. G.,*“An Investigation of the Equi-
librium Turbulent Boundary Layers,”” NATO-AGARD Fluid Dynam-
ics Symposium Proceedings No. 271, 1979, pp. 6.1-6.19.

26Shiloh K., Shivaprasad, B. G., and Simpson, R. L.*“The Struc-
ture of a Separating Turbulent Boundary Layer: Part 3, Transverse
Velocity Measurements,”” Journal of Fluid Mechanics, Vol. 131,
1981, pp. 75-90.

Recommended Reading from the AIAA
Progress in Astronautics and Aeronautics Series . . dAMA

i

Dynamics of Explosions

and

Dynamics of Reactive Systems, | and I
J. R. Bowen, J. C. Leyer, and R. I. Soloukhin, editors

Companion volumes, Dynamics of Explosions and Dynamics of Reactive Systems,
I'and If, cover new findings in the gasdynamics of flows associated with exothermic
processing—the essential feature of detonation waves—and other, associated
phenomena.

Dynamics of Explosions (volume 106) primarily concerns the interrelationship between
the rate processes of energy deposition in a compressible medium and the concurrent
nonsteady flow as it typically occurs in explosion phenomena. Dynamics of Reactive
Systems (Volume 105, parts | and 1l) spans a broader area, encompassing the
processes coupling the dynamics of fluid flow and molecular transformations in
reactive media, occurring in any combustion system. The two volumes, in addition to
embracing the usual topics of explosions, detonations, shock phenomena, and
reactive flow, treat gasdynamic aspects of nonsteady flow in combustion, and the
effects of turbulence and diagnostic techniques used to study combustion
phenomena.

Dynamics of Explosions

1986 664 pp. illus., Hardback
ISBN 0-930403-15-0

AlAA Members $49.95
Nonmembers $84.95

Order Number V-106

TO ORDER: Write, Phone, or FAX: AlAA c/o TASCO,
9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604
Phone (301) 645-5643, Dept. 415 m FAX (301) 843-0159

Dynamics of Reactive Systems | and I
1986 900 pp. (2 vols.), illus. Hardback
ISBN 0-930403-14-2

AlAA Members $79.95

Nonmembers $125.00

Order Number V-105

Sales Tax: CA residents, 7%; DC, 6%. Add $4.75 for shipping and handling of 1 to 4 books (Call for rates on higher quantities). Orders
under $50.00 must be prepaid. Foreign orders must be prepaid. Please allow 4 weeks for detivery. Prices are subject to change without
notice. Returns will be accepted within 15 days.




