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DYNAMIC BEHAVIOR OF AN UNSTEADY TURBULENT BOUNDARY LAYER

P. G. Parikh, W. C. Reynolds, R. Jayarssan, sod L. W. Carr®
Department of Mechanical Engineering, Stanford University
Stanford, California 94305

Suamary

This paper reports experiments on an unsteady turbulent boundary
layer. The upstream portion of the flow is steady (in the mean). In
the downstreaa region, the boundary layer sees a linearly decreasing
free-stream velocity. This velocity gradient oscillates in time, at
frequencies ranging from zero to approximately the bursting frequency.
Considerable detail is reported for s low-amplitude case, and preliminary
results are given for a higher amplitude sufficient to produce some re-
verse flow. For tha small amplitude, the mean velocity snd mean turbu-
lence 1intensity profiles are unaffected by the oscillatious. The
amplitude of the periodic velocity component, although as auch as 70Z
greater than that in the free stream for very lov frequen:ies, becones
equal to that in the free stream at higher frequencies. At high frequen—
cies, both the boundary layer thickness and tix Reynolds stress distribu-
tion across the boundary layer become frozen. The behavior at larger
amplitude is quite similar. Most importantly, at sufficiently high fre-
quencies the boundary layer thickness remains frozen at its mean value
over the oscillation cycle, even though flow reverses near the wall during
a part of the cycle.

Introduction

The objectives of the Stanford Unsteady Turbulent Boundary Layer
Program are: to develop a fundamental understanding of such flows, to
provide a definitive data base which can be used to guide turbulence model
development, and to provide test cases which can be used by computors for
comparison with predictions.

Due to space limitations, work of other investigators will not be
summarized here, except to note that all the previous experiments are
characterized by unsteady flow at the inlet to the unsteady region. For a
comparison of the present experimental parameter range with those of other
investigations, see Reference 1. The distinctive feature of the present
experiments is that the boundery layer at the inlet to the unsteady region
is a standard, steady, flat-piate turbulent boundary layer. It is then
subjected to controlled oscillations of the free stream. This feature is
especially important from the point of view of a computor, who neegs pre-

cise specification of boundary conditions for computation of the flow.

*u. s. Army Aeromechanics Laboratory, Moffett Field, CA 94035



Pree-Stream Boundary Condition of the Present Experimeat

The desired free-stream velocity u,(x,t) 4in the wvater tunnel built

for this work is shown in Pg. 1. u, remains steady and unifore for the
first two meters of boundary layer develomment. It then -decreases lin-

early in the test section; the magnitude of the velocity gradiszat varies
sinusoidally from zero to a maximum value during tha oscillation cycle.
The mean free-stream velocity distribution in the test section is thus
linearly decreasing and corresponds to the distribution at the cycle phase
angle of 90°, while the amplitude of imposed free-stream oscillations
grows linearly in the astresamwise direction, starting at szero at the

en*rance to a maximum value of a_ at the exit. Hence,

(")
u (x,t) = u"o x < xo
a"xvao)
-u.’o-—-wh—— 1l - cos wt |, x°<x<'°+L

The important parameters of this problem are the amplitude pavameter

- and the frequency pa-ameter: By = féolu. o° Hera f =
»

w/(2%) and &, 1s the thickness of the boundary lajyer st the inlet to

the unsteady region. In the present experiments:

a = a/u

Um o= 0.73m/s, 8§,=0.05m, O0CE<2hs, 0<ac0.25 0<B5<0.14

It should be mentioned that the value of the frequency parameter B8,
at the so-called "bursting frequency” in turbulent boundary layers is
about 0.2 {[2]. Thus the imposed oscillation frequencies used in the
present experiments cover the range from quasi~steady (f = Q) to values
approaching the bursting frequency. The resi'lts reported here are for two
non-dimensional amplitudes, o = 0.05 and 0.25 (nominally). The latter
is sufficient to cause reverse flow in a turbulent boundary layer at the

end of the test section during a part of the cscillation cycle.

Experimental Facility

Figure 2 is a schematic of the facility. The 16:1 nozzle contraction
is followed by a 2 m long development section, where the test boundary
layer is grown or the top wall. A constant head and a constant flow re-

sistance provide a constant flow . The free-stream velocity in the devel-
opment sectioc is maintained uniform along x bv bleed from the bottom
wall.

The linear decrease in free-stream velocity in the test section 1is
accomplished by uniformly bleeding off some flow through the bottom wall
in the test section. The remainder of the flow exits downstream. Each of



these two flows exits the tunnel tiiwough slots in an oscillating plate.
The design ensures that, regardless of the position of the oscillating

plate, .the total flow area of the slots remains the sase. The slots are
the controlling resistance of the entire fluid circuit, hence the constant

flowv. By sinusoidally oscillating the plate, a linearly decreasing peri-
odic free-stresm distribution-is established in the test section, while
the upstream flov in the development saction remsine steady.

Measurement and Data-Processing chhnignn

Pitot tubes are used for mean velocity messurements in steady flow
regions. Unsteady velocity seasurements use 8 single-chsnnel, forward-
scatter, Bragg-shifted DISA laser anemometer in the tracking mode.

Followving Hussain and Reynolds [3], the instantaneous velocity signal
from an unsteady turbulent flow may be decomposed into three parts:

u = utu+u (1)

where u 1is the mean, U is the time-dependent, organized (deterministic)
component, and u' 1is the randoa fluctuation. W 1is determined by long-
time averaging of u. Here U is of a periodic nature and may be deter-
mined by first phase-averaging the instantaneous velocity signal and then
subtracting out the mean. Thus,

~

u = <ud-1u (2)

Here < u >, the phase average velocity, is determined by averaging over
an ensemble of samples taken at a fixed phase in the imposed oscillation.
In the present experizents, with harmonic oscillation of the free streanm,
the response at points within the boundary layer is almost sinusoidal,
with higher harmonics contributing less than 51. Hence, U may also be
extracted from the instantaneous signal u by cross-correlation with a
sine vave in phase with the oscillation. A digital correlator (HP 3721A)
was used to determine cross-correlations leading to the U data reported
here. Currently a DEC MINC-11 laboratory minicomputer system is used for
automatic data scquisition and processing, allowing the determination of
phase averages of u and w'l,

The wmeasurements reported here were taken at a fixed streamwise

location near the end of the test section at x - 0.568 m.
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Behavior at Small Amplitude of Imposed Oscillations

The mean velocity profiles measured with the oscillating plate {irv
fixed positions 0 = 0, 90°, 180° are fit by dashed curves in PFig. 3.
These represent phase-averaged profiles at sero frequency, j.s., quasi-
steady profiles. At this amplitude (a = 0.05), the response of the
boundary layer 1is almost linear, so.that the profile corresponding to 6 =
90° 1lies nearly midway between the 0 = 0 and 180° profiles. The 90°
profile represents the mean profile for quasi-steady oscillations. The
difference betwean the O and 90° profiles at a fixed y-location
represents the amplitude of quasi-ateady oscillations at that location ia
the- boundary laver. Note that the quasi-steady amplitudes in tha boundary
layer are larger than the free-streaa amplitude.

The mean velocity profiles measured under ocscillatory conditions at
0.5 hz and 2.0 hz are shown as data points in Fig. 3. Note that the
mean velocity profiles at various fraquencies are identical with the pro-
file measured under stationary condition with pulser angle set at ¢ =
90°. It asy be concluded that the mean velocity profile (at a fixed am-
plitude a = 0.05) is independent of the imposed oscillation frequency in
the entire range 0 { £ < 2 hz. The same behavior persists all the way up
to the wall.

This behavior of the mean velocity profile may be explained by an
examination of the governing equations. Use of (1) in the momentum equa-
tion and time-averaging yields -

— - -— 2— Ehusmen.
- 8u - Ju - -13 3u_la —y—y haend
0-5-‘-'0"-5-’- ry x'0’\)-3-;!- F-r’- u'v +uv:| (3)

Equation (3) may be recognized as the equation governing an ordinary tur-
bulent boundary layer, except for the addition of the term ﬁ, vhich
represents Reynolds stresses arising from the organized oscillations.

The time-mean pressure gradient 3;./3: say be shown to be indepen-
dent of the imposed oscillation frequency and the same as that obtained
for f = 0 at O = 9%°. Therefore, the mean velocity field will be
frequency-dependent if and only if one or both of the following happen:

® The distribution of Reynolds stress u'v' 1is altered under oscilla-
tory conditions and is dependent on the frequency of imposed oscil-
lations.

® The Reynolds stress uv arising from organized fluctuations becomes

significant compared with u'v',



We shall pow argue that neither of the above requirements is met. PFigure
4 shows the measured distribution of wuj,, under stationsry condition
with the pulser at 0 = 90° ( the mean position) as well as those mes-
sured under oscillatory conditions at frequencies up to 2 hs., Note that
Urgg 18 independent of the imposed oscillation frequency and, further,
that it is the same as that messured at £ = 0 and 0O = 90°. We beliave
that the same would ba trus for U'V', which at present we cannot mes-
sure. Pigure 5 gives a comparison batween measured values of ﬁ at 2 hs
vith data on U'V' obtained by Anderson [4] in a steady adverse pressure
gnditnt boundary layer at comparsble conditioms. Thc prount data on
3% wvere cbtained ‘by -separate LDA measurements of u snd v and their
respective phases. It may be sesn that the contribution of uv to total
Reynolds stress is insignificant over almost the entire boundary layer.
Hence, u'V' is independent of frequency and w 1is negligible, and so
the mean velocity profile is also independent of frequency and is the same
as that found at £ = 0 with 0 = 90°,

The behavior of the periodic componment i will next be exaained. We

denote
U = a1(y) cos[ut + ¢(y)] %)

The profiles of amplitudes a; measured in the boundary layer and normal-
ized by the free-stream amplitude a, - are shown in PFig. 6. The profile
for quasi-steady (f = 0) oscillations was determined, as explained ear-
lier, from the mean velocity profiles measured at.- £ = 0 with 6 = O,
90°, and 180° (see Pigs. 3(s,;, (b)). Note that, during quasi-steady
oscillations, the amplitude in the boundary layer exceeds the free—strean
amplitude by as much as 702. It may bu mentioned thst data for £ = 0.1
hz, oot shown on Fig. 6, do indeed come very close to the quasi-steady
behavior.

As the frequency is incresased, the aamplitude within the boundary
layer is attenuated. The amplitude appears to drop as f 1s increased
and then rise asgain. At high frequencies, the amplitude in most of the
boundary layer is the same as in the free-stieam; near the vall the ampli-
tude of the periodic component rapidly drops to zero.

The phase differences between the boundary layer oscillations and
free-stream oscillitions are shown 1in Fig. 7. PFor f = 0O there is no
phase difference. The largest phase lags in the outer region of the
boundary layer were observed at f = 0.25 hz. The effect of increasing
the frequency is to reduce the phase lag in the outer region, bu’
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introduce large phass leads in the region very close to the wvall.
Clearly, the asymptotic behavior of the outer region for high frequencies
is once again a zero phase lag with respect to free-stream oscillations,
as in the-gquasi-steady-casc.

At high frequencies, the combination of the asymptotic behaviors of
a /8 ;o @0d ¢ o the outer region together with_the fact that the mean
velocity profile is unaffected by imposed oscillations, has the effect of
freezing the boundary layer thickness. This is shown in Pig. 8, where the
phase-averaged boundary layer thickness < § g9 > 1s plotted as a func-
tion of the cycla phase angls for. several freguencies.. The quasi-steady
behavior of - ¢ 5.99 > 1s quite obvious: at 6 = 0, che boundary. layer
in the test section continues to develop under a gero pressure gradieat
and is the thinnest at thia point in the entire cycle. As the phase angle
is increased, pressure gradients of increasing adversity are iaposed on
the boundary layer, csusing it to thicken. The maximum thickness is at-
tained at © = 180° under the maximum sdverse pressure gradient. Hence,
at £ =0, & oscillates 180° out of phese with u.

Under oscillatory coanditions at f = 0.25, 0.5, and 2.0 hz, two
things happen: a significant phase lag develops from quasi-steady behavior
and the amplitude attenuates with increasing frequency. For the f = 2.0
he case, the variation over the-complste..cycle.-is less than 1I and the
boundary layer thickness is practically frozem during the oscillation
cycle.

It may be showva by a simple argument based on s mixing length model
of boundary layer turbulence that the freezing of the boundary layer
thickness at high frequencies is also s:companied by freezing of the Rey-
nolds stress over the oscillation cycle. To prove this, we hypothesize
that the phase—averaged Reynolds stress distribution may be related to the
phase-averaged velocity profile in the same manner as for a steady bound-

ary layer, i.e.,

2{3 < v

3y

- 190 - < u> -
< u'v' D :-—3’—, t- A

(5)

Now, in the outer region of the boundary layer, the mixing length ¢ may
be modeled as

> (6)

tom 2<8 g2

vhere A 1is nearly a coastant. Now,

Cud = GT+u = T+ .1(’) cos{uwt + ¢(y)] (7

-



However, in the high-frequency limitc,
.1(’) - “,e" const ; ¢(y) =0 and < 6.” >e= T'” = const. (8)

Therefore
3y ¥
Combining the above, one finds
2
ccavs = 3 . V[El - o (10)
u'y .” T; uy

i.e¢., tha phase~averaged Reynolds stress in the outer region also becomes
frozen at - u'v'.

Experimental evidence of this stress-freezing behavior was obtained
by measurements of phase~averaged normal turbulent stress < u'2 > The
quasi-steady (f = 0) profiles of < w2 > are shown 1n Fig. 9 for three
phase angles O = 0°, 90°, and 180°. Note that the distribution for 90°
lies nearly midway between those for 0° and 180°. The distributiom of
< u'? > for 90° 1s the same as the distribution of wu' , &8 seen
earlier. Therefore, the difference batween the 0° and 90° curves in
Fig. 9 represents the amplitude of quasi-steady oscillations of < wl
at any point in the boundary layer. This amplitude was determined graph-
ically from Fig. 9 and is plotted in Fig. 10 for the case of £ = 0.
Under oscillatory conditions, the amplitude of the noramal stress oscil-
lations in the boundary layer attenuates as the frequency of imposed os-
cillations is increased from f = O. At £ = 2.0 hz, the saplitude of
stress oscillations across the boundary layer is almost zero over the
outer region, as seen in Fig. 10, i.e., the stress is almost frozen over

the oscillation cycle.

Behavior Under large Amplitudes of Imposed Oscillations
We oow discuss the case of a = 0.25. All data reported for this

case are preliminsry and subject to revision. They are included here
because of their special interest to this seeting. Also, because of
apparatus peculiarities, a varies somevhst with f in this case¢,
hence 0.25 4is only a nominal value.

The behavior is qualitatively similar to the a = 0.05 case. The
mean velocity profiles for £ =0, 0.25, 0.5, and 2.0 Hz are shown in
Fig. 11. Note that the profiles are identical for the cases of £ = O,
0.5, aod 2.0 hz. PFor the case of £ = 0.25, hovever, there is &

-7-
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. s am-aw - Slgaificast- devistion f1 the outer part of thé bouhllary layer. ‘This devi-
ation results from exceseive thickening of the boundary layer during &
part of the oscillation cycle around the phase angle of 180°. The block-
age effect of asn-wuxcessively thick boud.ry layer ctauses an increase 1in -
the local free—streaa velocity in ths test section. Therefors, the
desired linesrly deereasing free-stremm velocity distribution 1is mot .
achieved over a part of ths cycle. . At .higher frequenciss,. though, ths
boundary. lgm thicknass over the entire -oscillation cycle deviates very
iittle from its mean value, corresponding to the 0 = 90°, £ = 0 con
dition.

The -behavior of the amplitude ratio and phass difference wvith respect
to- free -strean, as shown in Figs. 12 and 13, is quite similar to that for
the lower-aaplitude case. At high frequancy, the overshoot in the ampli-
tude ratio disappears and phase angles over most of the boundary layer
approach zero. Very close to the wall, there is a tendency to develop
phase leads.

The phass~averaged velocity profiles for £ = 2.0 hz are shown in
Fig. 14. Note that at 6 = 180° there is a small region of reversed flow
close to the wvall. Despite this flow reversal, the boundary layer thick-
ness remains close to its mean value, as seen ia Yig. 15. This behavior
is in conttast to that of a steady boundary layer, where excessive thick-
saing of the boundary layer occurs as flow reversal is spproached. At
lov frequency (f = 0.25 hz), the thickness oscillates as much as 1 402
about the mean value; however, at f = 2.0 hz this variation is only
about t 5%.

Conclusions
The conclusions from our experiments to date may be summarized as

follows:

1. The mean velocity profile in the boundary layer is unaffected by
imposed free-stream oscillations in the range of irequencies em
ployed, and it 4is the same as the one measured with a free-streas
velocity distribution held steady at its msan value.

2. This behivior of the mesa velocity field is a consequence of two
observaticns: (a) the time-averaged Reynolds stress distribution
across the boundary layes is unaffected by the imposed oscillations
and {s indeed the same as the one measured with the free-stream vel-
oci”y distribution held steady at the mean value; and (b) the Rey-
nolds stresses arising from the organized velocity fluctuations under
imposed oscillstory conditions are oegligible comparsd to the Rey-
nolds stresses due o the rendom fluctuatioas.

-8~
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3.

4.

3.

6.

Tha emplitude of the periodic component ia the boundary layer under
quasi-steady oscillations (£ » 0) 4s as much as 70X larger than the
imposed free-stream amplitude. [However, at higher frequencies the
pesk amplitude in the doundary layer is rapidly attenuated towvard an
asyaptotic behavior where amplitudes in the outer vegion of the
boundary layer becoms the same 4s the free-stream asplitude, dropping .
off to sero in the near-wall region.

Quasi-steady boundary layer velocity response is ian phase with the
imposed - fres-strean oscillations... As the frequency -is increased,
phese lags begin to develop in -the: outer region  of the boundary
layer. The magnitude of this phase lag rteaches s saximum and then
decreases with iacrecsing frequency until == asyaptotic limit is
reached vhers the outer vagion once again responds in phase wvith the
frea stream. Jear the wall, however, large lead angles are present
at higher oscillation frequsucies.:

A consequence of (3) and (4) sbove is that the boundary layer thick-
ness becomes nesrly frozen over the occillation cycle st higher fre-
quencies. This remains true even if flow reversal takes place in the
near-vall region over a part of the oscillation cycle, as in the
large-amplitude casa.

A consequence of (3), (4), and (5) above is that the Reynolds stress
distribution  in the -outer region of the boundary layer also becomes
frozen over the oscillation cycle at higher frequencies.
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