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ii Cs zrw/5U§ = skin friction coefficient
E u*/Ué
f frequency of oscillation
b bursting turbulent frequency
. H 5./8 = shape factor
Si k von Karman constant (= .418)
i? L e/E2 = length scale in the longitudinal direction
:_ p pressure
;E Re Uéﬁ]v = momentum thickness Reynolds number
f; Re, U;x/v = longitudinal Reynolds number
N Ry to/ti = u,hfv = 'asymptotic' Reynolds number
E? t time coordinates
'§ to A/uy = outer time scale
hz ti v/uf = inner time scale
_5 u turbulent fluctuation of U
;E u* (Tw/p)l/z = shear velocity
" U x-component of the velocity
E; Uo Ué for zero time-mean pressure gradient flow
E; v turbulent fluctuation of V
; v y-component of the velocity
;; X streamwise coordinate
4; y cross-stream coordinate normal to the test plate
N xii
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cross-stream coordinates parallel to the test plate
uf/mv = frequency parameter for the inner flow
boundary layer thickness

displacement thickness

8/E = length scale for the boundary layer thickness
relative amplitude of oscillation of the free-stream
velocity

y/a = dimensionless outer cross-stream coordinates
momentum thickness

phase position along the oscillation cycle
kinematic viscosity of the fluid

eddy viscosity

? dx/L = dimensionless streanwise coordinate

8oles wake parameter

density of the fluid

-uv

wall shear stress

2nf = angular frequency of oscillation

wA/u, = frequency parameter for the outer flow
ensemble-averaged value

amplitude of oscillation

time-averaged value

dimensionless outer variable

dimensionless inner variable

dimensionless variable in unsteady layer coordinates
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Subscripts

conditions at the edge of the boundary layer
periodic (or oscillatory) component

complex amplitude

in-phase component

out-of-phase component
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CHAPTER 1
INTRODUCTION

1.1. Problem Introduced

There has been increasing interest in recent times in the study
of unsteady viscous flows, This 1is not surprising since, to a
certain degree, unsteady viscous effects are present in the majority
of practical flow situations. Viscous effects play either the
leading or a secondary role in such varied fields as biofluid flows,
turbomachinery flows, aircraft flutter, helicopter rotor-blade flows,
etc.

The particular case of a boundary layer subjected to a free-
stream velocity which is forced to change sinusoidally with time
around a nonzero mean is of primary theoretical and practical
importance. Its study received pioneering contributions from
Lighthill (1954) and Karlsson (1959). The former introduced an
analysis and the first (asymptotic) solutions for laminar flow, which
set the basis for future theoretical investigations on the subject.
Karisson, in turn, performed the first series of experiments in the
turbulent regime, covering a wide range of cases (varying the

frequency and amplitude of the imposed free-stream oscillation) which

have not been matched by any other study, either in number or in the

range of experimental conditions.

-----
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Since then, broadly three different lines of approach have been
taken to study the phenomenon of oscillatory boundary layers. One is B

the theoretical analysis, which has been mainly confined to laminar-

flow situations. In the restricted cases it can deal with, it itfgj

STe

provides an understanding of the interplay among the different ;;iﬁ

L: physical mechanisms and the resulting effects. The works of ;f?

;i Ackerberg and Phillips (1972) and Pedley (1972) belong to this 5;};
> category. In turbulent flow, however, the theoretical analysis is {f:;

‘{ difficult because of the well-known closure problem. ?}:‘
.E Another 1line of approach is the numerical solution of the ég{
; differential equations. In laminar flow, this allows one to extend é?:
ES the analytical solutions beyond their range of validity, sometimes %fg

E? bridging the gaps between asymptotic solutions. Reference can be iié;
‘1' made to the works of Tsahalis and Telionis (1974) and McCroskey and ;;:

lt Phillipe (1975) in this connection. When dealing with turbulent fé?'
. flows, the use of a turbulence model is necessary in order to close ?E:
the system of equations. This limits considerably the generality of ii§

2 the solution., In addition, in unsteady flow, the turbulence models ;j?
. used so far are unmodified versions of those developed for steady Eé;
flow. Therefore, the predictions are expected to fail for relatively :t§

:i’ large frequencies of oscillation. Work in this area has been done gfi
ZE by, among others, Nash and Patel (1975), Cousteix et al. (1977), :
Z; Orlandi (1981) and Menendez and Ramaprian (1982, 1983a, 1983b). ;ii
Integral methods have also been developed to obtain approximate .ﬂ:

K solutions [Cousteix et al. (1977), Lyrio and Ferziger (1983)].
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The third line of approach to the study of unsteady boundary
layers is through experiments. With regard to laminar flows they
have served primarily to corroborate the theoretical resuits. Hill
and Stenning (1960) have provided some of the few known experimental
data. In the case of turbulent flows, on the contrary, much of the
current understanding of the phenomenon comes from the experimental
studies. These include the works of Patel (1977), Schachenmann and
Rockwell (1976), Cousteix et al. (1977, 1981), Jarayaman et al.
(1982), and Simpson et al. (1983a, 1983b). Related investigations on
duct (pipe or channel) flows have been performed by Binder and Kueny
(1981), Kobashi and Hayakawa (1981) and Tu and Ramaprian (1983a,
1983b). In a recent book, Telionis (1981) summarizes much of the

current knowledge about unsteady boundary layers.

1.2. State of the Art in Unsteady

Turbulent Boundary Layers

From the available experimental information, the following
picture of the phenomenon of oscillatory turbulent boundary layers
can be constructed:

(i) The time-mean velocity distribution 1is practically
coincident with that in steady-flow at the time-mean free-stream
velocity [Karlsson (1959), Cousteix et al. (1977), Jarayaman et al.
(1982)1. Small deviations from this behavior were observed by
Ramaprian and Tu (1982) in pipe flow.

(ii) The oscillatory velocity component depends strongly on the

forcing frequency. For low frequencies, the unsteady effects spread



over the outer part of the boundary layer. For larger frequencies,

the outer part is subjected to rigid-body oscillations, and the
unsteady viscous effects are concentrated in regions increasingly
closer to the wall [Karlsson (1959), Jarayaman et al. (1982)].
However, unsteady viscous effects in turbulent flow extend over a
much wider region than in a hypothetical laminar flow with the same
boundary-layer thickness and at the same frequency of oscillation.
Using eddy-viscosity arguments, Ramaprian and Tu (1982) identified
the frequency parameter w§/u, as the one characterizing the extent of
unsteady viscous effects in the outer layer. They also used this
parameter to define five different frequency regimes, However, their
analysis is not rigorous but heuristic. Furthermore, it does not
properly account for the viscous effects very near the wall and hence
is unable to characterize the flow completely, especially at high
frequencies,

(iii) The amplitude of the oscillatory velocity shows an
overshoot, which is especially large for adverse time-mean pressure-
gradient flows at low frequencies [Cousteix et al. (1981), Jarayaman
et al. (1982)]. For high frequencies, this overshoot is small

irrespective of the free-stream conditions. Close to the wall and,

at least, for relatively large frequencies, the oscillatory velocity

a a'aals o

leads the free-stream velocity [Karlsson (1959)]. At  high

frequencies, the oscillatory motion seems to approach the laminar

(Stokes) solution given by Lighthill (1954) [Binder and Kueny (1981),

Jarayaman et al. (1982)].
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(iv) The turbulence properties are modulated with the forcing
frequency. Some of the existing data suggest that their time-mean
distributions coincide with the steady-flow distributions at the
time-mean free-stream velocity [Cousteix et al. (1977), Jarayaman et
al. (1982)]. Others [Ramaprian and Tu (1982)] do not seem to suggest
this trend.

(v) The oscillatory component of the turbulence properties has
a strong dependence on the forcing frequency. For low frequencies,
significant amplitude and phase variations occur all across the
boundary layer. For higher frequencies, these variations are
confined to the near-wall region, and the turbulence oscillations are
practically supressed in the outer layer [Jarayaman et al. (1982)].

(vi) There 1is controversy about the interaction between the
forced osciilation and the turbulent fluctuations. It still remains
to be answered if there 1is any interaction; and, if so, at what
frequency and what its nature is.

(vii) No direct wall-shear-stress measurements have been
performed. Cousteix et al. (1981) utilized the conventional
procedure developed for steady flow to obtain the wall shear stress
distribution in a cycle. This consists of assuming the validity of
the "logarithmic law" for the ensemble-averaged velocity profile and
using the "Clauser plots". However, it is not clear whether this
procedure is correct. Moreover, for high frequencies the logarithmic
region may disappear for part of the cycle [Jarayaman et al.
(1982)]. Ramaprian and Tu (1982) performed direct wall-shear-stress

measurements in pipe flow. They found that the time-mean value was

——r—
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x slightly larger than the steady value at the time-mean free-stream A
'~ velocity. ,_.
-,, In an admirable effort, Carr (1981b) is compiling all the .j
available experimental data on unsteady turbulent boundary layers. f
ﬁ This has provided him with the opportunity of establishing some *4
correlations among the different experimental conditions, which may .'i
: bring more order into the ongoing research., Figures 1.1 and 1.2, \i
taken from Carr (198la), show two different ways of correlating __j
.: experiments with zero (ZPG) and adverse (APG) time-mean pressure- F..?
'5 gradient boundary layers and with pipe flows. Both are in terms of 1
7 the frequency and amplitude of oscillation and the extent of unsteady '__«]
i viscous effects. In Fig. 1.1, the frequency is presented in terms of k.
; a Strouhal number based on the 1local time-mean boundary layer \
:: thickness and free-stream velocity. In Fig. 1.2 f is normalized by a :;
-‘.} critical value associated with the local turbulent burst frequency. ‘”
: These figures suggest that there is still a need for experiments on
\ boundary layers at zero time-mean pressure gradient, especially at
- high frequencies and large amplitudes of oscillation, “
. 1.3. Objectives of the Present Research :.-'.._'\
‘ The objectives of the present work were twofold. First, &
\ detailed and high quality experimental information was sought for a
\ turbulent houndary layer in a zero time-mean pressure gradient with a
- relatively large amplitude of oscillation, Two frequencies were ;.
ﬁ. studied; for the lower one, the unsteady viscous effects extend over .'E:\
i the outer léver, while they are confined in the near-wall region for f:
B
: o
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the higher frequency. The higher frequency is comparable to the
turbulent bursting frequency in the boundary layer. One can,
therefore, expect the imposed oscillation to interact with the
turbulent motions. The experiments are represented in Figs. 1.1 and
1.2 by means of lines, which cover the conditions from the first to
the last measuring station along the tunnel employed. The main
differences with the similar experiments performed by Karlsson (1959)
and Cousteix et al. (1977) are:

(i) Water was used instead of air as the working fluid. Hence,
the amplitude modulation imposed by acoustic effects was avoided and
a long test section could be used. This allowed study of spatial
history effects as the boundary layer evolves through transition and
develops into a fully turbulent boundary layer.

(ii) The high frequency utilized, when properly normalized, was
much larger than those used by Cousteix et al. (see Figs. 1.1 and
1.2). Though some of Karlsson's frequencies are comparable to the
present ones (or even much larger than the present ones, as in an
experiment not represented in the foregoing figures), he was not able
to isolate properly the turbulence properties due to limitations in
his data processing system.

(iii) Laser Doppler Anemometry, capable of nonintrusive
measurements, was used in the present studies. Also, wall-shear-
stress measurements were made using a surface-mounted probe rather
than inferring it indirectly from a ‘law of the wall' of

unestablished validity.



Some similarities between the present experiments and those by
Jarayaman et al. (1982) are evident. However, the latter correspond
to an adverse time-mean pressure-gradient flow. In addition, in the
present experiments, two velocity components were measured instead of
one,

The second objective of the present research was to provide,
following an analytical approach, a theoretical framework to classify
and characterize different unsteady turbulent-flow regimes for
nonseparating boundary layers in an arbitrary (time-mean) pressure
gradient, as well as for fully developed pipe/channel flows, A
singular perturbation technique was used, and led to asymptotic
similarity laws for the different frequency regimes. These laws can
be considered as extensions to unsteady flows of the classical
steady-flow laws, such as the "law-of-the-wall" for the inner layer,
the "velocity-defect law" for the outer layer, and the "logarithmic

law" for the overlap region.

l.4., Layout of the Report

The experimental apparatus and procedures are described in
Chapter 2, The results of the experiments are presented and
discussed in Chapter 3. The asymptotic analysis of unsteady
turbulent boundary layers and pipe/channel flows 1is developed in
Chapter 4. Chapter 5 presents an examination of the present as well
as earlier experimental data in the light of this analysis. The
major conclusions of the present work are summariZzed in Chapter 6.

The detailed experimental data are too voluminous to be presented in
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a report. They are, however, archived on digital tape and will be

sent to the AGARD Data Bank [Carr (1981b)], from which they will be

available on request.
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The object of the experimental investigation was to generate and i

study a zero time-mean pressure gradient boundary-layer flow, with a -]
a1

free-stream velocity given by
<Ue> = U0 (1+e sin wt) (2.1) ﬁf

where Uy, ¢ and w = 2xf are constant. A large water tunnel was built

for this purpose. The use of water as the working fluid has the

following advantages: f;fi
TN

AN

o

(1) It is possible to study oscillation frequencies that ;g?'
~q

approach the turbulent frequencies. ;{?

o

(ii1) There is a significant separation between the !~¢=
oscillation and turbulent frequencies on one hand, and ::;}

o:‘..._t

the acoustic frequencies on the other, el

l.;.‘f»:a‘

(iii) No seeding is necessary for use of Laser Doppler

Anemometer.




In addition, there exists a good deal of experience at IIHR in
building such facilities for steady flow.

The main instrumentation consisted of a lLaser Doppler Anemometer
(LDA) to measure the velocity, and a heat-flux gage (HFG) operated by
constant -temperature hot-wire anemometer to determine the skin
friction. The data were digitally acquired and processed on an

HP/1000 minicomputer. More details are presented below.

2.2. Apparatus

A unique water tunnel was built especially for this study. Fig.
2.1 shows a layout of the apparatus. It works under a constant head
of about 8 m. The test section is 2.4 m long, with a rectangular
cross-section 50 cm in width and 22.5 cm in height. Its bottom, used
as the test surface for the boundary layer studies, is a smooth brass
plate. Transition was promoted by means of a strip of 14-mesh brass
screen (15 c¢cm in width) glued to the test surface at a distance (x)
of about 22.5 cm from the end of the contraction. The side walls of
the tunnel are 9.5 mm thick steel plates, with five windows located
at, approximately, x = 48, 69, 90, 142 and 203 cm. The windows are
made of Plexiglas. Originally, the side walls were tempered glass,
but it was found that they depolarized the laser beams, so they had
to be removed. The top wall of the test section is a Plexiglas sheet
37.5 mm thick. In addition, a 6.4 mm thick flexible Plexiglas sheet
was used as a 'false' wall. By adjusting its position to correct for
the displacement thickness of the boundary layers along the walls a

nearly zero (time-mean) longitudinal pressure gradient was obtained
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i% in the test section. For the 0,5-Hz experiments (see below), the f??i
false wall was reinforced with transverse strips 6.4 to 9.5 mm thick, ‘
spaced approximately 23 cm apart. Other details of the tunnel can be
seen in Fig. 4.1. Note, in particular, that no screens were used in j;;

the tunnel, This was to avoid clogging problems, likely to arise

from the use of unfiltered recirculated water. The tunnel ends in a
a3 steel cylinder (40 cm diameter x 60 cm long) whose downstream end is
closed. The cylinder has two longitudinal rectangular slots, 61 x
2.54 cm, located 180 degrees apart, from which the water exits. The
- area of opening of the slots is varied by a rotating profiled sleeve
driven by a 3 H.P. geared D.C. motor whose speed can be regulated to
within 1/4 percent. Each complete rotation of the sleeve corresponds
to two oscillation cycles. The sleeve profile was contoured to
produce a sinusoidally varying free-stream velocity in the test
section at the desired frequency. The details of the design are
given by Ramaprian and Tu (1982). Note that a different profile
should be wused, in principle, for each desired frequency (and
. amplitude) of oscillation. However, it was found that, with a given
'EE profile, the frequency can be changed appreciably from the design

value without producing a large change in the amplitude or any

significant distortion in the velocity wave form.

2.3. Instrumentation

Two types of instruments were used; a two-component LDA, and a
flush-mounted HFG., The first measures the longitudinal and vertical

velocity components. The HFG measures the shear stress at the
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wall., Each of these is described in some detail in the following

subsections.

2.3.1. Laser Doppler Anemometer

The principle of operation of the LDA is well known, Two laser
beams intersect each other producing an interference fringe pattern
5;5 in the small intersecting region ("measuring volume"). When
particles suspended in the fluid cross the measuring volume, they

scatter light with a frequency proportional to the particle velocity,

"o

O

assumed to be the same as the fluid velocity. The detector of the

16

V- frequency-shift provides a signal linearly related to the velocity.
:i; For more details see, for example, Drain (1980).
€;§ In the present experiments, a two-component LDA was used. This
‘:- system works with three laser beams which, when properly polarized,
g&: produce two sets of interference fringes, allowing the simultaneous
Sés measurement of two velocity components. The system consists of a
n? SPECTRAPHYSICS 5 mW He-Ne Laser, TSI (Thermo System Inc.) optics, an
3&; acousto-optic Bragg cell for frequency shifting (which allows
S;S directionality distinction), a pair of photodetectors (one for each
:i? signal) and a pair of TSI Model 1090 frequency trackers, which
' process the photodetector signals. The output-voltage signal on each
channel 1is then 1low-pass filtered by an active filter (Rockland,
i;; 