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EXECUTIVE SUMMARY

As stated in the theme for the meeting: “Recent experiments have demonstrated the persistence of coherent
structures in turbulent shear flows and consequently have cast doubt on the usual local transport relations and even on
the usefulness of Reynolds averaging, used in practically all modelling approaches.

It is the purpose of the symposium to take stock of the present situation in turbulence research and to attempt,
by bringing together experimentalists and theoreticians, to map out new directions in modelling and experimentation.
In order to concentrate on one of the most important applied problems, the symposium deals specifically with turbulent
boundary layers, in both incompressible and compressible fluid flow.”

The existence of coherent vortex structures has led to renewed interest in Lagrangean descriptions of the flow.
Current work thus emphasizes flow-visualization methods together with development of sophisticated conditional
sampling methods in hot-wire anemometry. Both the need for such methods and their usefulness are amply demonstrated
in the research presented at the symposium. Experimentalists have taken up the challenge presented by the existence
of coherent structures, and new results are reported from several laboratories.

Theoreticians interested in these new results face the very difficult task of coming to grips with nonlinear vortex
interactions, a subject which has been somewhat neglected in recent times. Development of a physically satisfactory
and mathematically tractable theory is a formidable task and progress is very slow. The decomposition of a fluctuating
flow field into waves is a traditional and thus familiar approach while decomposition into horseshoe vortices (say)
presents conceptual as well as mathematical difficulties.

Computer modelling of turbulent shear flows using Reynolds averaged equations with various closure schemes is
the most useful technique presently available. However, sooner or later, modelling will have to recognize the experimental
fact of coherent structures. In both theory and modelling, two-level approaches dealing with definite vortex structures
on one level and some form of random small-scale turbulence on another level are being studied, and significant progress
is reported at the meeting.

Finally, considerable attention is paid in several papers to the early development of turbulence, during or immediately
following transition. These papers go some way toward establishing that wave packets and turbulent spots can be viewed
as models and perhaps as prototypes for coherent structures in fully developed flow.

All in all the symposium served its purpose. Probably the most significant result is cross-fertilization of ideas

among the three groups of rescarchers. The communication of significant research results, however, is also evident in
the papers which follow,

H.W.LIEPMANN
Chairman, Program Committee
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EXPERIMENTAL METHODS AND TECHNIQUES IN TURBULENT BOUNDARY LAYER RESEARCH

by

Geneviéve COMTE-BELLOT

Ecole Centrale de Lyon

Laboratoire de Mé&canique des Fluides
36, route de Dardilly - 69130 ECULLY
France

1. Introduction.

The arsenal of methods and techniques available to investigate turbulent

boundary layers is impressive and this is due to at least three reasons :

(i) the scientific motivations are manifold. For example, for the basic case of an
incompressible unheated two-dimensional turbulent boundary layer on plane walls
without a pressure gradient, the interest lies at present in the detailed knowledge
of all the physical mechanisms involved. Sophisticated multipoint and multicomponent
measurements are therefore developed. On the other hand, for boundary layers observed
in real situations, i.e. with additional effects due to pressure gradients, rotation,
gravity forces, suction or blowing... the goals are less ambitious, but techniques
which overcome the inherent difficulties due to the situation encountered in pratice
are needed. For example, investigation of regions of reverse flow is a matter of
concern for the aerodynamics of airfoils'. When rotation or buoyancy effects are
present the achievement of the kinetic energy balance is a legitimate objective. The
data helping to develop the numerical modeling of the flow are also a strong moti-
vation in these practical situations.

(ii)the transducers can be placed not only inside the flow(or. even far from the flow),
as for any turbulent flow, but also at the wall. Special transducers have therefore
been developed for the measurement of wall pressure fluctuations and velocity gradients
at the wall. These wall variables are, of course, relevant to other problems, such
as the noise emitted by solid-flow interactions, or the vibratory response of struc-
tures excited by turbulent boundary layers.

(1iii) the signal processing technique has gained a great deal of refinement since the
1960's due to the development of compact electronic devices and computers. There is
also the need to understand complex unsteady flows through a limited number of probe
signals. For example, conditional zone averages are used to take into account the
random and convoluted edge of the boundary layer. Pattern recognition techniques help
the detection of particular structures making up the turbulent flow.

This lecture is intended to be a survey of the three points which have been
listed. The most recent facts will be emphasized as much as possible, and compared with
routine techniques such as conventional averages, spectra, or space and time correlations.
Because of the limited time available, the survey is, however, limited to incompressible
boundary layers. Even in this case, many references could be given and I apologize in
advance for any omissions.

2. Actual objectives of boundary layer research

As mentioned in the introduction, the state of motivation is different for
the basic case of the boundary layers without a pressure gradient and for the more complex
usual boundary layers, so that the objectives have to be listed separately. For the former,
a brief historical evolution of the objectives is helpful for the understanding of the
present situation, although a highly documented review by WILLMARTH 1975 a is available.
For the latter, the additional relevant factors have to be pointed out at once.

As soon as a statistical approach of turbulence became available, after the
ploneering work of G.I. TAYLOR for isotropic turbulence, experimental investigations were
aimed at the measurement of as many statistical characteristics as vpossible : r.m.s.values
of velocity fluctuations, energy-spectra, space correlation functions...(TAYLOR 1936 ;
KLEBANOFF & DIEHL 1952 ; LAUFER 1951 (the fully developed channel or pipe flows are also
referred to because of their similarity to boundary layers in the wall region)).

Interest in the balance of the turbulent kinetic energy came in the early
fifties (KLEBANOFF 1955, LAUFER 1954), along with the idea of preferred turbulent large
structures to convey energy from the mean flow to turbulence (TOWNSEND 1956) . The local
isotropy expected for fine structures was checked and usually obtained except very close
to the wall because of the large mean velocity gradients. The non-Gaussian features of
the velocity and its time derivative were also examined in detail (COMTE-BELLOT, 1965).

The idea of considering turbulence as a material with some sort of constitutive
law came later (LUMLEY 1970) and assumed different forms. At first, the memory of turbu-
lence was obtained through space-time correlations (FAVRE, GAVIGLIO & DUMAS 1957; SABOT
& COMTE-BELLOT 1972, BLACKWELDER & KOVASZNAY 1972 ; SABOT, RENAULT & COMTE-BELLOT 1973).



1-2

Integral time scales in the convected frame of reference are, taking the example of the
wall region, of the order of L./« with w rms of the velocity component w;

and L(R; the longitudinal integral length scale of u, . A second aspect is the res-
ponse of the boundary layer to imposed perturbations : introduction of sinusoidal pertur-
bations by HUSSAIN & REYNOLDS 1972 ; introduction of a turbulent spot into a fully
developed turbulent boundary layer (HARITONIDIS, KAPLAN & WYGNANSKI 1978 ; WYGNANSKI 1979).

Other perturbations of interest are the sudden change in the wall condition,
for example from smooth to rough walls (ANTONIA & LUXTON 1971) or the sudden application
of a rotation to create 3-D effects (BISSONNETTE & MELLOR 1974 ; LOHMANN 1973 ; ARZOUMANIAN,
FULACHIER & DUMAS 1979).

The need to separate the experimental data issued from the turbulent and non-
turbulent zones was pointed out by KAPLAN & LAUFER 1969 and by KOVASZNAY, KIBENS &
BLACKWELDER 1970, although the existence of a time-varying but sharp interface had been
known for a long time in free turbulent flows (CORRSIN & KISTLER 1955). Since then
conditional zone averaging have been widely used.

The way entrainment takes place at the boundary layer edge quickly became a
main objective for experimental research. The mean entrainment rate is also an important
boundary condition for the numerical modelling of turbulent boundary layers (HEAD &
PATEL 1970 ; MARI, JEANDEL & MATHIEU 1976).

From space—-time correlations, KOVASZNAY, KIBENS & BLACKWELDER (1970) obtained
the. image and motion of the large bulges limiting the boundary layer edge (upward motion
and rotation). Shortly afterwards, measurements of the Reynolds stress at various distances
from the front or the back of the bulges (conditional point averages)were made by ANTONIA
who concluded that most of the entrainment takes place at the front (downstream part) of
the bulges where the Reynolds %tress is small and matches the external value.

The search for identifiable structures inside the boundary layer may be important
for the downstream growth of the layer (Fig. 1). The problem is, per se, difficult because
it requires looking for some kind of hidden structures in respect to the conspicuous large
bulges modelling the free edge. However, many elegant methods have been devised :

(1) visual observations (KLINE, REYNOLDS, SCHRAUB & RUNSTADLER 1967 ; CORINO & BRODKEY 1969:
KIM, XKLINE & REYNOLDS 1971, GRASS 1971, FALCO 1977), (ii) the four quadrant analysis of the
w, v fluctuations (WILLMARTH & LU 1972, WALLACE, ECKELMANN & BRODKEY 1972, LU & .
WILLMARTH 1973, SABOT & COMTE-BELLOT 1976), (1ii) analysis of cross—correlations between
velocity gradients at the wall and velocities across the boundary layer (BROWN & THOMAS
1977), (iv) analysis of the activity periods of filtered velocity signals (RAO, NARASIMHA &
BADRI NARAYANAN 1971), (v) detection of characteristic patterns or "signatures" in the
velocity signals (WALLACE, BRODKEY & ECKELMANN 1977 ; COMTE-BELLNT, SABOT & SALEH 1979) .

Close to the wall (céu;,/u £ 40) typical structures have been clearly obser- {
ved : low-speed streamwise streaks, pairs of contra-rotating vortices aligned in the
streamwise direction, occasional lift-up_ of the streaks with a breaking up into a chaotic
small scale motion ("bursting" sequence ). For a recent account of the numerous investi-
gations, one can refer to the paper which will be given later in this meeting by BLACKWELDER.
The essential result is that the mean frequency of occurrence of the bursts scales with
the outer flow variables, § and Ue , and not with the inner variables, b/u# and u¢
(KIM, KLINE & REYNOLDS 1971 ; RAO, NARASIMHA & BADRI NARAYANAN 1971 ; LAUFER & BADRI
NARAYANAN 1971) .

Farther from the wall, several features have been reported : (i) existence of
organized large scale structures inclined to a preferred angle in respect to the mean flow
(FALCO 1977 ; BROWN & THOMAS 1977), (ii) correlation between these structures and the
behaviour of the viscous sub-layer (BROWN & THOMAS 1977), (iii) intermittency of very large

amplitude of -~ puwwv (t) associated with "ejections”" (v%0,w <0 ) whose longitudinal
dimension is small relative to_ that of the %arge structures (of the order of L_;) and
L H respectively, with L y ~ 0.1 L ?, (SABOT 1976), a result which néfas for

rough walls (GRASS 1971 ; SABOT, SALEH & COMTE-BELLOT 1977), (iv) existence of "typical
eddies" (average streamwise length approximately 200'9/1b$, ) formed on the upstream side
of large scale motions (average length 1.6 § ) and associated with significant Reynolds
stress contributions (FALCO 1977 ; cf. Fig. 1).

A plausible dynamic model for these structures is still missing. The difficulty
is to find the origin and development of the large structures and the link with the wall
events. However, interesting suggestions have been proposed using perturbation and insta-
bility concepts (COLES & BARKER 1975 ; BROWN & THOMAS 1977 ; MOLLO-CHRISTENSEN 1971 ;
LANDHAL 1977) pairing processes (OFFEN & KLINE 1973) and vortex models (THEODORSEN 1954 ;
KLINE, REYNOLDS, SCHRAUB & RUNSTALDER 1967 ; WILLMARTH & BOGAR 1977). The vorticity dynamic
and its relation with the velocity field (stretching, tilting) is probably of great
importance. In particular, it has been known for a long time, that the skewness factor
of the time derivative of the velocity fluctuations is very large in the wall region,

S, = 0.80 at ywl /o = 15, and small near the free edge S, = 0.20 at §/¥ =1
(COMTE-BELLOT 1959, 1965 ; conventional averages). Some of these measurements have been
recently repeated by WALLACE, BRODKEY & ECKELMANN 1977 and used in a pattern recognition
technique (cf. section 4.2). 1In this context, multipoint vorticity measurements would
probably be useful, but are very difficult to perform(cf. section 3.1.1.). The difference

% The term "burst" was introduced by CORRSIN as early as 1957 when investigating with
RUETENIK the turbulent flow in a 2 D divergent channel, and was related to large w>0
signals which occur intermittently close to the wall.
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in the order of magnitude between the integral length scales related to the longitudinal
velocity component and the transverse component ( L.'zl ~ 0.1 L. '44 SABOT 1976)

is also an important experimental fact which shows that the spatial coherence is given
by different steps in the sequence mechanism which governs the boundary layer growth.

Finally, the detailed knowledge of wall-pressure fluctuations from the turbu-
lent velocity field is a matter of concern. Of course, they are theoretically known since
governed by a Poisson equation, but the relative importance of the different flow regions
has to be analyzed, after the first speculation of STERNBERG (1962). In most aoplications
(aerodynamic noise, GOLDSTEIN 1976 ; panel vibration, MAESTRELLO 1965 ; cavitation at or
near walls for material damages, ARNDT & GEORGES 1979) it is the instantaneous space-
time field which is of interest rather than the overall statistical features. Numerical
modelling has also been attempted for both (DEARDORFF 1970 ; SCHUMANN 1975 ; GROTZBACH
& SCHUMANN 1979, SCHUMANN, GROTZBACH & KLEISER 1979), and all comparisons with experiments
are desirable. New developments with more grid points in the wall region, will be presented
in the course of this meeting by KIM & MOIN,

Numerous cases of complex turbulent boundary layers, i.e. with extra strain
rates, are encountered in technical problems and we shall examine some of the most pertinent
situations.

This is a basic case for flows around airfoils in turbomachinery and aeronautics
and it has been a subject of research since the pioneering work of SCHUBAUER & KLEBANOFF
1951. The eventual separation of the boundary layer is the main problem to investigate
with the urgent need to know (i) the mean velocity profile, (ii) the entrainment rate,

(iii) the fraction of time during which the flow moves upstream (a sort of internal intermit-
tency), (iv) the importance of the additional normal stress terms relative to the usual

shear stress term in the equation governing the momentum and the turbulent kinetic energy
(cf. Fig. 2) and (V) the possible 3D effects. Up-to-date analyses are given by SIMSON,
STRICKLAND & BARR 1977 and by MELINAND & CHARNAY 1979. In the former, a preliminary
investigation of the bursting frequency is also reported, but this problem seems far beyond
the reach and understanding of such a complex flow, at least in the present state of the

art regarding boundary layers without a pressure gradient.

The incentive for studying rotating boundary layers comes mainly from their
occurrence in turbomachines (e.g. on blades of centrifugal compressors) and their imoli-
cation in secondary losses.

Since the general situation is complex, a basic model has been considered
(JOHNSTON, HALLEEN & LEZINS 1972, KOYAMA, MASUDA, ARIGA & WATANABE 1979 (a) and 1979 (b).
It consists of a whole 2D-channel installed on a merry-go-round whose axis of rotation
is parallel to the span of the channel. The Coriolis force is responsible for additional
terms in the rate of production of WE ,VE and WY as indicated in Fig. 3. This
implies that the rotation tends to exchange the energy between the w and V° components,
which results in the further change of the production rate of WV . As expected, the
rotation rate does not appear explicitly in the equation of the turbulent kinetic energy

ql since the Coriolis force produces no net work.

_ The scaling laws imply a new parameter, the rotation number R, = At
or JL°C/ 9] which is positive for the high-pressure side. In this case, when "Rog
increases, there is at first the occurrence of secondary flows (TAYLOR - GORTLER vortices)
and then the development of turbulence due to the dominance of the destabilizing effects,
so that %% /u’* and —Pav and finally "g% increase with respect to the case of no-
rotation. The increasing turbulence also teﬂds to prevent the boundary layer £from
separating. Numerical predictions have been recently suggested for the evolution of the
Reynolds stress tensor. They use the fact that the time during which the turbulence is
submitted to the rotation is short with respect to its own characteristic time, so that
linear (rapid distorsion) concepts can be used (BERTOGLIO, CHARNAY, GENCE & MATHIEU 1978).

Boundary layers on concave or convex walls (Fig. 4) are present in many practical
situations such as the flow along the casing and the guiding vanes of turbomachines.
An exhaustive survey is given by BRADSHAW (1973) and additional experimental work is re-
ported by SO & MELLOR (1973) and HUNT & JOUBERT (1976). The new terms which appear in the
kinetic energy budget are due to the centrifugal force. They are listed in Fig. 4 and it _
can be noted that U /R, has the same role as —~2J.L except for the equation governing vt
(a factor 2 difference) and hence for the equation giving q* . The boundary layer on
a concave wall ( R<9©O) has therefore features similar to those which we have just described
for the high pressure side of a rotating channel.

The implication of buoyancy forces in the lower part of the atmospheric boundary
layer is well known and has been extensively analyzed by MONIN & YAGLOM (1971). Experiments
in situ (WYNGAARD, COTE & IZUMI 1971, KAIMAL, WYNGAARD, HAUGEN, COTE & IZUMI 1976, BUSCH,
LARSEN & THOMSON 1979) and simulations in the laboratory (CERMAK 1971 ; MERY, SCHON & SOLAL
1974, SCHON 1974 ; ARYA 1975 ;REY 1977 ; REY, SCHON, MATHIEU 1979 ) are at first oriented
toward a comprehensive view of the turbulence through the determination of the kinetic energy
budget (Fig. 5), the velocity and temperature spectra and the turbulent diffusion terms.

The general state is however less advanced than for unheated boundary layers with a zero
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pressure gradient. For example, no measurements seems to be available for the memory of
turbulence nor for the eventual existence of coherent events which could be of a very
distinct nature.

However, the large turbulent Reynolds numbers encountered in the atmosphere
have suggested very fine measurements such as the probability density functions of
velocity and temperature derivatives to check theoretical predictions concerning the fine
scale intermittency of turbulent flows ( SHEIH, TENNEKES & LUMLEY 1971, GIBSON & MASIELLO
1972).

The main (and practical) objective remains the dispersion of pollutants for
which the large and energetic turbulent structures are the most efficient and correctly
simulated in laboratory experiments (PASQUILL 1968 ; MALHOTRA & CERMAK 1964 ; SOLAL 1972).
The Lagrangian characteristics which are essential are however difficult to determine
directly in a way similar to the investigation of SNYDER & LUMLEY (1971) for grid turbu-
lence. A new experimental approach has recently been suggested by SCHON, DANEL, MELINAND,
REY & CHARNAY (1979) which uses combined particle displacements and stroboscopic views
of the flow by a rotating laser beam (cf. Section 3.1.4).

Sudden changes in the wall heat flux are also of interest. The case of an
inversion (sudden drop of the wall temperature) makes it possible to investigate the
relaxation of the previously structured turbulence (CHARNAY, SCHON, ALCARAZ & MATHIEU 1979 ;
AWAD, MOREL, SCHON & CHARNAY 1979). In practice it simulates the temperature step between
the atmosphere of a city and that of the surrounding country.

Boundary layers on porous wall are encountered in nuclear engineering (isotope
separation) and in turbomachinery (turbine blade cooling). In the laboratory, they are
often investigated without a pressure gradient (TENNEKES 1965 ; VEROLLET 1972 ; BAKER &
LAUNDER 1974). The main feature is again the change of the Reynolds shear stress ; it
increases for blowing, hence makes possible the artificial thickening of normal boundary
layers ; conversely it decreases for suction and can become so small that turbulence cannot
be maintained (inverse transition). More knowledge on the detailed structure of the flow
is again a pending gquestion for a comprehensive view of all the physical mechanisms involved.

3. Transducer techniques

In this section, we describe some of the most useful systems, along with the
main problems one has to be aware of in order to obtain signals which follow faithfully
the physical variables under investigation. We divide the presentation in two parts
(1) the transducer and remote systems which can be 'used, in principle, in any turbulent
field except that the presence of a wall requires special attention, and (ii) the trans-
ducers which are embedded in the wall itself.

Because of their versatility and relatively low cost, hot-wire anemometers are
well suited to the measurement of a given physical variable at a large number of points or
to that of several physical variables at a given point. Recent surveys of "multichannel"
or "multivariant" measurements are given by VAN ATTA (1979) and DEMETRIADES (1979). These
hot-wire arrays are usually designed for basic situations in which advanced research
is possible (Fig. 6 and 7)

- arrays of hot-wires (6 to 12) spanning the boundary layer in the transverse direction
BLACKWELDER & KAPLAN 1976. They permit investigation of the topology of the large bulges
limiting the free edge of turbulent flows. Thermal tagging is often very useful for
tracking sharp internal fronts and the investigations on boundary layers (CHEN &
BLACKWELDER 1978 ; LAUFER 1975) have been developed following those on jets or mixing
layers (SUNYACH 1971). These arrays are also used to investigate the possibility of
creating coherent structures by disturbing the flow in a manner which triggers inherent
instabilities (WYGNANSKI, 1979) or to follow the downstream development of a turbulent
spot artificially introduced into the boundary layer (HARITONIDIS, KAPLAN & WYGNANSKI 1978 .

- probe with three hot-wires to obtain the three components of the velocity fluctuations
(LARSEN, MATHIASSEN & BUSCH 1979 ; MOFFATT, YAVUZKURT & CRAWFORD 1979 ).

- probe with an X -wire and a cold wire to obtain two components of the velocity and the
fluctuations of temperature (JOHNSON 1959, CHARNAY, SCHON & SUNYACH 1973).

- combination of a hot-wire and three cold wires to obtain the temperature fluctuation
and the w and v velocity components (FULACHIER 1979). The volume of the probe is very
small (around 0.1 mm between each wire). This array in which the v component is deduced
from the lateral flapping of the wake of the upstream wire, is derived from the three-
wire probe designed by BEGUIER, REY, DUMAS & ASTIER 1973, which is itself an extension
of a three-wire probe first suggested by REICHARDT as early as 1938.

- array of four cold wires to obtain the three components of the temperature gradient
(SCREENIVASAN, ANTONIA & DANH 1977). The measuring volume is 1.2 x 0.9 x 0.6 mm3 .

- combination of interacting sensors to measure the concentration and two velocity compo-
nents without ambiguity problems for air-helium mixtures (STANFORD & LIBBY 1974 ;
LARUE & LIBBY 1977 ; LIBBY & LARUE 1979). The measuring volume is of the order of 0.7 mm3
and can be improved by split hot-films.
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- pyramidal probe with four identical wires located along the edges of a tetrahedron to
get the longitudinal component Wy o0f the vorticity fluctuations (KOVASZNAY 1950,
KISTLER 1952, KASTRINAKIS, ECKELMANN & WILLMARTH 1979). The measuring volume is of the
order of 2 mm-~.

- combination of an Xb—wire and a pair of parallel wires to obtain the transverse vorticity
component 105, (FOSS 1979).

- combination of a single probe, V probe and X probe to obtain the transverse vorticity
components w%.and w (ECKELMANN, NYCHAS, BRODKEY & WALLACE 1977). The largest wire
separation is of the order of 3 mm.

In all these systems attention has to be paid to various questions in order to
get an accurate response :

a) aerodynamic interference between the elements of the array ;
b) spatial resolution of the probe ;
c) time-resolution of the probe ;

d) calibration of the sensor ; detection and correction of spurious signals ;
ambiguity problems ; effect of large fluctuations ; extra cooling due to the
wall vicinity ;

e) development of low-cost and high quality electronics to operate the
elements of the sensor ;

f) acquisition and handling of the large amonts of data provided by the probe.

Since vorti¢ity is important for the dynamics of turbulence, we shall concen-
trate on the two components Wa and Wz~ which have been mainly considered so far.
For the other aspects, one can consult CORRSIN(1963)and COMTE-BELLOT (1976) or also
FREYMUTH (1978) for references.

At first, it 1s necessary to stress that the spatial resolution of the
vorticity probe is a severe limitation to vorticity measurements, at least from the compu-
tation of WYNGAARD (1969) for isotropic turbulence. In short, the probe volume has to be
of the order of the Kolmogorov scale. More precisely, the relevant parameters are 9/
and Y/ £ , where d is the wire separation, £ the hot-wire length and vy the Kolmogorov
length scale. For example, Wy 1is obtained within 3 % if y/,(_ ~ 0.32 and o ~ ¢ .

On the other hand, in the measurements of wwax , the smallest miniature pyrami-
dal probe which has been built has =~ 2 mm, so that reliable signals can only be
expected in flows with large viscous lengths, such as the oil channel at the Max Planck
Institut Filr Strdmungsforschung, originally designed by REICHARDT and described by
ECKELMANN (1974), in which &/uf = =  0.63 mm. Ordinary laboratory flows cannot
therefore be investigated for the time being. Moreover, KASTRINAKIS, ECKELMANN & WILLMATH
(1979) pointed out that the transverse velocity fluctuations v and w induce on the
pyramidal probe a signal which is of the same order of magnitude as the expected vorticity
signal (Figs. 8 and 9). Since instantaneous values of v and w are unknown, no
correction is possible.

For the ldy»component, which is probably larger than wx because of a stronger
relationship to the boundary layer field, FOSS (1979) pointed out some of the difficulties.
Besides the spatial resolution, which seems to be here again a severe limitation, FOSS
has to go through the whole analysis of the hot-wire response to large velocity fluctu-
ations.

Some short-cuts have also been suggested, such as the measurement of 7“/35-
Although FOSS (1979) thinks that errors are still possible, multipoint measurements would
be worth making for boundary layer research by taking advantage of the advanced analysis
of XUO & CORRSIN (1972) who were able to detect the shape of the vorticity structures in
isotropic turbulence (2 D elongated filaments).

The wall vicinity creates also many difficulties : decrease of the turbulent
scales, additional cooling of the sensors by the near-by wall ; occurrence of large
fluctuations. In ordinary laboratory situations, boundary layers measurements are wrong
for about wl /4 £ 5 (WILLS 1962 ; see also the accurate comparisons made by ALCARAZ
& MATHIEU 1975 for the measurement of wall shear stress by different methods).

To investigate the viscous sublayer it is then necessary : (i) to increase the
physical dimensions of this layer by use of high viscous fluid, such as glycerin (BAKEWELL
& LUMLEY 1967) or oil (ECKELMANN 1974) and (ii) to use a miniature probe such as a single
ended hot split-film (HERZOG & LUMLEY 1979) whose measuring dimensions ( = 0.25-0.15-
0.15 mm) are down to at least one-half of the viscous length ¥/u ( = 0.56 mm).

In addition, the high Prandtl number of glycerin ( Pr = 2340) has the advantage of
reducing considerably the thermal boundary layer thickness of the probe and, hence,
of suppressing the cooling by the near-by wall.

Many advantages of the L.D.A. technique are appreciated in turbulent boundary
layer investigations : the non-intrusiveness of any probe, the extraction of velocity
fluctuations from other random variables guch as temperature or concentration, the linear
dependence of the detected frequency on the velocity, the possible detection of reverse
flow simply by the use of an optical frequency shift applied to one of the laser beams
(e.g. Bragg cell). The latter is especially useful when investigating separating boundary
layers (SIMPSON, STRICKLAND & BARR 1977 ; MELINAND & CHARNAY 1979).
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Sources of concern exist, however, and we shall concentrate on some of the
most important or recent ones, particularly those which exist because of the vicinity
of a solid boundary (for a review of the L.D.A. technique see, for example, BUCHHAVE,
GEORGE & LUMLEY 1979).

At first, a practical problem arises from the fixation of the scattering
particles on the glass ports which have to be cleaned frequently. A spurious peak can
also occur in the velocity histrogram at U= © and should be deleted.

Concerning the probe volume (volume within the boundary of the optical fringe
modulation), improvements are in progress to reduce it by the use of beam expanders which
are introduced upstream of the front lens. The beam waist d*_ of the focused laser beam

is reduced as expressed by
d_;:.‘t.&_/\.
RO ¥
where de is the beam waist diameter of the unfocused laser, #. the focal length of the
lens and the wave length of the laser light. The smallest probe volume which has been
achieved so far (KARPUK & TIEDERMAN 1976) is a 244/Mw long cylinder with a diameter
of 61 sw . It is, of course, oriented so that the axis of the cylinder is parallel to

the wall and normal to the streamwise velocity. Compared to a standard single hot-wire,
the diameter of the probe volume is approximately 12 times larger, but the length of the
probe volume is approximately 2 times smaller (compared to a %*m. wire whose aspect
ratio is 100) . Further reduction is even expected, although theé number of fringes has to
be kept large enough.

As for the measuring volumes (the region of space from which Doppler signals
are received and detected by the optics), it is a priori different from the probe volume
since truncated by the detector field of view. ORLOFF (1979) and BUCHAVE (1979) stressed
this point and considered different situations, Fig. 10. For example, for the coaxial
backscattering optics often used in boundary layer investigations, the length of the

measuring volume is determined by the focal region ¢ of the receiving lens. It can
advantageously be made smaller than the probe volume length ( 2. = ‘i@ A8 ) by
choosing a receiving lens with a very large aperture, since { is given by

¢ F*A /D% (F focal length, D aperture of the receiving lens).

The spatial resolution of the method, which is critical for boundary layer
studies, has been estimated by GEORGE & LUMLEY (1973) for the continuous many-particle
L.D.A. The measuring volume is assumed to be the probe volume so that the weighting
function describing the signal transmitted by the particles has simply a Gaussian shape.
The attenuation affecting the measurements of the one-dimensional spectrum is found to

be of the order of 50 % for the Kolmogorov cut off when am*s= Y7 ®2/y ~ 0.4 (oi is the
standard width of the Gaussian function describing the light intensity in the incident
beam). For comparison purposes, the attenuation encountered with a single hot-wire is 20 %,
at the same wave-number, when %/ ~ 0.40 ( £ hot-wire length, Y Kolmogorov scale) .
For the burst type single particle LDA numerical computations do not seem to have been
carried out.

'2‘-‘—

An opposite effect due to the finite size of the measuring volume is the
noise generated by the technique itself. For the continuous many-particle LDA there are
two spurious signals (i) the so-called "ambiguity noise" which is caused by the random-
dispersion of particles in the fluid (even in a uniform flow field) and the subsequent
random phase composition of the scattered light, and (ii) the "gradient noise" due to
the spatial variation of the wvelocity (mean velocity and fluctuation) within the measuring
volume. For the burst type LDA, the first source of noise does not exist since, in principle,
there is only one or zero particles in the measuring volume. For the gradient noise,
KARPUK & TIEDERMAN 1976 estimated the error for residence time weighted signals, assuming
a rectangular probe volume and linear dependence on the distance to the wall for both
the mean velocity and the r.m.s. of the streamwise velocity fluctuation. Under these
conditions, for the time - weighted signals :

> 1% o 5thE fj
W = W — 2. O
o e AT

u% is the turbulence intensity at the center of the probe volume,
S  the velocity gradient

b the probe volume width
ff the turbulence intensity of the streamwise velocity component

where

Fig. 11 illustrates the importance of the last two terms for measurements in the viscous
layer of a channel flow. More recently, BUCHHAVE, GEORGE & LUMLEY 1979 have shown that
these terms are equivalent to those occurring in continuous LDA, so that corrections have
definitively to be taken into account. Of course, lessening the probe volume would further
reduce the corrections by a substantial amount.

The two sources of error which we have just presented (and which act in
opposite directions) affect the turbulence spectra. Fig. 12 illustrates the results usually
obtained (BUCHHAVE, GEORGE & LUMLEY 1979 ; MELINAND & CHARNAY 1979). Much too high levels
are obtained at high frequencies, even for burst type LDA, which shows that the error due
to the velocity gradient within the measuring volume is much greater than the error due to
the averaging effect of the measuring volume. Hot~wire anemometry seems therefore, at least
so far, to be better suited than laser Doppler anemometry for measurements of turbulence
spectra (only a single source of error for which exact corrections are available).

An important shortcoming of the conventional LDA is that it measures the
velocity at a single point in the fluid. To obtain the complete flow pattern, the
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experiments have to be repeated, which requires either an accurate mechanism to move the
LDA or the flow relative to each other, or a scanning optical system (zoom). The latter
is very flexible and allows displacements up to several meters (e.g. used to investigate
the instantaneous flow around a large model of helicopter rotor in a wind tunnel,
BIGGERS & ORLOFF 1974) . The spherical aberration, however, has to be analyzed in detail
because the system is either over-compensated or under-compensated when used outside its
range of design (ORLOFF 1979). The subsequent changes in the measuring volume and in the
errors have therefore to be estimated in every set-up, of course in relation to the size
of the flow structures to be reached.

In many industrial studies it is not possible to position the necessary
window so as to permit direct optical access to the point under investigation. An ingenious
"endoscopic" L.D.A. has been therefore designed by DANEL 1976 with the hel» of ontical
fibers, Fig. 13 a. The size of the optics is reduced considerably, even when three
different wave lengths are used to obtain the three components of the velocity. Moreover,
what 1s believed to be the first extensive use of optical fibers is presented : a coherent
fiber (with an oil immersion joint) from the laser to the optics and an ordinary fiber
from the optics to the photo-multiplier.

The use of optical fibers can also improve multi-points measurements
(NAKATANTI, YORISUE & YAMADA 1979, Fig. 13 b). Two thin beams obtained by expanding laser
beams with spherical and cylindrical lenses, are used as the incident beams into the flow
field. A two-dimensional intersection is hence formed, and a set of ordinary optical fibers
are used to receive the light intensity in the image plane. Instantaneous velocity profiles
(both normal and transverse components) have been obtained in a branch tube at 8 points
from the wall. The spatial range covered ( 2 1 mm) is small in comparison to that covered
with the zoom technigue. However one can consider focusing the spatial range over the
specific region of interest in an otherwise large flow field ( wall vicinity, inner edge
of a separating flow).

Finally, a detailed description of a turbulent boundary layer also includes
the analysis of intermittent phencmena such as the directional changes within a separating
boundary layer or the alternation of turbulent and non-turbulent regions at the free edge
of the layers. If the former case can be dealt with by the LDA technique alone (of course
with the use of Bragg cells), the latter requires generally some tagging procedure.
SIMPSON, STRICKLAND & BARR (1977) used smoke and an auxiliary concentration probe whereas
MELINAND & CHARNAY (1979) seeded only the fluid of the boundary layer. Intermittency
coefficients seem to be attainable from the abrupt change which occurs in the distribution
function of the time interval between two successive validated LDA signals. In hot-wire
anemometry the occurrence of a similar break in the probability curves of the velocity
derivatives was sometimes used (SUNYACH 1971).

This technique is based on the time of flight of a particle between two foci
(Fig. 14). The fringe pattern of the LDA technique is thus replaced by two discrete light
spots. Then, a particle which goes through the two foci emits two successive pulses of
scattered light. This method, suggested by THOMPSON (1978) and TANNER (1973), was greatly
improved by SCHODL (1976, 1977) for use in turbomachines.

The striking advantage of the method lies in the very small dimensions of the
probe volume : the diameter of the focus is of the order of 10 #w and the distance between
the two foci is between 0.3 and 0.5 mm. Measurements can therefore be made in narrow
channels (such as the blade channels of centrifugal compressors). Moreover the possibility
to set small apertures in the optics reduces the ncise due to the background radiation
generated by the solid surface even in the backscattering mode of operation (Fig. 14).

To take the presence of turbulence into account , the line between the two foci
has to be set at first along the mean flow direction and then at various different angles
with this direction, in the range of the velocity angle fluctuations. The histograms of
the time of flight correspond therefore to a whole set of conditional probability functions
from which the joint probability of the velocity (and hence any moments) can, in principle,
be deduced. Various corrections have been developed to take into account the broadening
effects due to the particle and the probe volume. To carry out the measurements, fast elec-
tronic equipment is used (a few nanoseconds for a fluid velocity of 500 m/s, AT= 0.85ms ).
Fach measurement, e.g. each setting angle, requires, however, a long time of observation
(3-5 minutes depending on the particle concentration).

This method deserves to be used in the future as it provides useful results
in a hostile configuration. New research has been initiated in this area (VOUILLARMET
1979).

3.1.4. Visualization

Since the pioneering works of HAGEN or REYNOLDS on turbulent flow visuali-
zation, techniques have been developed continuously and in many cases they allow guantita-
tive results to be obtained (MERZKIRCH 1974).

Among the well-known techniques there 1is firstly the hydrogen bubble visuali-
zation method which has enabled KLINE and his co-workers (1967) to discover organized
structures in the vicinity of the wall. Later, this method made it possible for KIM, KLINE
& REYNOLDS 1971 to clarify the chain of events leading to an overall model of bursting.
Observations of smoke-filled boundary layer (pyrotechnic smoke or oil vapour), with
emphasis on the smoke concentration, have shown various aspects of transition, the develop-
ment of turbulent spots and the interaction of boundary layer and free stream (FIEDLER &
HEAD 1966 ; FALCO 1977) .Combined with hot-wire anemometry (although in a manual way),
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the technique has allowed some particular large and small scales motions to be identi-
fied (FALCO 1977). Observation can also be made with cameras moving at a speed chosen to
go along with selected structures (CORINO & BRODKEY 1969).

Thermal tagging is a very convenient way to detect the free edges of turbulent
flows (SUNYACH 1971). Although the coincidence between the thermal and kinetic boundaries
has not been proved theoretically, it has been suppnorted by many experiments : measurements
of the thermal and kinetic intermittency factors or simultaneous recordings of the velocity
and temperature signals (DUMAS, FULACHIER & ARZOUMANIAN 1972 ; KOVASZNAY & FIRASAT ALI 1974 ;
CHEVRAY & TUTU 1978). The method is particularly well suited for the edges of boundary
layers evolving with turbulence in the external stream (CHARNAY, COMTE-BELLOT & MATHIEU
1976) . When used to detect structures embedded inside the turbulent boundary layer, the
mixing of fluid elements issued from various varts of the flow can blur the features of
the structures to be tracked. It is therefore expected that the method would be limited
to short times of observation following the heating by pulses of a selected region of the
flow, (such as in the detection of events coming from the wall FULACHIER, ARZOUMANIAN &
DUMAS 1978) , or to the visualization and detection of sharp fronts which suddenly affect
the whole thickness of the boundary laver (CHEN & BLACKWELDER 1978) as already observed
in mixing layers (SUNYACH 1971, Figs. 15 and 16).

To pass on now to more recent techniques, many deserve attention :

a) the "smoke-wire" technique suggested by CORKE, KOGA, DRUBKA & NAGIB (1977). It consists
of a vertical wire onto which regulated drowns of oil are allowed to fall, coating
the wire along its length in the form of minute dronlets. Discrete streaklines are
then formed from each droplet by burnina off the oil through resistive heating. The
method seems to be comparable, in its quality (but perhaps not in its simplicity) to the
hydrogen bubble technique used in water. Work is in progress at the University of Notre-
Dame to visualize the transition in the mixing layer of sevarating bubbles on airfoils
(MULLER, private communication).

b) the use of a glass-rod to fan-out a laser beam (BANDYOPADHYAY 1978). Slices of a smoke !
filled boundary layer can thus be illuminated. Cine films combined with hot wire data
give information on the large scale motions (sharpness of the upstream interface, :
existence of vortices extending throughout the boundary layer with their axis preferen-
tially oriented at about 40° to the wall. Further details will probably be made available
during the meeting (HEAD & BANDYOPADHYAY) .

c) the use of fluorescent varticles, excited by laser, such as rhodamine 6 G dye or uranin
dye, in the case of liguids. DIMOTAKIS, LYE & MORRISON (1978) extended the technique for
gases. This method which has been apnlied to Jjets, has shown that external unmixed
fluid can be found all the way to the jet axis.

d) the generation of a high speed rotating laser beam to illuminate, at regular time
intervals, small particles injected into the flow (SCHON, DANEL, MELINAND, REY & CHARNAY
1979) . The successive positions reached by the same varticle moving in the plane swept
by the beam can be photographed and analyzed to obtain the velocity component in that
plane and the corresponding Lagrangian correlation function (Fig. 17). The trajectories
of several particles can also be vhotographed at once if the flow 1s seeded accordingly.
In the present experiment, the mirror is made ur of 16 facets set on a cylindrical support
(5 mm in diameter) rotating at 4 000 R.P.M, so that the time interval between two sweeps
is 1 ms. The injected particles are droplets of dioctylphtalate (diameter = 1| fu ).
Small power lasers are well suited for this exveriment since the particles receive all
the light of the laser at the instant they are photographed.

e) the analysis of the light scattered by highly anisotrovnic particles which get oriented
in a preferred way in the flow, depending on the rate of the deformation-tensor. Direct
measurements of the velocity gradients f)U;/”)x' have been attempted (JOHNSON 1975
with tobacco virus which is 3 000 A in length arfd 150 & in diameter ; PETIT 1979
with thermal spots induced by a high power laser and distorted by the flow).

f) small mirrors embedded in tiny hollow glass sphere have also been suggestéd by WEBB
(private communication) to obtain the instantaneous and local value of the vorticity
tensor. This work is now in progress.

g) three dimensional high speed movies have also been used in an attempt to locate the
large scale structures of flows (PRATURI & BRODKEY 1977), but difficulties arise because
the features of the phenomena to track are not sufficiently defined.

Several physical variables are of interest at the wall such as pressure, wall
shear stress and velocity gradient for unheated boundary layers. Elaborate devices have
been developed and data obtained in some cases at a large number of points.

The status of the measuring techniques and the understanding of the pressure field
under turbulent boundary layers have been recently presented by WILLMARTH (1975 D).
We shall therefore concentrate here on specific points,

At first, there is the attenuation caused in the high frequency range by the
finite size of the pressure transducer. Corrections have been made by CORCOS (1963, 1967) °
in the case of transducers mounted flush with the wall. Their application to real cases is
however inaccurate. The first reason is that the measured data from which one starts are
far too much attenuated (down to 0.011 for wd /U = 10 with d diameter of the
sensor). The second reason is that a simple similarity shape of the cross-spectral density
function f‘(“{)§“’§£) has to be assumed for both very high frequency ) and very small
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longitudinal or transverse gseparation Eﬂ and ?ﬂ_(experimental results are obtained up to
WI*/ Uy = 5ie. wa/uty = 0.4).

Pin-hole transducers have therefore been introduced to improve the spatial
resolution, the diameter of the probe being 3 to 4 times smaller than the diameter of the
transducer itself. They have, of oourse, to be used below their own resonant frequency
which can be estimated by considering the system as a Helmholtz resonator or by using a
more elaborate theory for the transient response of the orifice and (or) experimental
tests (LIMURA & HATANAKA, 1973)., For example, with the dimensions indicated below which
are close to the miniature sensors developed by BROOKS & HODGSON 1979.

0.36 mm
\Q_}\\l\\\_\\_____o .1 mnm
\\ \__ —_——_— 1 0.1 mm
\ AT \
\ KOLITE \

the resonant frequency is found to be 41 kHz and 31 kHz by the two methods resmectively.

The flow disturbance at the pin-hole orifice is however a matter of concern.
BULL & THOMAS 1976 took careful measurements with the same measuring surface which is either
a wall portion or a pin-hole orifice and found that a definite systematic error exists,
the pin~hole data being too large by a factor of about 4 when uJﬁ/uthL 0.10 (Fig, 18).
A comparison with the scale of turbulence does not seem to have been made. It is however
possible, from the parameters which are given, to find that wiu/u‘ 2 0.10 corresvonds to

Kd 2, 2.2. The flow pattern is however not known so far and more information would
probably be gained from the recent analysis by ROCKWELL & NAUDASCHER (1979) concerning the
self sustained oscillations of impinging free shear layers, in particular in the case of
cavities. Anyway, the Kd 1limit has to be compared will the smallest scales present in the
pressure field. This is not an easy question to answer because the pressure at a given vpoint
depends on the whole surrounding velocity field. The theoretical prediction made by PANTON
& LINEBARGER 1974 (who keep only the linear terms in the velocity fluctuation when resol-
ving the Poisson equation governing the pressure field) leads to a cutoff located at
Kit/wp™ 0.10 i.e around wlg/uf{ ~ 0.6. On the other hand, a rough estimate can be

made, assuming that the smallest velocity scales making un the pressure field at the wall
are those located at the edge of the viscous sublayer. In that case yuw{/& = we/u =~ 1
and  Ueyy ~ U = Swuy , which leads to a much higher limit, w&/u¥p ~ ' 5. More infor-
mation is certainly to be gained from several experimental works now in progress in air
(BULL 1979, BROOKS & HODGSON 1979) and in water (BENARROUS 1979),

The obtention of the 1 D wave-number spectra form the frequency spectra
presents some difficulties in the lower K~ range. The reason is that the convection
velocity strongly depends on the wave-number (WILLS 1970). Microphone arrays acting
directly as wave-number filters have therefore been suggested (MAIDANIK & JORGENSEN 1967 ;
BLAKE & CHASE 1971). Non zero values of the W - spectra are then obtained when K, = 0
and are most useful in the prediction of the noise radiated by turbulent boundary layers.

Concerning the multi-point and multi-time measurements, the spectacular displays
offered by EMMERLING, MEIER & DINKELACKER (1973), and DINKELACKER, HESSEL, MEIER & SCHEWE
(1977) , by means of a Michelson interferometric technique have to be recalled (Fig. 20).

The pressure fluctuations cause a deflection of the membrane covering the 650 small holes
of the measuring plate (hole diameter ¢ = 2.5 mm so that ¢’“¥1&,= 56) and this causes a shift
of the fringes which are photographed - 7 000 frames/s - during 30 seconds. For example,
positive pressure patterns which are at first intense and roughly circular, then larger

in the cross stream direction, have been identified. Connections with the ejection and
burst sequence will probably be made in the near future.

Finally, considerable information can be gained from the numerical resolution
of the full Navier Stokes equations as developed by SCHUMANN in 1975. Comparisons of the
numerical and experimental values of the wall-pressure level can first be made (the
numerical value is p'/puw'y ~ 2.4 and the experimental data give p’/pu'¢ in the range
2.4 to 3.6 (Fig.19 )., It would also be interesting to compare the eventual organized struc-
tures generated in the model with those observed in real flows. (Figs 20 and 21).

3.2.2, Wall shear stress fluctuations

Hot-film embedded in the wall or laid directly on it can be used to obtain the

two components of the velocity gradient at the wall, PV /7Oy and'WV%/ﬁg. (LUDWEIG 1950,
LIEPMANN & SKINNER 1954, BROWN 1967). Two questions, however, have to be considered care-
fully in order to get correct measurements : (i) the non-linearity of the exvression

~ T,, /3 relating the surface heat transfer to the surface shear Ty ; here,
corrections are compulsory because the wall shear Stress fluctuations are large (the r.m.s.
value of JU is about 0.30 times that of 2W/?4 ) ; (ii) the spurious heat transfert
to the substrate which affects the frequency response of the film (BELLHOUSE & SCHULTZ 1966),
BRISON, CHARNAY & COMTE-BELLOT 1979) ; the film suoporting material has therefore to be
propverly selected and isolated from the wall ; fluids with high Prandtl number (water, oil)
can also be advantageously used. Calibration of the single film (measurement of ’DU//DH_)
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is done by reference to data obtained with a Preston tube or to the static pressure gradient
in a fully developed pipe or channel flow. For the hot film arranged in a V-configuration

to measure "W /7 , it is usually assumed that the sum of the two signals is proportional
to HU/D and that the difference produces a signal proportional to’)ky’)?, at the wall.

Several results have been already obtained. SREENIVASAN & ANTONIA 1977 and
also SANDBORN 1979 have described the highly skewed characteristics of the probability
density of'WLL/QjH (with large positive values) a result which is compatible with the skew-
ness factors of the longitudinal velocity component w (COMTE-BELLOT 1965, KREPLIN &
ECKELMANN 1979 a). The extensive surveys of BLACKWELDER & ECKELMANN 1979, and KREPLIN &
ECKELMANN 1979 b, deal with space-time correlations and quadrant probability analysis.

The results indicate that the pair of counter-rotating streamwise vortices pointed out by
BAKEWELL & LUMLEY 1967, occur frequently in the wall region and that the low speed fluid
is pumped away from the wall by the vortex pair.

The electrochemical technigque has been also used to measure the limiting values
of ’)U/’)‘} and D) W/9y at the wall (MITCHELL & HANRATTY 1966, MIZUSHINA 1971, SIRKAR &
HANRATTY 1970, LEBOUCHE 1968 and PY 1973). This technique is the mass transfer analogue
of the constant temperature anemometer when the chemical reaction at the electrode embedded
in the wall is working under the diffusion - controlling conditions. This is necssible for
large Schmidt numbers, with an appropriate choice for the reactors (redox counle) and
addition of a large excess of an unreactive electrolyte to the solution. For avplications to
boundary layers, many refinements have been added to the technique : develoovment of array
of electrodes (up to 20 in the spanwise direction) analysis of the frequency response,
effect of the setting angle of the electrode relative to the flow direction, detection of
reversed flows, analysis of non-linear effects. In particular, HANRATTY and his co-workers
were able to measure very accurately the spanwise spacing A between the streamwises
vortices close to the wall, A“L/b ~ 105 (LEE, ECKELMAN & HANRATTY 1974).

4, Signal processing

The conventional averages (i.e. moments, correlations, spectra, probability
density functions...) are well known techniques. We shall not describe them, but just
emphasize the large amount of information they provide in many technical problems
(for example, rotating boundary layers). For more sophisticated problems to analyse in
basic cases, they constitute the first sten of any investigation (localisation of region
with high skewness factor for the time derivative of velocities ; obtention of the space
and time coherencies...) In a second step, contribhutions from various fields or from
various events are sought. The use of conditional sampling in combination with ensemble
averaging and the introduction of pattern recognition techniques are then compulsory.

To illustrate this point, an excerpt from the original story of MOLLO-CHRISTENSEN (1971)
can be quoted :

"One has to be careful not to be misled by looking at averages, since averages
may hide rather than reveal the physics of a process. An absurd example may serve as an
illustration. Say that a blind man using a road bed sensor attempted to find out what motor
vehicles looked like. Happening to use a road only traveled by airport limousines and
motorcycles, he concludes that the average vehicle is a compact car with 2.4 wheels.

He might later attempt to construct a theoretical model of the mechanics of such a vehicle,
and may attain fame for a tentative model that looks like a motorcycle with a sidecar whose
wheel is only in contact with the ground forty percent of the time. In turbulent shear

flow, this kind of a vehicle has been called an "average eddy", and may or may not exist..."

In this method separate averages are obtained inside and outside the turbulent
bulges occurring at the free edge of the houndary layer. This involves the generation of
an intermittency function T(t) which takes the value unity in the turbulent region and the
value zero in the non-turbulent region. Many ways to generate'I(b) have been suggested,
based either on the velocity signal alone through the combination of one or more time
derivatives (KAPLAN & LAUFER 1969, KOVASZNAY, KIBENS & BLACKWELDER 1970, SUNYACH 1971,
HEDLEY & KEFFER 1974, KIBENS, KOVASZNAY & OSWALD 1974) or on the concentration of a
contaminant introduced into the turbulent part of the flow, such as heat (SUNYACH 1971,
LARUE 1974, CHEN & BLACKWELDER 1978, ANTONIA, PRABHU & STEPHENSON 1975). The latter
solution is the only one possible when turbulence exists in the free stream (CHARNAY,
COMTE-BELLOT & MATHIEU 1976). Uncertainties affect the signal T(t) so that the use of
pseudo-turbulent signals has been suggested to improve the settings of the intermittency
meter (ANTONIA & ATKINSON 1974, KIBENS, KOVASZNAY & OSTWALD 1974). On the other hand, when
thermal tagging is used, the temperature in the external "cold" zone rises slightly when
4/%  decreases (CHEN & BLACKWELDER 1978 ; CHEVRAY & TUTU 1978). This could be due to
molecular conduction (FULACHIER, ARZOUMANIAN & DUMAS 1978). It is therefore necessary to
estimate the amount of fluid which is mislabelled by the threshold (ANDREWS 1972,
HAVERBEKE, WOOD & SMITS 1978 ; BLACKWELDER 1979). Such an attempt to find the correct
T(t) may be considered as similar to the pattern recognition technique (section 4.2).

Many examples of zone averages are now available. In Fig. 22 we have selected
the results which deal with the Reynolds stress for a turbulent boundary layer evolving
in an external flow with free turbulence (after CHARNAY, COMTE-BELLOT and MATHIEU 1976).

In this case samples are taken at a specific point, §uch as on the turbulent/
non-turbulent interface, i.e. when If(t) jumps from zero to unity or conversely.
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Comparisons between the leading and trailing edge characteristics are thus pegsible, They
can be moreover extended to points located near the edge, on either side. by adjustement
of the time delay and appnlication of the Taylor hyvothesis, using the local mean velocitv.

The most interesting examples - Fig. 23 - deal with the Reynolds stress distri-
bution which can be associated with the entrainment of the bulges (ANTONIA 1972, HEDLEY
& KEFFER 1974). Large values occur at the trailing edges of the bulges. They do not match
the external values so that entrainment is negligible. On the contrary, smallvalues occur
at the leading edge where most of the entrainment takes vlace.

Instead of being triggered by the signal T(t} the samoling can be driven

by a well defined external signal. Ensemble averages then allow us to retain only the deter-
mlnlstlc (perlodlc) components. In that case, the electronic equipment is sometimes called

"signal averaging" or "eductor". Then, subtraction of this ensemble average from every
sample allows us to obtain the random components exclusively. An example is given in Fig. 25
bis, for the pressure measured on one blade of an industrial rotor. The pulse signal is
given by the rotating shaft., Upstream of the rotor there is a rod which creates a wake
which strikes the selected blade at each revolution (MICHEL, ARBEY & SUNYACH 1979) . This
set-up is an extension, for rotating machines, of the wake cutting experiment of FUJITA &
KOVASZNAY 1974, It allows us to estimate the discrete and large-band noise radiated in
the far field, from the veriodic and random pressure fields on the blade.

Up to this point, only one condition has been considered to select the samples.
It is possible to restrict the choice by several conditions. An example is the four quadrant
analysis of the instantaneous wy (t) product in wall shear flows (LU & WILLMARTH 1973).
If one tries to get the signature of the ejection events, three conditions are needed :
w<o , v >0 and |wv]| /uv’' > H,an adjustable threshold to separate the "weak"
from the "violent” ejections (COMTE-BELLOT, SABOT & SALEH 1979 ; Fig. 24).

4.1.3. Conditional averaging with_correction_for_random_ convection velocity

In the above sections, the detector signal is taken orecisely at the point
which is selected for the measurements, or in its immediate vicinity. When a large down-
stream distance separates the location of the condition from the location of the measure-
ments, a phase scrambling affects the received signals with respect to the detector signal
because of the random motion of the pattern (e.g. variation in the convection velocity) .

It is therefore necessary to apply a delay time to the received signal to recover the event
of interest (Fig. 26). An iterative process is then developed to select the ontimum delay
time for every signal (BLACKWELDER 1977 ; WYGNANSKI 1979). The "realigned" signals are

then used for the correct ensemble average to be performed. In some cases, the motion and
the evolution of the event to track are so large and unpredictible thatdifficulties subsist.
For example, the spanwise buffeting of a turbulent "spot" in a turbulent boundary layer is
almost beyond reach (HARITONIDIS, KAPLAN & WYGNANSKI 1978).

4.2. Pattern_recognition

This technique has been introduced by WALLACE & BRODKEY & ECKELMANN 1977.

A pattern is first devised for a selected physical variable on the basis that it is relevant
to a typical event or flow structure. For examole, in the wall region, large values of the
skewness factors of the tlme derivative of the longltudinal velocit comoonents

S = (_Qu./‘M:P /[l(’bu/'g\:)t] ¢ are obtained ( 3, & 0.80 for 20 £ Y- i/p < ; Fig. 27).
A pattern which lows such a feature is therefore squested for the veloc1ty component.
It consists of a gradual deceleration from a local maximum followed by a strong acceleration
(Fig, 28). This pattern is then applied to the measured signal w (k) as a "filter" to
select the parts which meet the criteria. Rather broad thresholds are used for the rate of
increase and decrease of w(t) so that the number of accepted events is large enough to
form a significant collection. Comparisons between this technigque and the four-quadrant
analysis are interesting, but difficult, because of the difference which exists in oractice,
in the conditions imposed on the signals in the two methods.

In the development of the technigue we can expect simultaneous multi-point
measurements. The excitation by an external source of the coherent structures themselves
would be rewarding both for its experimental advantage (recognition of "evoked" structures,
WYGNANSKI 1979) and the comprehension it would bring of the growth of boundary layers.

5. Conclusions

The state of the art in the investigation of wall turbulent shear flows is
different for the fundamental case of boundary layers without a pressure gradient than for
the different cases met in practice (atmospheric boundary layers, boundary layers along
curved walls and on rotating blades in turbomachines). In the first case, much information
has been obtained not only of the statistical characteristics of the flow but also of the
existence of recognizable structures. Interest lies, at present, in the study of the physical
mechanisms which control these structures and the growth of the boundary layer. In practical
situations, the values of the extra-strains are of primary importance both for a general
understanding of the flow and for the satisfactory modelling needed in engineering design.

It follows that some future trends in experimental boundary layer research can
be forecast. Attention will probably be vaid, at first, to multi-point and multi-time measu-
rements in order to understand more precisely the origin and the evolution of the main events
making up the boundary layer. Hot-wires arrays are well suited for this tyve of investi-
gation. This is especially true when thermal tagging is used, as the hot-wires, which are
operated at a low overheat ratio, do not require sophisticated electronics. Aerodynamic
pertubations have, however, to be analyzed before accurate measurements can be made. As for

v
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the L.D.A. technique which is ideally suited to sevarated flow investigations, the
introduction of optical fibers will probably bring refinements and adantability to various
configurations (not only for multi-point measurements but also for those made at locations
difficult to reach with conventional laser instrumentation). On the other hand, visuali-
zation of large parts of the flow (in one or several planes, with one or several colors)
and the quantitative processing of this optical data would merit investigation.

Concerning the processing techniques, the use of conditional averages will,
no doubt, remain mandatory in all the basic flow configurations. The pattern recognition
technique will be a powerful way to trace important events. Of course, intuition is needed
to define the specific patteirn to be looked for and the normalisation conditions to be
introduced for subsequent processing. A simplier use of this thechnique is the investi-
gation of the response of the flow to known perturbations applied to the boun@ary layers.
Corrections for phase scrambling have to be considered when following Lagrangian events
in a Eulerian frame, but they may be beyond reach when large random motions are present.

In conclusion, much can be gained in the understanding of turbulent boundary
layers by keeping abreast of similar developments in other flows (jets, mixing lgyers)
and also of the stability studies in both linear and non-linear analyses. Attention should
also be paid to the development of direct numerical simulations of turbulent flows.
The space-time evolution of the structures which mimic those met in real flows could thus
be more easlly understood and, perhaps, better controlled in future research.

6. Acknowledgements

I am sincerelv grateful to Dr., ROLLINS II and Mrs. DUBOIS (AGARD, PARIS),
Dr. F.P. RICOU (DELTALAB, GRENOBLE) and my co-workers E, ALCARAZ, J.P. BERTOGLIO, G. JANODET
D. JEANDEL, C. REY, J. SABOT, & J.P. SCHON for their helnful comments and assistange in
the preparation of this paper, and last but not least Mrs, A.M. MOINEL for her patience
in the typing of the manuscript.

7. References

ALCARAZ, E. & MATHIEU. J. 1975, "Mesure des vitesses moyennes pxés d'une paroi par anémométrie & fil chaud",
C.R. Acad. Sc. Paris 280 A, p. 737~ 740,

ANDREWS, H.C. 1972 "Introduction to mathematical techniques in pattern recognition", Wiley-Interscience.

ANTONIA, R.A. 1972 "Conditionally sampled measurements near the outer edge of a turbulent boundary layer",
J. Fl. Mech. 56, p. 1I-18.

ANTONIA, R.A. & ATKINSON, J.D. 1974 "Use of a pseudo-turbulent signal to calibrate an intermittency measuring
circuit", J. Fl. Mech. 64, p. 679-699.

ANTONIA, R.A. & LUXTON, R.E. 1971, "The response of a turbulent boundary layer to a step change in surface
roughness",part 1. smooth to rough, J. Fl. Mech. 48, p. 721-761.

ANTONIA, R.A., PRABHU, A. & STEPHENSON, S.E. 1975, "Conditionally sampled measurements in a heated turbulent
jet", J. Fl. Mech. 72, p. 455-480.

ARNDT, R.E.A. & GEORGE, W.K. 1979,"Pressure fields and cavitation in turbulent shear flows" 12th Symp. Naval
Hydrodyn. Nat. Acad. Sc. Washington, p. 327-339.

ARYA, S.P.S. 1975 "Buoyancy effects in a horizontal flat-plate boundary laver",J. Fl. Mech. 68, p. 321-343.

ARZOUMANIAN, E., FULACHIER, I,. & DUMAS. R. 1979, "Experimental investigation of the three-dimensional
turbulent boundary layer on an axially rotated cylinder”, 2nd Symp. Turb. Shear Flows, London (4) p.28-33,

AWAD, M., MOREL R., SCHON, J.P. & CHARNAY. G. 1979, "Buoyancy effects on a scalar transport in a boundary
layer with an wall heat flux inversion"2nd Symp. Turb. Shear Flow London (12) p. 22-26.

BAKER, R.J. & LAUNDER, B.E. 1974 "The turbulent boundary layer with foreign gas injection", Int. J. Heat Mass
Transfer, 17, p. 275-291.

BAKEWELL, H.P. Jr. & LUMLEY, J.L. 1967 "Viscous sublayer and adjacent wall region in turbulent pipe flow",
Phys. Fluids, 10, p. 1880-1889.

BANDYODADHYAY, P., 1978 "Combined smoke-flow visualization and hot-wire anemometry in turbulent boundary layers,
structure and mechanisms of turbulence",Berlin 1977, Lecture Notes in Physics Springer-Verlag, Vol. 1,
p. 205-216.

BEGUIER, C., REY, C., DUMAS, R. & ASTIER, M. 1973 "Une nouvelle sonde anémométrique", C.R. Acad. Sc. Paris
277 A, p. 475-478.

BELLHOUSE, B.J. & SCHULTZ, D.L. 1967 "The determination of fluctuating- velocity in air with heated thin film
gauges", J. Fl. Mech. 29, p. 289-295,

BENARROUS, E. 1979 "Contribution & 1'étude des fluctuations de pression pariétale sous une couche limite
turbulente", Th. 3éme Cycle Univ. Lyon.

BERTOGLIO, J.P., CHARNAY, G., GENCE, J.N. & MATHIEU, J. 1978 "Calcul d'une turbulence homogdne soumise & une
rotation en bloc et & un cisaillement", C.R. Acad. Sc. Paris 286, p. 957-959

BIGGERS, J.C. & ORLOFF, K.L. 1974 "Laser velocimeter measurements of the helicopter rotor induced flow field"
Proc. 30th Ann. Nat. Forum. Am. Helicopter Soc.

BISSONNETTE , L.R. & MELLOR, G.L. 1974 "Experiments on the behaviour of an axisymmetric turbulent boundary
layer with a sudden circonferential strain", J. F1l. Mech. 63, p. 369-413.



BLACKWELDER, R.F. 1977 "On the role of phase information in conditional sampling", Phys. Fluids 20,
p. S. 232-5.242.

BLACKWELDER, R.F. 1979 "Pattern recognition of coherent eddies", Proc. Dyn. Flow Conf. Marseille-Baltimore
1978, p. 173-1%.

BLACKWELDER, R.F. & ECKELMANN H. 1979 "Streamwise vortices associated with the bursting phenomenon”, J. Fl.
Mech. 94, p. 577-594.

BLACKWELDER, R.F. & KAPLAN, R.E, 1976 "On the wall structure of the turbulent boundary layer", J. Fl. Mech.
76, p. 89-112.

BLACKWELDER, R.F. & KOVASZNAY, L.S.G., 1972 "Time scales and correlation in a turbulent boundary layer”
Phys. Fluids 15, p. 1545-1554.

BLAKE, W.K. & CHASE, D.M. 1971 "Wave number-frequency spectra of turbulent boundary layer pressure measured
by microphone arrays”,J. Acoust. Soc. Am. 49, p. 862-877,

BRADSHAW, P. 1973 "Effects of streamline curvature on turbulent flow", BGARDograph 169.

BRISON, J.F., CHARNAY, G. & COMTE-BELLOT, G. 1979 "Calcul des transferts thermiques entre film chaud et
substrat par un modéle 4 deux dimensions"”, Int. J. Heat Mass Transfer 22, p. 111-119,

BROOKS, T.F. & HODGSON, T.H. 1979 "Investigation of airfoil trdiling edge noise", Int. Symp. Mechanics of
Sound Generation in Flows, G&ttingen (in print).

BROWN, G.L. 1967 "Theory and application of heated films for skin friction measurement”, Proc. Heat. Transf.,
Fl. Mech. Inst. La Jolla, Stanford Press p. 362-381.

BROWN, G.L. & THOMAS, A.S.W. 1977 "Large structure in a turbulent boundary layer", Phys. Fluids 20,
p. S. 243-35. 252,

BUCHHAVE, P. 1979 "Transducer techniques', Proc. Dyn. Flow. Conf. Marseille-Baltimore 1978, p. 427-463.

BUCHHAVE, P., GEORGE, W.K. Jr & LUMLEY, J.L. 1979 "The measurement of turbulence with the laser-Doppler
anemometer",Ann. Rev. Fl. Mech. II, p. 443-503.

BULL, M.K. 1979 "On the form of the wall-pressure spectrum in a turbulent boundary layer in relation to
noise generation by boundary layer - surface interactions”, Int. Symp. Mechanics of Sound Generation in Flows
Géttingen (in print).

BULL, M.K. & THOMAS, A.S.W. 1976 "high frequency wall-pressure fluctuation in turbulent boundary layers"”
Phys. Fluids 19, p. 597-599.

BUSCH, N.E., LARSEN, S.E. & THOMSON, D.W. 1979 "Data analysis of atmospheric measurements" Proc. Dyn. Flow
Conf. Marseille-Baltimore 1978, p. 887-908.

CERMAK, J.E. 1971 "Laboratory simulation of the atmospheric boundary layer" A.I.A.A. J. 9, p. 1746-1754,

CHARNAY, G., COMTE-BELLOT, G. & MATHIEU, J. 1976 "Response of a turbulent boundary layer to random fluctuations
in the external stream”, Phys. Fluids, 19, p. 1261-1272.

CHARNAY, G., SCHON, J.P., ALCARAZ, E. & MATHIEU, J. 1979 "Thermal characteristics of a turbulent boundary
layer with an inversion of wall heat flux", 1st Int. Symp. Turb. Shear Flow, Penn State 1977, p. 104-118.

CHARNAY, G., SCHON, J.P. & SUNYACH, M. 1973 "Isolement et échantillonnage de signaux aléatoires transmis
par plusieurs anémométres & fils chauds", Entropie 50, p. 24-30.

CHEN, C.P. & BLACKWELDER, R.F. 1978 "The large scale motion in a turbulent boundary layer : a study using
temperature contamination"” J. Fl. Mech. 89, p. 1-31.

CHEVRAY, R. & TUTU, N.K. 1978 '"Intermittency and preferential transport of heat in a round jet" J. Fl. Mech.
88, p. 133-160.

COLES, D. & BARKER, S.J. 1975 "Some remarks on a synthetic turbulent boundary layer", Turbulent mixing in non-
reactive and reactive flows", S.N.B.-MURTHY ed. Plenum Press, p. 285-292.

COMTE-BELLOT, G. 1959 "Coefficients de dissymetrie et d'aplatissement des dérivées par rapport au temps des
fluctuations longitudinales de vitesse au voisinage d'une paroi", C.R. Acad. Sc. Paris 249, p. 2483-2485.

COMTE-BELLOT, G. 1965 "Ecoulement turbulent entre deux parois parallé&les", Publ. Sc. Tech. Min Air n° 419
(also thesis Univ. Grenoble 1963 and Translation into English by P. BRADSHAX 1969 ARC n°® 31 609).

COMTE-BELLOT, G. 1976 "Hot-wire anemometry" Ann. Rev. Fl. Mech. 8, p. 209-231.

COMTE-BELLOT, G., SABOT, J. & SALEH, I. 1979 "Detection of intermittent events maintening Reynolds stress"
Proc. Dyn. Flow Conference, Marseille-Baltimore 1978, p. 213-229,

CORCOS, G.M. 1963 "Resolution of pressure in turbulence", J, Acoust. Soc. Am. 35, p. 192-199.

CORCOS, G.M. 1967 "The resolution of turbulent pressures at the wall of a boundary layer", J. Sound Vibr.
6, p. 59-70.

CORINO, E.R. & BRODKEY, R.S. 1969 "A visual investigation of the wall region in turbulent flow", J. Fl. Mech.
37, p. 1-30.

CORKE, T., KOGA, D., DRUBKA, R. & NAGIB, H. 1977 "A new technique for introducing controlled sheets of
smoke streaklines in wind tunnels”,Illinois Inst. Tech. Rep. ICIASF.

CORRSIN, S. 1957 "Some current problems in turbulent shear flow", Publ. 515, Naval Hydrodyn. Nat. Ac. Sc.
Nat. Res Council, p. 373-407.

CORRSIN, S. 1963 "Turbulence : experimental methods, Handbuch Phys., Springer-Berlin, §/2, p. 523-590.
CORRSIN, S. & KISTLER, A. 1955 "Free-stream boundaries of turbulent flows" NACA TR 1244,
DANEL, F. 1976 "Fiber optics and endoscopic LDA systems", Proc. LDA Symp. Copenhagen 1975, p. 490-497.



1-14

DEARDORFF, J.W. 1970 "A numerical study of three-dimensional turbulent channel flow at large Reynolds numbers",
J. Fl. Mech. 41, p. 453-480.

DEMETRIADES, A. 1979 "Probes for multivariant flow characteristics"”, Proc. Dyn. Flow Conf, Marseille-Baltimore,
1978 p. 13-44.

DIMOTAKIS, P.E., LYE, R.C. & MORRISON, R,D. 1978 "Laser induced fluorescence and particle streak measurements
in round turbulent jets"”, Aam. Phys. Soc. Meeting Div. Fl. Dyn, Los Angeles, paper BBl.

DINKELACKER, A., HESSEL, M., MEIER, G.E.A. & SCHEWE, G. 1977 "Investigation of pressure fluctuations beneath
a turbulent boundary layer by means of an optical method", Phys. Fluids 20, p. S.216-5.224.

DUMAS, R., FULACHIER, L. & ARZOUMANIAN, E. 1972 "Facteurs d'intermittence et de dissymétrie des fluctuations
de température et de vitesse dans une couche limite turbulente" C.R. Acad. Sc. Paris 274 A, p. 267-270.

ECKELMANN, H. 1974 "The structure of the viscous sublayer and the adjacent wall region in a turbulent channel
flow" J. Fl. Mech. 65, p. 439-459.

ECKELMANN, H., NYCHAS, S.G., BRODKEY, R.S, & WALLACE, J.M. 1977 "Vorticity and turbulence production in
pattern recognized turbulent flow structures", Phys. Fluids 20, p. S.225-S.231.

EMMERLING, R., MEIER, G.E.A., & DINKELACKER, A. 1973 "Investigation of the instantaneous structure of the
wall pressure under a turbulent boundary layer flow" AGARD Conf. Proc. n° 131, Noise Mechanism (24), p. 1-12.

FALCO, R.E., 1977 "Coherent motions in the outer region of turbulent boundary layers" Phys. Fluids, 20,
p. S.124-5.132.

FAVRE, A., GAVIGLIO, J. & DUMAS. R. 1957 "Space-time double correlation and spectra in a turbulent boundary
layer", J. Fl. Mech. 2, p. 313-342.

FAVRE, A., GAVIGLIO, J. & DUMAS, R. 1958 "Further space-time correlation of velocity in a turbulent boundary
layer, J. Fl. Mech. 3, p. 344-356.,

FIEDLER, H. & HEAD, M.R. 1966 "Intermittency measurements on the turbulent boundary layer” J. Fl. Mech.
25, p. 719-735.

FOSS, J.F. 1979 "Transverse vorticity measurements" , Proc. Dyn. Conf Flow. Marseille-Baltimore 1978, p.383-1001
FREYMUTH, P. 1978 "A bibliography on thermal anemometry", TSi Quarterly 4, p. 3-26.

FUJITA, H. & KOVASZNAY, L.S.G. 1974 "Unsteady lift and radiated sound from a wake cutting airfoil" AIAA J. 12
p. 1216-1221.

FULACHIER, L. 1979 "Hot-wire measurements in low speed heated flow" Proc. Dyn. Flow Conf. Marseille-Baltimore
1978, p. 465-487.

FULACHIER, L., ARZOUMANIAN, E. & DUMAS, R. 1978 "Experimental investigation of a turbulent field from
temperature fluctuations, Structure and Mechanisms of Turbulence”,Berlin 1977, Lecture Notes in Physics, 2
p. 46-57.

GEORGE, W.XK. Jr & LUMLEY, J.L. 1973 "The laser-Doppler velocimeter and its application to the measurements
of turbulence" J. Fl. Mech. 60, p. 321-362.

GIBSON, C.H. & MASIELLO, P.J. 1972 "Observations of the variability of dissipation rates of turbulent velocity
and temperature fields,Statistical Models and Turbulence" Symp. Rolla 1971, Lecture Notes in Physics Springer-
Verlag, p. 427-453.

GOLDSTEIN, M.E. 1976 Beroacoustics, Mc. Graw Hill Int.

GRASS, A.J. 1971 "Structural features of turbulent flow over smooth and rough boundaries, J. Fl. Mech. 50,
p. 233-255.

GROTZBACH, G. & SCHUMANN, U. 1979 "Direct numerical simulation of turbulent velocity, pressure and temperature
fields in channel flows" lst Int. Symp. Turb. Shear Flow, Penn State 1977, p. 370-385.

HARITONIDIS, J.H., KAPLAN, R.E, & WYGNANSKI I. 1978 "Interaction of a turbulent spot with a turbulent boundary
layer, Structure and Mechanisms of Turbulence"”, Berlin 1977, Lectures Notes in Physics, Springer-verlag,
1, p. 234-247.

HAVERBEKE, A., WOOD, D.H. & SMITS, A.J. 1978 "Uncertainties and errors in conditional sampling" 2nd Symp.
Turb. Sh. Flow, London, p. 11.1-11.6.

HEAD, M.R. & PATEL, V.C. 1970 "Improved entrainment method for calculating turbulent boundary layer
development, A.R.C. R & M. n°® 3643.

HEDLEY, T.B., KEFFER, J.F. 1974 "Some turbulent/non-turbulent properties of the outer intermittent region of
a boundary layer" J. Fl. Mech. 64, p. 645-678.

HERZOG, S. & LUMLEY, J.L. 1979 "Determination of large eddy structures in the viscous sublayer : a progress
report" Proc. Dyn. Flow Conf. Marseille-Baltimore 1978, p. 869-885.

HUNT, I.A. & JOUBERT, P.N. 1976 "Effects of small streamline curvature on turbulent duct flow" Rep. Dept.
Mech. Engng, Univ. Melbourne.

HUSSAIN, A.K.M.F. & REYNOLDS, W.C. 1972 "The mechanics of an organized wave in turbulent shear flow"
(part 2), J. F1. Mech. 54, p. 241-261.

JOHNSON, D.H. 1975 "Measurements of the rate of strain tensor in a turbulent flow using light scattering from
asymmetric particles" Ph. D. Cornell Univ. .

JOHNSON, D.S. 1959 "Velocity and temperature fluctuation measurements in a turbulent boundary layer downstream
of a stepwise discontinuity in wall temperature" J. Appl. Mech. 26 E, p. 325-336.

JOHNSTON, J.P., HALLEEN, R.M. & LEZINS, D.K. 1972 "Effects of spanwise rotation on the structure of two-
dimensional fully developed turbulent channel flow" J. Fl. Mech. 56, p. 533-557.



1-15

KAIMAL, J.C., WYNGAARD, J.C. HAUGEN, D.A., COTE, O.R. & IZUMI, Y. 1976 "Turbulence structure in the convective
boundary layer" J. Atmosph. Sc. 33, p, 2152-2169.

KAPLAN, R.E. & LAUFER, J. 1969 "The intermittent turbulent region of the boundary layer" Proc. 12th Int.
Congr. Appl. Mech. Stanford, Springer-Verlag, p. 236-245.

KARPUK, M.E. & TIEDERMAN, W.G. Jr. 1976 "Effect of finite-size probe volume upon laser Doppler anemometer
measurements" AIAA J. 14, p. 1099-1105.

KASTRINAKIS, E.G., ECKELMANN, H. & WILLMARTH, W.W. 1979 "Influence of the flow velocity on a Kovasznay type
vorticity probe" Rev. Sc. Instr. 50, p. 759-767.

KASTRINAKIS, E.G., WALLACE, J.M., WILLMARTH, W.W., GHORASHI, B, & BRODKEY, R.S. 1978 "On the mechanism of
turbulent shear flows" Structure and mechanisms of turbulence I, Symp. Berlin 1977, Lecture Notes in Physics,
Springer-verlag, p. 175-189.

KIBENS, V., KOVASZNAY, L.S.G. & OSWALD, L.J. 1974 "Turbulent-nonturbulent interface detector" Rev. Sc. Instr.
45, p. 1138-1144.

KIM, H.T., KLINE, S.J. & REYNOLDS, W.C. 1971 "The production of turbulence near a smooth wall in a turbulent
boundary layer" J. Fl. Mech. 50, p. 133-160.

KISTLER, A.L. 1952 "The vorticity meter M.S, Thesis” The Johns Hopkins Univ.

KLEBANOFF, P.S. 1955 "Characteristics of turbulence in a boundary layer with zero pressure gradient NACA
TR 1247.

KLEBANOFF, P.S. & DIEHL, Z.W. 1952 "Some features of artificially thickened fully developed turbulent boundary
layers with zero pressure gradient" NACA TR 1110,

KLINE, S.J., REYNOLDS, W.C., SCHRAUB, F.A. & RUNSTADLER, P.W. 1967 "The structure of turbulent boundary layers"
J. Fl1. Mech. 30, p. 741-773.

KOVASZNAY, L.S.G., 1950, Quarterly Progress Report Aeron. Dept. Contract N. Ord. 8036 JHB-3D, The Johns
Hopkins Univ.

KOVASZNAY, L.S.G. & FIRASAT ALI, S. 1974 "sStructure of the turbulence in the wake of a heated flat plate"
Proc. 5th Int. Heat Transf. Conf. Tokyo 2, p. 99-103.

KOVASZNAY, L.S.G., KIBENS, V. & BLACKWELDER, R.E. 1970 "Large-scale motion in the intermittent region of a
turbulent boundary layer" J. Fl. Mech. 41, p. 283-325,

XOYAMA, H., MASUDA , S., ARIGA, I. & WATANABE, I. 1979 a "Stabilizing and destabilizing effects of Coriolis
force on two-dimensional laminar and turbulent boundary layers" Trans. ASME, J. Engng. Power, 101, p. 23-31.

KOYAMA, H., MASUDA, S., ARIGA, I. & WATANABE, I. 1979 b "Turbulence structure and three-dimensionality of
a rotating two-dimensional turbulent boundary layer" Proc. 2nd Symp. Turb. Shear Flows, London, Session 4,
p. 22-27.

KREPLIN, H.P. & ECKELMANN, H. 1979 a "Behaviour of the three fluctuating velocity components in the wall
region of a turbulent channel flow" Phys. Fluids. 22, p. 1233-1239.

KREPLIN, H.P. & ECKELMANN, H., 1979 b "Propagation of perturbations in the viscous sublayer and adjacent
wall region" J. Fl. Mech. (in print).

KUO, A.Y. & CORRSIN, S. 1972 "Experiment on the geometry on the fine-structure regions in fully turbulent
fluid" J. Fl. Mech. 56, p. 447-479,

LANDHAL, M.T. 1977 "Dynamics of boundary layer turbulence and the mechanism of drag reduction" Phys. Fluids
20, p. $.55-8.63.

LARSEN, S.E., MATHIASSEN, O. & BUSCH, N.E. 1979 "Analysis of data from three-dimensional hot-wire probes
using comparison with profile instrumentation for calibration" Proc. Dyn. Flow Conf. Marseille-Baltimore
1978, p. 591-597.

LARUE, J.C. 1974 "Detection of the turbulent-nonturbulent interface in slightly heated turbulent shear flows"
Phys. Fluids 17, p. 1513-1517.

LARUE, J.C. & LIBBY, P.A. 1977 "Measurements in the turbulent boundary layer with slot injection of helium"
Phys. Fluids 20, p. 192-202.

LAUFER, J. 1951 "Investigation of turbulent flow in a two-dimensional channel" NACA TR 1053

LAUFER, J. 1954 "The structure of turbulence in fully developed pipe flow" NACA TR 1174.

LAUFER, J. 1975 "New trends in experimental turbulence research" Ann. Rev. Fl. Mech. 7, p. 307-326.

LAUFER, J. & BADRI NARAYANAN, M.A. 1971 "Mean period of the production mechanism in a boundary layer" Phys.
Fluids 14, p. 182-183.

LEBOUCHE, M. 1968 "Contribution & 1'étude des écoulements turbulents par la méthode polarographique"
Th. Doct. d'Etat, Nancy.

LEE, M.K., ECKELMAN, L.D. & HANRATTY, T.J. 1974 "Identification of turbulent wall eddies through the phase
relation of the components of the fluctuating velocity gradient" J. F1. Mech. 66, p. 17-33.

LIBBY, P.A. & LARUE, J.C. 1979 "Hot-wire anemometry for turbulence measurements in helium-air mixtures"”
Proc. Dyn. Flow. Conf. Marseille-Baltimore 1978, p. 115-130.

LIEPMANN, H.W. & SKINNER, G.T. 1954 "Shearing stress measurements by use of a heated element” NACA TN 3268.

LIMURA, I. & HATANAKA, H. 1973 "The frequency characteristics of cavity mounted pressure measuring systems"
Fluidics Quarterly, p. 27-45,

LOHMANN, R.P. 1973 "The response of developed turbulent boundary layer to local transverse surface motion"
Ph. D. Univ. of Connecticut.



1-16

LU, S.S. & WILLMARTH, W.W. 1973 "Measurements of the structure of the Reynolds stress in a turbulent
boundary layer" J. Fl. Mech. 60, p. 481-511.

LUDWEIG, H. 1950 "Investigation of the wall shearing stress in turbulent boundary layers" NACA TM 1284,
LUMLEY, J.L. 1970 "Toward a turbulent constitutive relation" J. Fl. Mech. 41, p. 413-434,

MAESTRELLO, L. 1965 "Measurement and analysis of the response field of turbulent boundary layer excited
panels" J. Sound Vibr. 2, p. 270-292.

MAIDANIK, G. & JORGENSEN, D.W. 1267 "Boundary wave-vector filters for the study of the pressure field in a
turbulent boundary layer" J. Acoust. Soc. Am. 42, p. 494-501.

MALHOTRA, R.C. & CERMAK, J.E, 1964 "Mass diffusion in neutral and unstably stratified boundary layer flows"
Int. J. Heat Mass Transf. 7, p. 169-186.

MARI, C., JEANDEL, D. & MATHIEU, J. 1976 "Méthode de calcul de la couche limite turbulente compressible avec
transfert de chaleur" Int. J. Heat. Mass Transf. 19, p. 893-899,

MELINAND, J.P. & CHARNAY, G. 1979 "Digital analysis of LDA counter signals in a separated boundary layer"
Proc. Dyn. Flow. Conf. Marseille-Baltimore 1978, p. 909-916.

MERY, P., SCHON, J.P., & SOLAL, J. 1974 "Comparison of thermally neutral and unstable shear flows in the
wind tunnel and the atmosphere" Adv. in Geophysics 18 B, p. 273-287.

MERZKIRCH, W. 1974 "Flow visualization" Acad. Press,

MICHEL, B., ARBEY, H. & SUNYACH, M. 1979 "Radiation from subsonic rotor operating in a non-uniform incident
flow" Internoise, Varsovie.

MITCHELL, J.E. & HANRATTY, T.J. 1966 "a study of turbulence at a wall using an electrochemical wall shear-
stress metexr" J. Fl. Mech. 26, p. 199-221,

MIZUSHINA, T. 1971 "The electrochemical method in transport phenomena" Adv. Heat Transf, Acad. Press, 7,
p. 87-161.

MOFFATT, R.J., YAVUZKURT, S. & CRAWFORD, M.E. 1979 "Real-time measurements of turbulence quantities with
a triple hot-wire system" Proc. Dyn. Flow. Conf. Marseille-Baltimore 1978, P. 1013-1036.

MOLLO-CHRISTENSEN, E. 1971 "Physics of turbulent flow" AIAA J. 9, p. 1217-1228,
MONIN, A.S. & YAGLOM, A.M. 1971 "Statistical Fluid Mechanics: Mechanics of Turbulence" MIT Press, Cambridge.

NAKATANI, N., YORISUE, R. & YAMADA, T. 1979 "Simultaneous measurement of flow velocities in multipoint by
the laser Doppler velocimeter" Proc. Dyn. Flow Conf. Marseille-Baltimore 1978, p. 583-590.

OFFEN, G.R. & KLINE, S.J. 1973 "Experiments on the velocity characteristics of "bursts" and on the interaction
between the inner and outer regions of a turbulent boundary layer" Rep. MD.31, Dept. Mech. Engng. Stanford
Univ.

ORLOFF, K.L. 1979 "Laser-Doppler anemometer diagnostics in unsteady flow" Proc. Dyn. Flow Conf. Marseille-
Baltimore 1978, p. 511-534.

PANTON, R.L. & LINEBARGER, J.H. 1974 "Wall pressure spectra calculations for equilibrium boundary layers"
J. Fl. Mech. 65, p. 261-287.

PASQUILL, F. 1968 "Atmospheric diffusion, vVan Nostrand.

PETIT, L. 1979 "Nouvelle méthode d'étude d'écoulements par marquage thermique, thése 3é&me Cycle, Univ. Paris
Sud~Orsay.

PRATURI, A.K. & BRODKEY, R.S, 1977 "A stereoscopic visual study of coherent structures in turbulent shear
flow" J. Fl. Mech. 80, p. 251-272,

PY, B. 1973 "Etude tridimensionnelle de la sous-couche visqueuse dans une veine rectangulaire par des mesures
de transfert de matiére en paroi" Int. J. Heat Mass transf. 16, p. 129-143.

RAO, K.N., NARASIMHA, R. & BADRI NARAYANAN, M.A. 1971 The "bursting " phenomenon in a turbulent boundary
layer, J. Fl. Mech. 48, p. 339-352.

REICHARDT, Von H. 1938 "Messungen turbulenter schwankungen' Die Naturwissenschaften 24/25, p. 404-408.

REY, C. 1977 "Effet du nombre de Prandtl, de la gravité et de la rugosité sur les spectres de turbulence
cinématique et scalaire" Thése Doct. d'Etat, Univ. Lyon.

REY, C., SCHON, J.P. & MATHIEU, J. 1979 "Buoyancy effects in a wind tunnel simulation of the atmospheric
boundary layer" Phys. Fluids 22 p. 1020-1028.

ROCKWELL, D. & NAUDASCHER, E. 1979 "Self-sustained oscillations of impinging free shear layers" Ann. Rev.
Fl. Mech. 11, p. 67-94.

SABOT, J. 1976 "Etude de la coherence spatiale et temporelle de la turbulence é&tablie en conduite circulaire"
Th. Doct. d'Etat. Univ. Lyon.

SABOT, J. & COMTE-BELLOT, G. 1972 "Mémoires des fluctuations longitudinales de vitesse en conduite lisse
circulaire" C.R. Acad. Sc. Paris 274 A, p. 1647-1650.

SABOT, J. & COMTE-BELLOT, G. 1976 "Intermittency of coherent structures in the core region of fully developed
turbulent pipe flow" J. Fl. Mech. 74, p. 767-796.

SABOT, J., RENAULT, J. & COMTE-BELLOT, G. 1973 "Space-time correlations of the transverse velocity fluctuation
in pipe flow" Phys. Fluids 16, p. 1403-1405.

SABOT, J., SALEH, I. & COMTE-BELLOT, G. 1977 "Effects of roughness on the intermittent maintenance of Reynolds
stress in pipe flow" Phys. Fluids, 20, p. S.150-5.155.



1-17

SANDBORN, V.A. 1979 "Surface shear stress fluctuations in turbulent boundary layers" 2nd Symp. Turb. Sh.
Flows, London, p. 4.1-4.5.

SCHODL, R. 1976 "On the extension of the range of applicability of LDA by means of the laser-dual-focus
(L-2-F) Technique", Proc. LDA Symp. Copenhagen 1975, p. 480-489,

SCHODL, R. 1977 "Laser-two-focus velocimetry (L-2-F) for use in aero engines" AGARD-LS n° 90, p. 4/1-34.

SCHON, J.P. 1974 "Contribution & l'étude des écoulements stratifiés en température" Thése Doct. d'Etat.
Univ. Lyon.

SCHON, J.P., DANEL, F., MELINAND, J.P., REY, C. & CHARNAY, G. 1979 "Flow visualization and measurements of
Lagrangian velocities by means of a rotating laser beam" 6th Biennal Symp. Turbulence, Univ. Missouri-Rolla.

SCHUBAUER, G.B. & KLEBANOFF, P.S. 1951 "Investigation of separation of the turbulent boundary layer"
NACA TR 1030. '

SCHUMANN, U. 1975 "Numerical investigation of the wall pressure fluctuations in channel flow" Nucl. Eng.
Design, 32, p. 37-47.

SCHUMANN, U., GROTZBACH, G. & KLEISER, L. 1979 "Direct numerical simulation of turbulence" Lecture series
Von Karman Institute Bruxelles.

SHEIH, C.M., TENNEKES, H. & LUMLEY, J.L. 1971 "Airborne hot-wire measurements of the small-scale structure
of atmospheric turbulence" Phys. Fluids, 14, p. 201-215.

SIMPSON, R.L., STRICKLAND, J.H. & BARR, P.W. 1977 "Features of a separating turbulent boundary layer in the
vicinity of separation” J. Fl. Mech. 79, p. 553-594.

SIRKAR, K.K. & HANRATTY,T.J. 1970 "The limiting behaviour of the turbulent transverse velocity component
close to a wall" J. Fl. Mech. 44, p. 605-614.

SNYDER, W.H. & LUMLEY, J.L. 1971 "Some measurements of particle velocity auto-~correlations functions in
a turbulent flow" J. Fl. Mech. 48, p. 41-71.

SO, R.M.C. & MELLOR, G.L. 1973 "Experiment on convex curvature effects in turbulent boundary layers" J. Fl.
Mech, 60, p. 43-62.

SOLAL, J. 1972 "Etude experimentale de la diffusion de masse dans une couche limite turbulente en écoulement
neutre ou en écoulement stratifié instable, Thé&se Dr. Ing. Univ. Lyon.

SREENIVASAN, K.R. & ANTONIA, R.A. 1977 "Properties of wall shear stress fluctuations in a turbulent duct
flow" J. Appl. Mech. Trans. ASME 44 E, o. 389-395.

SREENIVASAN, K.R., ANTONIA, R.A. & DANH, H.Q. 1977 "Temperature dissipation fluctuations in a turbulent
boundary layer" Phys. Fluids. 20, p. 1238-1249,

STANFORD, R.A. & LIBBY, P.A. 1974 "Further applications of hot-wire anemometry to turbulence measurements in
helium - air mixtures" Phys. Fluids, 17, p. 1353-1361.

STERNBERG, J. 1962 "A theory for the viscous sublayer of a turbulent flow" J. Fl. Mech. 13, p. 241-271.

SUNYACH, M. 1971 "Contribution & l'étude des frontiéres d'écoulements turbulents libres" Thése Dr. d'Etat,
Univ. Lyon.

TANNER, L.H. 1973 "A particle timing laser velocity meter” Optics and Laser Techn., 5, p. 108-110.

TAYLOR, G.I. 1936 "Correlation measurements in a turbulent flow through a pipe" Proc.Roy. Soc. A 47,
p. 537-546.

TENNEKES, H. 1965 "Similarity laws for turbulent boundary layer with suction or injection"™ J. Fl. Mech. 21,

p. 689-703.

THEODORSEN, T. 1954 "The structure of turbulence" Techn. Note BN 31 United States Air Force.

THOMPSON, D.H. 1968 "A tracer particle fluid velocity meter incorporating a laser" J. Sc. Instr. (J. Phys. E},
Series 2, 1, p. 929-932. .

TOWNSEND, A.A. 1956 "The structure of turbulent shear flow" Cambridge Univ. Press.

VAN ATTA, C.W. 1979 "Multi-channel measurements and high-order statistics" Proc. Dyn. Flow Conf. Marseille-
Baltimore 1978, p. 919-941.

VEROLLET, E. 1972 "Etude d'une couche limite turbulente avec chauffage et aspiration & la paroi"
Thése Univ. Provence.

VOUILLARMET, A. 1972 "Contribution & l'étude et & la compréhension de 1'écoulement visqueux dans un compresseur
centrifuge" Thése Dr. Ing. Univ. Lyon.

WALLACE, J.M., BRODKEY, R.S. & ECKELMANN, H. 1977 "pattern-recognized structures in bounded turbulent shear
flows" J. Fl. Mech. 83, p. 673-693.

WALLACE, J.M., ECKELMANN, H, & BRODKEY, R.S. 1972 "The wall region in turbulent shear flow" J. Fl. Mech. 54,
p. 39-48.

WILLMARTH, W.W. 1975 a "Structure of turbulence in boundary layers" Adv. Appl. Mech. 15, p. 159-254.

WILLMARTH, W.W. 1975 b "Pressure fluctuations beneath turbulent boundary layers" Ann. Rev. Fl. Mech. 7,
p. 13-38.

WILLMARTH, W.W. & BOGAR, T.J. 1977 "Survey and new measurements of turbulent structure near the wall"
Phys. Fluids, gg_p. S.9-8.21.

WILLMARTH, W.W. & LU, S.S. 1972 "Structure of the Reynolds stress near a wall" J. Fl. Mech. 55, p. 65-92.

WILLS, J.A.B. 1962 "The correction of hot-wire readings for proximity to a solid boundary" J. Fl. Mech., 12
p. 388-396.



1-18

WILLS, J.A.B. 1970 "Measurements of the wave-number/phase velocity spectrum of wall pressure beneath a
turbulent boundary layer" J. Fl. Mech. 45, p. 65-90.

WYGNANSKI, I. 1979 "The recognition of an evoked large scale structure in turbulent shear flow" Proc. Dyn.
Flow Conf. Marseille-Baltimore 1978, p. 191-211.

WYNGAARD, J.C. 1969 "Spatial resolution of the vorticity meter and other hot-wire arrays" J. Phys. E : Sci
Instr, Serie 2, 2, p. 983-987.

WYNGAARD, J.C., COTE, O.R. & IZUMI, Y. 1971 "Local forced convection similarity and the budgets of shear
stress and heat flux" J. Atm. Sci. 28, p. 1171-1182.

8. Figures



e TYPICAL EDDIES
//f \"i f-‘i‘,“y
! 4 jﬁﬂﬁﬁh’ﬁﬁmﬁ' J; ﬂ?
4//’\’“\> fﬁf\gjffﬁllj e !{ f' df‘ R jf“\aﬁ “2:
/'} £

ad

<V X

{§; ¥ LARGE SCALE S
P

' MOTION :
4 2’—/

SUPERBURST

ey LARGE SCALE
MOTION

Fig. 1 - Visualization of a turbulent boundary layer without
a pressure gradient. Light plane is normal to the wall
and parallel to the stream direction, Reg = 4 000
(FALCO 1977)

61-1



T F/ Ol///'f( S R

TURBULENCE QUANTITIES PRODUCTION TERMS
1y - dU 2dU
2 Y ox Ix
J_v 0 _iﬁifz_
2 dy
1w? 0
> 0
T -w2dU 0
dy
= o= dU .72y dU
v =(Uf-v) ==
q a—y—- ( ) "
A e
usual terms due to
terms the pressure
gradient

Fig. 2 - Reynolds stress tensor for boundary layers

with pressure gradient

0c-1

TURBULENCE QUANTITIES

X
(y = 0, high pressure side)
PRODUCTION TERMS
-uvdy 2Quv
dy
0 -2QUv
0 0
v 10 2Q2-1)
dy
-gv 90 0
dy
L S S——
usual terms due
terms to the Coriolis
force

Fig. 3 - Reynolds stress tensor for rotating
boundary layer



y R>0 y

R>0

PRODUCTION TERMS

TURBULENCE QUANTITIES

17 -gv 9U Ugy
2U v Y Ruv
1y 2Ugy
2v 0 R v
15
W 0 0
v dU Ui
v ay R( )
@ -'vg% %ﬁv
vv—-/ \—"V——/
usual terms due to
terms the Centrifugal
forces

Fig. 4 —~ Reynolds stress tensor for boundary
layer on curved walls

&

9
y

s//
-

Va4 X
heated wall cooled wall

TURBULENCE QUANTITIES PRODUCTION TERMS

1¢ -avdy
3 va_y. 0 0
13z 0 0 3vo
2 To
1 W2
i.w 0 0 0
av 2 dU 0 978
dy _ T
Te) o d
0 uvdy 0
% 0 98 &
dy g.B
usual terms due terms due
terms to the mean to the gravity
temperature forces
gradient

Fig. 5 - Reynolds stress for heated boundary
layers with gravity effects

121



1-22

Spanwise rake of hot-wires
(courtesy of J. HARITONIDIS)

Four-wire probe for measurement
of w,v, & (FULACHIER 1979)

( e~ d =~ 0.l hh«)

Ten hot-~wire rake. The wires can be
vositionned at 1, 2, 3, 4, 6, 8, 11, 15,
19 and 25 mm from the wall (HARITONIDIS,
KAPLAN & WYGNANSKI 1978)

Four-wire probe for simultaneous
"\9/}},—

977)

measurements of &/ dx ,"’eﬂg. 2
(SREENIVASAN, ANTONIA & DANH ‘1

~
\\

) @C\.\A”
|
{
[

S ) S I
|

r -
‘ququE)Alz
d

Fig. 6 - Examples of wire arrays



1-23

21 8
77~
= ~.a } b
U X r.f \}A
‘ e
\ - / T e !
] y M ¥ \\\r Longitudinal Axis ~o /
d '\1D
21
RADRY, 2,34
—@®—
Ze
Sketch and circuit of the
Kovasznay type vorticity probe
for measurement of wse -
(KASTRINAKIS, ECKELMANN & 21
WILLMARTH 1979) ""__"_E*
X

B

View of the Kovasznay type

S i et o]

< ittt i

LR SR

R

vorticity »nrobe (KASTRINAKIS,
WALLACE, WILLMARTH & BRODKEY 1978)

Sketch of five sensor probe (\/probe, 2 and 3 ; X probe, 4 and 5) ;
U probe, 1) for measurement of two components of vorticity LA} andtd}’
(ECKELMANN, NYCHAS, BRODKEY & WALLACE 1977)

Fig. 7 - Examples of wire arrays (Cont'd)



1-24

(mVl] 0 —
E, * U =30cmisec
() : | i -

.-03 U =82cmisec

L 0.6

rOA

L 0.2

-30 <20 -10 0 10 20 30

o, = [sec

.04

L 06

L 0.8

.10

Fig.

Fig.

8 - Calibration curve of the
Kovasznay type vorticity probe
with respect to Wx ;i Ewa
is the voltage across the
diagonal points a-¢ in Fig.7.
(KASTRINAKIS, ECKELMANN &
WILLMARTH 1979)

9 - Change of the vorticity
signal Ey, for various
yaw and pitch angles \p’
and ©' (KASTRINAKIS,
ECKELMANN & WILLMARTH
1979)

-1.04




1-25

10°
forward scatter
10°
DA [T~
*\~\~
| == >
T
v L.---
backscatt 166'
acksc
sCa er 100 101 102
Fig. 10 - Sketch showing the difference Fig. 12 - Limitation of the
between the probe volume and spectra (MELINAND
the measuring volume in LDA
(BUCHHAVE 1979)
70 ¢ L T T T
UI
60r o = !
Um
o b
Sor @ Un :
L0r [ ] m ]
U b i
= | i
Un | ~ °
30L |q ’t’ ~\\~\~ 9
2ok “-HOT-FILM DATA OF 7]
ECKELMANN & REICHAR}DT
- [~PROBE VOLUME WIDTH, a=1.72y*
10} i
0 1 ) 1 1 1
0 5 10 15
y+
Fig. 11 - Corrections for LDA measurement

close to a wall

(KARPUK & TIEDERMAN 1976)

LDA for power
& CHARNAY 1979)



1-26

LASER

PM ~L-t-

2

‘!1
|
|

= ()

/]
4
/4

A Coherent fiber coupling B Ordinary light guide coupling

(a) "Endoscopic" LDA system (DANEL 1976)

spherical cylindrical spherical
lens lens u iens

optlical
fibers

detectors

{b) LDA for the measurement of flow velocity profiles
(NAKATANI, YORISUE & YAMADA 1979)
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Fig.

15

Instantaneous temperature f£luctuations in of a two-dimensional mixing layer.
The six temperature probes are 1.5 mm apart across the layer and are located
8 cm from the origin. Note the sharp temperature gradients existing across
the layer, which are believed to be associated with vorticity layers.
(Arrows show one such layer). The temperature difference between the two
streams is 25°C. The high-velocity side corresponds to the lower traces.

U, =18 m/s ; U, = 0. Time increases from left to right. Horizontal scale:
1 em = 1/150 s ; vertical scale : 0.1 cm = 2.8°C. (SUNYACH 1971 ;
LAUFER 1975).

Fig. 16 - Simultaneous temperature signals in a turbulent boundary layer on a

slightly heated plate (= 12°C). The horizontal time span is 18.7 UcA\f/y
( Ue = 4.57m/s, T = 92.42 cm). A particular temperature front is
denoted by the arrows (CHEN & BLACKWELDER 1978)
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Pig. 22 - Example of zone averaging : values of Reynolds stress inside the
bulges (a) and outside the bulges (b) for a turbulent boundary layer
with free stream turbulence (CHARNAY, COMTE-BELLOT & MATHIEU 1976)
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Fig. 25 - Example of periodic averaging : wall pressure spectra on a rotor blade
in the case of upstream disturbances (MICHEL, ARBEY & SUNYACH 1979)
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Fig. 26 - Conditional averaging with correction for random convection.The upper
curve shows the original pattern P(0, En]obtalned from the marked indi-
vidual time points of the w(0,t] signal upstream. The indicated time
points of the downstream 51gnal in the middle trace are used to form one
of the P (Y tw+ Tk ) patterns. The variance between the patterns as ZLi
is varied is shown at the bottom. The minimum value at T,¥* corresponds
to the "best" match between the patterns. (BLACKWELDER 1977)
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SOMMAIRE

Les résultats expérimentaux présentds concernent aussi bien la structure de la zone interne
. A
qu'externe de la couche limite.

Pour &tudier la phénoménologie du champ turbulent, la chaleur est utilis&e comme contaminant
passif dans de nombreux cas d'expé&riences.

Dans la sous—couche viqueuse, 1'@coulement a un caractdre d'intermittence tr&s net; en particulier
les apports de fluide en provenance des zones plus &loignées de la paroi 1l'emportent nettement devant
les &jections et pénétrent,par instant, jusqu'au sein de la sous-couche.

Lorsque l'on s'éloigne de la paroi, le nombre d'apports diminue et devient du m@me ordre que
le nombre d'éjections de la zone pleinement turbulente. Les mesures de corrélations spatiotemporelles

laissent a penser qu'il existe au moins dans 1la zone internme une liaison entre les apports et les
éjections qui sont prépondérantes.

Des mesures de probabilités conditionnelles montrent que les trajectoires de ces perturbations
sont en accord avec celles obtenues par visualisations ou mesures de diffusion thermiques & partir d'un
point situé & la paroi.

En outre,des mesures de corrélations spatiotemporelles en trois points indiquent que les &jections
sont plus cohérentes et plus minces en envergure que les perturbations correspondant aux apports.
Ces Ejections s'dlargissent lorsque 1l'on s'8loigne de la paroi et diffusent 3 travers la couche limite.

SUMMARY

The experimental results which are presented concern the structure of the internal and external
zone of the boundary layer.

To study the turbulent field, heat is used as a passive contaminant, in many experiments.

In the viscous sublayer, the flow has obvious intermittent characteristics; particularly the
inward flows from regions which are farther from the wall prevail over the outward flows and penetrate
the sublayer randomly.

As the number of inward flow decreases with uncreasing distance from the wall, it becomes of
the same order as the number of outward flow in the fully turbulent region. The measurements of the
space-time correlations reveal that, at least in the internal region, there exists a linkage between
the inward and the outward flows, the latter being the more dominating.

Measurements of conditional probabilities show that the trajectories of these disturbances are
in agreement with the trajectories obtained through visualizing or measuring thermal diffusion from
a point located at the wall.

Additionally measurement of three point space-time correlations indicate that the outward flows

are more coherent and spanwise thinner than the disturbances corresponding to the inward flow. These
outward flows expend when moving off the wall and diffuse through the boundary layer.
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1. INTRODUCTION

Bien que la couche limite turbulente soit bien connue en ce qui concerne ses propriétés moyennes,
le mécanisme profond de création de la turbulence pré&s de la paroi,notamment, et de son interaction
avec la turbulence préexistante est encore un sujet de discussions. Des schémas d'ailleurs partiels
sont propos&s; on peut se reporter aux articles récents de Praturi et Brodkey (1) et de Blackwelder (2).
Une vue générale de lacouche limite est donnde par Willmarth (3). Cependant tous les auteurs sont
d'accord sur un certain nombre de faits : il se forme continuellement prés de la paroi (y +m 10) des
structures allongées instationnaires de périodicité moyenne en envergure de l'ordre de 50 ¥ (4)

u
qui sont &jectdes dans la zone interme (y+£100) en donnant lieu 2 des fortes bouffdes de t:;bulence,con£or—
mément amxvisualisations de Kline et al.(5). Ce processus semble &tre 1ié & celui observé par Corino
et Brodkey (6); les bouffées de turbulence sont décrites comme résultant de l'interaction de fluide i
vitesse relativement &levée("sweeps'")avec du fluide plus lent en provenance de la paroi ('&jections"),
Certaines analogies sont faites avec les instabilit&s conduisant d la formation des '"spots' de tur-
bulence dans la transition laminaire-turbulent sur une paroi lisse; en particulier, le phénoméne est
essentiellement tridimensionnel. Quant 3 la périodicité& moyenne du phénoméne, elle semble plut8t &tre
liée aux paramétres globaux u, et 8 (7). Toutefois, il n'est pas &tabli que le processus conduisant 3

une bouffée de turbulence soit sous la dépendance de grands tourbillons préexistant dans la zone
pleinement turbulente par exemple. La question est &galement posée en ce qui concerne la diffusion des
bouffées de turbulence en aval 3 travers la couche limite; en particulier,est-ce que les protub&rances
de turbulence lans la zone d'intermittence sont en relation directe avec les &jections depuis la paroi ?
A ce propos,notons que,le volume des protub&rances &tant beaucoup plus grand que celui des &jections,

il ne pourrait s'agir que d'entrainement de fluide,de fagon analogue au grossissement d'un tourbillon
au cours du temps,ou alors d'un phénoméne "d'apairage".

Les résultats expérimentaux qui sont présentés ci-apré&s concernent principalement la fréquence
des perturbations, &jections et apports, leurs trajectoires pré&s de la paroi, leurs développements i
travers la couche limite et enfin leurs caractéres tridimensionmels. Ils sont analysés compte tenu des
schémas précités. Notons que nous appélerons &jections,des séquences oli le fluide est en provenance
d'une région plus prés de la paroi que la position de mesure considérée; il n'y a pas nécessairement
concordance avec les "&jections" précitées, observées par Corino et Brodkey. Nous appé&lerons apports,
des séquences oli le fluideest enprovenance d'une région plus &loignée de la paroi que la position
considérée; 13 encore il n'y a pas nécessairement concordance avec les "sweeps' mentionnés précédemment.

Les techniques de mesure utilisent essentiellement les cogrélations spatiotemporelles triples
(8,9) en deux points et en trois points (10 a et b) ainsi que les contingences spatiotemporelles
(11, 12). La paroi &tant lég&rement chauffée, la chaleur est utilis@e comme contaminant presque
passif servant d'indicateur (13, 14, 15).

2, METHODES DE MESURES ET CONDITIONS EXPERIMENTALES

Les mesures ont &té effectuées dans deux types d'@coulements. Les zones & proximité de la paroi,
et notamment la sous-couche visqueuse,ont &t& analys@es & partir de mesures effectuées dans un conduit
cylindrique de section circulaire; au deld de y+%20, 1'analyse a été faite & partir de résultats
expérimentaux obtenus dans des couches limites de plaques planes.

Dans ces différentes expériences, les parois pouvaient &tre légé&rement chauffées, les &carts de
température maximaux, 8 —ee, gtant de 1'ordre de 20 K. Avec les vitesses maximales utilisées

(010 ms~! ), méme au voisinage de la paroi, on peut considérer que la chaleur se comporte comme un
contaminant pratiquement passif, tout au moins en ce qui concerne les fluctuations (l4). Toutefois,
on doit signaler que m@me ce léger chauffage de la paroi entraine une modification de la composante
v de la vitesse moyenne perpendiculaire i celle-ci (16, 17). Ainsi, 1'&tude de la structure du champ
turbulent a &té faite soit & partir des fluctuations des composantes u' et v' de vitesse, soit &
partir des fluctuations de température. En effet, la distribution de la température instantanée,e,
est sous la dépendance du vecteur vitesse instantanée (14, 18). Lorsque la chaleur peut &tre
considérde comme un contaminant passif, comme c'est le cas ici, sa diffusion par la turbulence peut
8tre utilisde pour décrire le champ turbulent et plus spécialement les structures i grandes &chelles.
En d'autres termes,comme le souligne notamment Bradshaw (19), la chaleur permet de marquer le fluide;
de plus,1'utilisation d'&chantillonage conditionnel permet de connaitre la provenance des masses
fluides considérées.

2.1. CONDITIONS EXPERIMENTALES

2.1.1, Conduit Cylindrique

Il s'agit d'une conduite de section circulaire (15) de diamétre 2a = 76,6 mm,de longueur L = 1116 mm,
dont la paroi peut @tre chauffée. Elle est précé&dée d'un tube de 52 diamétres de long environ dans
laquelle se développe un &coulement turbulent isotherme. Les mesures sont effectu@es dans une section
situde a4 12,8 diamétres du d&but du chauffage. Les grandeurs caractéristiques de 1'écoulement sont
les suivantes : u_ = 8,27 ms—1 , uy = 6,7 ms=! , u,= 0,37 ms™! , Re = 1440

8p 6 = 25 1,6, b1 -22¢

2.1.2. Couche Limite Isotherme

Les mesures concernant les fluctuations de vitesse ont &té principalement effectuées dans la
couche limite turbulente se dé&veloppant sous une plaque plane suspendue dans une veine d'expériences Sj
(0,8 x 0,8 x 4 m), & 45 cm en dessus du plancher (20). A la section oii les mesures ont Eté effectuées
(position du point P amont, voir paragraphe 2.4)., les conditions expérimentales S] sont les suivantes :
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Ue = 16 ms_1

5 8= 54mm, Uy = 0,59 ms—I’Re = 6120.
e
8" db wg,0106 .

112.8ue" dx

Le gradient longitudinal de pression statique est ndgligeable :

2.1.3. Couche Limite Sur Paroi Chauffée

Les mesures concernant les fluctuations de température ont &t& faites dans la couche limite
turbulente se développant sur la plaque plane chauffée constituant le plancher de la veine d'expériences
(14) d'une autre soufflerie S, (0,56 x 0,56 x 4,8m). Les caractéristiques expérimentales dans S, sont
les suivantes, 3 la section ou les mesures ont &té effectuées (position du point P _ amont,voir paragraphe
2.7). 5 o
1

b

u, = 12,2 ms—l, 3= 59 mm, u= 0,46 ms

Re =4750,e B0k
p e

_‘f’:f. ﬂz ~-4410-6 .
142 Puz dx

Le gradient longitudinal de pression est légérement négatif :

2.2, TECHNIQUE DE MESURE DESFLUCTUATIONS DE VITESSE ET DE TEMPERATURE

Les signaux relatifs aux fluctuations descomposantes u' et v' de la vitesse ont &té obtenus en
écoulement isotherme 3 1'aide d'anémométres & fils chauds fonctionnant & ré&sistante constante, avec
circuit de linéarisation. Ces fils, en platine rhodié (10%Z Rh), ont un diamétre d de SPJ leur longueur |
est de 1'ordre de lmm (1/d ~ 200).

La composante longitudinale u' est mesurde & 1'aide d'un £fil droit. Une sonde & fils croisés en X
permet d'isoler les composantes longitudinale u' et transversale v' instantanément. L'écartement choisi
entre les deux fils est de 0,4 mm, de telle sorte que l'influence d'un fil sur l'autre soit négligeable
sans que pour autant l'effet d 'intdgration spatiale soit critique (20),

Les fluctuations de temp@rature sont détect@es 3 l'aide d'un anémothermométre & fil "froid"
fonctionnant & intensit& comstante. Les fils utilisés sont en platine et ont un diamétre de I,L.Des
précautions nécessaires pour isoler les fluctuations de températures doivent &tre prises (21)." L'in-
tensité I est de 0,15 mA, ce qui correspond 2 un coefficient de surchauffe de 310~% et & un rapport de
sensibilité vitesse/température de l'ordre de 10-4 dans le cas le plus défavorable . Dans les conditions

expérimentales précitées, l'erreur relative due & la contamination de u' sur la variance 6% des fluc—
tuations de température est, dans le cas le plus dé&favorable, de 1l'ordre de 10 Une compensation

par circuit E&lectronique analogique de 1'inertie thermique des fils a &t& faite bien que la valeur de la
constante de temps soit faible (50M8 pour U= 5 ms~l, (15)). L'allongement 1/d a &t& choisi de
1'ordre de 600 afin que les effets de bouts jouent un role mineur, sans que pour autant 1l'intégration
spatiale soit critique.

2.3, UTILISATION DES FLUCTUATIONS INSTANTANEES

Afin de mettre en évidence les apports et les &jections au voisinage immédiat de la paroi des
enregistrements des fluctuations instantandesde la composante longitudinale u' de vitesse et de
température @'ont &té effectués. Pour privilégier les fluctuations de grandes amplitudes, tout en
conservant leur signe, les cubes instantands,u'3 et '3, des fluctuations u' et @' ont &té déterminés.
Ces fluctuations u' et 8' ont &té normées par rapport & leur &cart-type; ainsi, toutes les fluctuations
d'amplitude inférieure, en valeur absolue, & une fois l'écart type du signal relatif & u' ou 8' sont
trés atténuées; au contraire, toutes les fluctuations d'amplitude supérieure & cet Ecart—type sont
amplifiées.

Dans le cas d'expérience en conduit cylindrique (Cf 2.1.1.),ces cubes ont &té obtenus au cal-
culateur & partir de 1l'acquisition numérique des signaux relatifs soit a u' soit & &' (Cf figure 3).
La fréquence d'échantillonage des signaux est de 12 KHZ; cette fréquence est suffisante vue 1'Etendue
spectrale des variables (15).

Une méthode analogique a &té utilis@e (22) dans le cas d'expérience relatif & la couche limite
isotherme. Les enregistrements des cubes instantanés u'3 ont permis de déterminer le nombre

d'apports et d'éjections i travers la couche limite (Cf. figure 4). Avec le critére de seuil adopté,
seuls les signaux d'amplitude supérieure i 1'écart type sont pris en compte.

2.4. CORRELATIONS SPATIOTEMPORELLES EN DEUX POINTS

Ces mesures ont &té effectu@es dans les couches limites précitées (Cf 2.1.2. et 2.1.3.). Le
point Po situé en amont est fixe et le point situé en aval peut se déplacer, soit perpendiculairement
d la paroi (point P figure lb soit latéralement (point Py ou P2 figure 2).
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Fig. 1 Mesures spatiotemporelles en deux points Po,P.

L'écart longitudinal X| entre Po et P' (voir figure ! ou 2) est quelque peu supérieur &
1'épaisseur & (X = 1,419, cas d'expérience en couche limite isotherme, figure 1; X, = 1,865,
cas d'expérience en couche limite sur paroi chauffde, figure 2) afin de privilégier les structures
3 grande échelle,porteuses d'énergie cinétique, qui jouent un rSle fondamental dans les &coulements
cisaillés.

D'autre part, pour donner de 1'importance aux fluctuations de forte amplitude les corrélations
triples ont &té souvent utilisées. Elles ont de plus l'avantage de donmmer le signe des fluctuationms
dominantes. En fait ce sont les coefficients de corrdlations qui ont &té mesurds : soit les
coefficients de corrélation double

%6 = 050 O e+ o)/ (B2 B2)V2

=i R 2
gy = Up(Ow(e+D) /(U v*)
soit les coefficients de corrélation trinmle
T AN A2
Wo () W(er D /(07 (WE-W)*)

Fus uv = uip(B)(W V(e T)/(UgF (Uv/= u¥) )"

oo, vv = Gote) viECe+8) (U2 (ve —ve)yr) '

Ces mesures ont été effectudes avec un correlateur P.A.R. (20, 23)

L'étude (20), en particulier, des signes des corrélations triples précitées ainsi que celle de
leur valeur absolue,permet de mettre en &vidence quel est le "mode" de turbulence qui prédomine,
apport ou &jection.

2,5, CORRELATIONS SPATIOTEMPORELLES CONDITIONNELLES EN DEUX POINTS

Afin de mettre en &vidence de fagon plus directe les apports et les Ejections, nous avons introduit
des corrélations spatiotemporelles conditionnelles (10 a et b, 23) la condition portant sur le signe
des fluctuations. Par exemple, en ce qui concerne les fluctuations de température e', si O%ocela
correspond 4 de 1'air chaud en provenance de régions plus proches de la paroi, sil4¢0cela correspond &
de 1'air froid en provenance de régions plus éloignéesde la paroi.

Les corrélations spatiotemporelles conditionnelles sont définies par :

Rn,n () = T(e) B} () O'(e+T)/( B &5

!
oll m et n sont des' signes, +ou-, relatifs ieo(t) ete(h-l-'C).Pour un couple choisi de signes m et n,
J) =1 lorsque @o(k) a le signe m et e'( E¥C) le signe n; dans les trois autres cas J(E) = 0.

Ces corrélations conditionnelles ne sont pas des coefficientsde corrélation, mais chacune représente
la contribution d'un couple de fluctuations de signes donnés au coefficient de corrélation total :
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, Notons que cette méthode a aussi &t& appliquée & la correlation u',v' , généralisant ainsi aux
correlations spatiotemporel-es la décomposition utilisde par Willmarth (3) pour les temsions de Reynolds.

La détermination des corrélations conditionnelles a &té effectude & 1'aide d'un systéme d'acquisi-
tion et de traitement numérique de 1'I.M.S.T.. L'acquisition des donndes a &té& faite sur deux voies
par couples de valeurs correspondant aux fluctuations en Po et P, Ce temps, indépendant de la cadence
d'8chantillonnage qui sépare les deux valeurs,est négligeable. En ce qui concerne la cadence d'échan-
tillonnage, on a vérifié& que la corrélation mesurde est correcte quelle que soit cette cadence, & con—
dition que le nombre d'é&chantillons soit suffisant et que le temps d'intégration correspondant soit
trés grand par rapport aux &chelles de temps du phénoméne considéré (25). L'augmentation de la fréquence
d'échantillonnage permet simplement une ré&solution incrémentale plus fine, mais il est alors nécessaire
d'augmenter le nombre d'&chantillons pour avoir un temps d'intégration suffisant. La cadence adoptée
est de 2000 Hz ce qui correspond & un temps incrémental de 0,5 10-3s , adapté& aux conditions expérimen-
tales. Le nombre de couples généralement traités est de 60 000, correspondant & un temps d'intdgration
de 30 secondes.

Des tests du programme de calcul numérique du coefficient de corrélation et des corrélations
conditionnelles ont &té effectués., Il semble que,principalement pour les décalages de temps faibles, la
méthode numérique soit plus fiable et précise que la méthode utilisant le corrélateur P.A.R.

Les mesures ont &té& effectudes soit en couche limite sur paroi chauffée, soit en couche limite

isotherme, les points Po et P % P'&tant 3 la méme distance de la paroi, pratiquement sur une ligne
P p q g

de courant.

2.6, PROBABILITES SPATIOTEMPORELLES CONDITIONNELLES EN DEUX POINTS

Les corrélations conditionnelles pré&cédemment introduitesne fournissent pas en fait un critére
absolu de liaison statistique.

Certaines propriétés de la turbulence &tant liées & des caractdres non gaussiens, la ndcéssité
de déterminer un tel critd@re nous a conduit & utiliser les probabilité@s conditionnelles spatiotempo-

relles (11). Ces probabilités sont ici relatives aux fluctuations de température. On considére les
probabilités simples et composées telles que, par exemple :

Bob[ €®)IG>he) ; Trob [ 80 a>h]
Peob [ Bl0)/0>h, et O(erD)IT>h ]

(Tc‘,et(rsont les &carts types des fluctuations &etel; ho etk sont des seuils quelconques.

Pour caractériser le degré de liaison statistique entre les fluctuations nous introduisons la
contingence(f. Par exemple :

P™*= Rob[8()/0% >hg at 81es0)fo>h] - Frob [ 80h] Frob [ 8566))0; >

Les signes + rappellent, dans 1'exemple donné, que l'on ne consid&re que les s&quences de fluide
dont la temperature est plus €levée que la température moyenne aux p01ntS Po et P, Si les &venements
e ((:) >h(S; ete(b+"t)>h0' sont statistiquement indépendants, LP'H'—O ; s'ils sont compl&tement 1ids, on

Q1 Rob [0309/ahe] [ 4 — Frob[ 8erfor>h]]

On introduit alors une contingence réduite,qui s'écrit ,en utilisant la probabilité& conditionnelle :

S O Peob[ 016+1)/0>h s 8300 )00>h,] - Brob [ 615)/0°>h)
AN A - Prob[ e'(e)/o-'>|n]

Ainsi 1'indé&pendance statlsthue est equlvalente a = o et la liaison complé&te entraine §r= 1.
Si les &vEnements sont plus ou moins 1ncompat1b1es * ont des valeurs négatives. Des considéra-
tions similaires s'appliquent aux contlngencesL? et atlves aux séquences de fluide plus froid que

les températures moyennes en Po et P .

Différents seuils ont &té utilis&s : h = ho = o, oii 1'on consid&re toutes les séquences oli le
fluide est chaud ou toutes celles oii le fluide est froid,et h = ho = 1, correspondant au fluide tré&s
chaud ou bien tré&s froid.

Les contingences conditionnelles spatiotemporelles ont ét& déterminées avec des méthodes numé-
riques analogues et pour les mémes conditions exp&rimentales,que les corrélations conditionnélles
spatiotemporelles.
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2.7. CORRELATIONS SPATIOTEMPORELLES EN TROIS POINTS

Afin de mettre en &vidence le caractdre tridimensionnel des structures turbulentes & grande échelle
des mesures de corrélations spatiotemporelles en envergure ont été effectudes dans la couche limite tur-
bulente sur paroi chauffée. Pour atteindre la largeur statistique du domaine de cohérence de ces
structures, des mesures de corrélations spatiotemporelles des fluctuations de température en trois points
ont 8td faites (10 a et b).

PAROI

Fig. 2. Mesures spatiotemporelles en trois points Po’Pl’PZ‘

Py, P| et P2 sont situds dans un plan parall®le & la la paroi (figure 2). La distance X] séparant le
point Po, situé en amont, du point P', en aval, est de 1,86& (C£. 2-4); les deux points Pl et P2, en
aval, peuvent étre déplacds symétriquement par rapport i P,P'. Dans ces conditioms, on définit un

coeffi%}ent de corrélation triple entre les fluctuations de température en Po, Pl et P2, avec un temps
retard € entre Po et P1P2 :

réom@f B, (k) O, (k) Glere) 7 [ 02 (8,0,- OLe )" ]w_

8i, pour un temps retard T, ce coefficient a une valeur importante ceci signifie que statistique-
ment des structures, qul sont passées 2 des instants £ en Po, atteignent simultanément les points P| et
P2 3 des instants correspondants b 4%. En d'autres termes, 1'envergure statistique du domaine de
cohérence est au moins de 1l'ordre de la distance P|P2 , En faisant varier la distance PiP2, c'est &
dire X3, on obtient la carte des isocoéfficients de corrélation triple en fonction deTet X3
(Cf. figure 11),

Une interprétation similaire des corrdlations spatiotemporelles doubles, par exemple entre Pg
et Py,n'est pas possible. En effet, on ne peut pas distinguer alors une structure de petite envergure
ayant un parcourt trds aldatoire d'une structure cohrente de grande envergure. L'aire délimitée par
1a'ligne oti la corrélation spatiotemporelle double, Tg,@, ou Yeg,©, s 'annule,correspond au domaine
d'influence qui est &videmment plus large que le domaine de cohérence.

La considération des signes de Fgog, @, » Veora ou .02 - ¥e: 8, permet de montrer
(CE£. 10 a) qu'il existe trois régions (voir figure 16). Dans la régions I, le mode de turbulence
statistiquement dominant correspond & la combinaison de signe ( 8o >0, @370 ©,70). Il peut Etre
interprété comme &tant dd 4 de Ll'air chaud passant en Po et transféré em aval’d la fois en P| et P2,
Les régions II et III correspondent respectivement aux combinaisons de signes ( Qb L0, 0, <o, ©; <o)
et ( BL>0 ) 6'4 9}_(0); les modes dominants qui y régnent peuvent &tre interprétés comme des apports
d'air froid.

Les mesures ont &té effectudes au corrélateur P.A.R. (23).

3 ., ANALYSE DES RESULTATS EXPERIMENTAUX

3.1. ZONES INTERNES

3.1.1.Des enregistrements des fluctuations de vitesse u' et de température ©' ont &té effectués
jusqu'i une distance de la paroi y*+ = 1,7 dans 1'&coulement en conduite cylindrique. La figure 3
donne les cubes normalisés correspondants u'3/(E1)3u et 6'3/( BD.)}/& ; ceux—ci mettent en relief

les signaux de forte amplitude qui sont déterminants dans le mécanisme non-lin&airede la turbulence.
Les ordonnées donnent les pourcentages des fluctuations rapportées aux moyennes u et B locales.

On constate qu'a la distance y+ = 1,7 seuls des apports de fluide plus froid, en provenance de zones

un peu plus &loignées de la paroi,sont d&tectdes. Les &jections de fluide plus chaud n'apparaissent que
peu 3 peu, 3 mesure que 1'on s'éloigne de la paroi. La figure 4 donne précisement des résultats

obtenus dans une couche limite turbulente; ceux-ci concernent la fréquence d'apport Na et la fréquence
d'éjection Ne obtenues & partir des cubes u'3/( _\F)
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On vérifie bien que, prés de la paroi, seuls les apports subsistent. Un point de mesure de
Na & y+ = 1,7, obtenu dans la conduite cylindrique, est &galement porté. Pour que la comparaison soit
valable 1la formule de Rao donnée plus loin a &té utilisée pour ramener Na aux conditions de la couche
limite Sy. Il s aglt surtout, semble-t-il, d'apports de couches tré&s voisines par amincissements locaux
de la sous—couche visqueuse ; par exemple, a yt =1,7, 1'apport correspondrait & du fluide venant en
moyenne d'une zone situde & y*=5 seulement. Par ailleurs cette figure confirme que la fréquence N,
d'éjections augmente lorsqu'on s'&loigne de la paroi, N, &tant égale & N & environ y* = 50, au début
de la zone turbulente inertielle.

En ce qui concerne les valeurs de N, et N il faut les comparer, par exemple, au nombre de
bouffées de turbulence ou "bursts" qui serait donné par la formule de Rao (7) : Ng = 1,54 Re=0,73 soit
ﬁg 0,0026. Cette valeur correspond pratiquement & la fréquence N, maximum d' éjections entre y* = 50
e% 100 env1ron, dans la zone de maximum des contraintes tangentlelles de Reynolds (on définit

N»/u )

| 1

oL 10 1 Lod 1t 1aal i Lol ] I O Y

100 10! 102 103
y <+

Fig. 5. Facteursde dissymétrie S, et d'aplatissement Fy relatifs 3 u'.
Conduit cylindrique.

Les mesures des facteurs de dissymétrie Sy et Sg relatifs au conduit cylindrique sont présentées
sur le figures 5 et 6. Elles confirment les r&sultats précités, en ce qui concerne la prédominance des

survitesses et des refroidissements de grandes amplitudes sur les sousvitesses et les réchauffements prés

de la paroi. Lesfacteurs d'aplatissement Fy et Fe dépassent de beaucoup la valeur gaussienne, F = 3,
trés prés de la paroi, ce qui indique un caractére intermittent de 1'&coulement, Remarquons, par a111eurs
qu'aussi bien pour la vitesse u' que pour la température 8', Fy et Fe passent par des valeurs minimales
aux alentours de y*av 20 (valeur pour 1aque11e Su et Se sont nuls). Ceci pourrait &tre dii (26) aux
instabilités de type hydrodynamique, dont 1l'hypoth&se est souvent avanc@e dans cette zone, et qui
donnerait lieu & des trains d'ondes harmoniques (§ = 0 ,F = 1,5).

A partir des mesures d'autocorrélation r(t)de u' et de 0! on a déterminé la fréquence intégrale
-4
oy j'?’or('c) d't:]
()

%€ est un temps toujours relativement grand correspondant 3 la partie positive de (T .Nf, est liée,
avec 1'hypothé&se de Taylor,d 1'échelle intégrale classique L :

Lo %
2TN,
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valeur Ng'= 0,0076 calculde 3 partir de la formule de Rao précitée,dans 1'écoulement considéré. Ceci
montre que les &chelles intégrales Ly et Lg sont plus grandes que celles correspondant aux distances
moyennes entre les bouffées. Echelle spatiale entre les bouffées correspondrait plutdt & celle du
maximum de contraintes de Reynolds qui est comprise entre la macroéchelle et la microchelle de
Taylor, comme on peut s'en rendre compte en analysant les cospectres de WV’ (14,27).

Sur la figure 7 on a porté les fréquences adimentionnelles N? =+—=— FElles sont inférieures & la

3.1.2. En ce qui concerne la liaison entre les apports et les éjections,des mesures de corrélation
spatiotemporelles conditionnelles tendraient & confirmer qu'elle existe,du point de vue statistique,
au moins dans certaines zones,comme on va le voir sur la figure 8 donnant le coefficient de corrflation

ree) = eo'(o 9’(t+'t:)/(§i gz

ainsi que les différentes contributions selon les signes des fluctuations @'. 1La ligne PoP, paralléle
i la paroi, située 3 y§ = 22,est pratiquement une lignede courant moyenme. Enabscisse le temps adimen—
51onneltﬂﬁfu¢$est porté. tjkcorrespond au maximum de la corr@lation et ¢¥correspond au temps de par-
cours de la distance X{ & la vitesse moyenne locale, soit 't“t—)(418. On constate que 3

R- -

02 ’2: Q%Qck’""'t-:-.-_-;..___ =

f———""REs

N
- 5 2
0 l_ T 0=
ATE 24 T

Fig. 8. Corrélations spatiotemporelles de température 6': r coefficient; R++,
R--, R+-, R-+ corrélations conditionmelles.
Couche limite S, : yo+ = 22, Evue = 0,49, X1 = 1,86%
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comme il &tait attendu, les sdquences d'apports R-— (fluide froid) ont une c&lérité

plus forte que la vitesse moyemne ; mais il est plus surprenant de constater que les s&quences d'&jec-
tions R++ (fluide chaud) ont aussi une c&lérit@ qui est plus grande que la vitesse moyenne. D'ailleurs
on voit aussi que le temps T* ¢ :’, c'est 8 dire que les fluctuations les plus cohérentes vont plus
vite que la vitesse moyenne.

Finalement,dans cette région, il semble qu'il existe des s8quences correspondant vraisemblablement
aux bouffées de turbulence oli les apports et les &jéctions sont 1i&s. Ce résultat semble &tre sp&cifique
i cette région, car des mesures similaires de l"eoe montrent que les temps correspondant aux &jections
deviennent supérieurs’d ’thour y'?lOO (12).

Remarquons encore que la période moyenne du ph&noméne de "bursting" serait (7) %_Lq_z 53

soit & la distance considérée iciA’t‘*= 2,4, ce qui correspond en ordre de grandeur 3 la durée pendant
laquelle la corrédlation de .9 @ une valeur notable , comme on peut le voir sur la figure 8 od 1'&cart
AY* a &té porté. Toutefois, ceci ne signifie pas du tout que le temps de cohérence des bouffées de
turbulence soit adgal aATY 2,4, car il s'agit 13, en raisomnant par analogie avec les corrélations en
trois points comparées d celles en deux points(Cf para 2.7)d'un temps "d'influence" et non pas de"cohérence",qui

peut lui 8tre trésnettement inférieur (voir par exemple Fig.l165: envergures des corr@lations double
et triple).
a2 | | | I
-t
- D S L Y . |#m"::::=:
- R-- R++ —
- A-L-*: 34
O O—o-clJ o—O=
o~
/
— —
R+
©-©=5=008-g~
Re=~ ~ °o~00s353 8o~
_02 L | Y} |
0 1 2 Tk T3 4

Fig. 9. Corrélations spatiotemporelles de vitesses u'p, v' :

fricoefficient; R+~, R—+, R++, R-—;corrélations
conditionnelles. Couche limite §; : y§ = 117,
u/ue = 0,62 , X; = 2,78 § .

~

Des constatations analogues peuvent &tre faites i partir de la figure 9 donnant le codfficient
de corrélation dans le temps

X ’ 4 \'4 Ve
Fagy = Whte) VVCEx®) / (WE VF)
Ces corrélations conditionnelles sont notées {Cf. para 2.5) R+~ etec ... signifiant pour 1'exemple choisi

que u'y (&) el v'(E+7%T)Lo.Les apports correspondent donc 3 R+~ et les éjéctions 3 R-+. On constate
que méme & cette distance de la paroi les séquences d'éjection ont statistiquement un temps optimum
(minimum de R-+) pratiquement &gal au temps e compensateur du mouvement moyen, ce qui signifie que l'on
a encore un effet d'entrainement des &jections par des apports.

Le temps AT 3,1,correspondant & la périodicité moyenne des bouffées,a Eté &galement porté sur
la figure 9. On peut faire les mémes commentaires que pour la figure 8.

3.1.;. On a aussi effectué une expérience significative du transport des perturbations 3 1l'aide des
corrélations spatiotemporelles de température, le point en amont Py &tant placé i Yg’= 23 et le point
en aval P &tant déplacé longitudinalement et perpendiculairement i la paroi (Fig. 1). En particulier

les lignes de corrélations spatiotemporelles I’é G(X,}y"t) maximales, ¢.3.d. pour la distance yp et
o



2-13
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le temps t;optimaux qui donnent la corrélationmaximale & un X, fixé, ainsi que les lignes de contingences
maximales définies de fagon analogue,sont & priori significatives de la diffusion des perturbationms,

100

y-l—

X1/O

Fig. 10. Couche limite Sy : y*= 23, Coefficients de correlations et contingences
rdduites spatiotemporelles.,

® (To,p) 0P (h=ho=o) , x G (hshy=0)
Aéﬁ('ﬁ:v’\o:«?'“, o B (heho =), ?

—~ = — Ejections,visualisation Rundstadler etal.(35).
Trajectoire moyenne,Shlien et Corrsin (28)

Sur la Figure 10 on a porté le coefficient de corrélation maximal(rboe)“\et les contingences

réduites maximales Gm pour différents seuils h (Cf. para 2.6.), A titre de comparaison on a &galement
porté la ligne "ejected eddies" tracée & partir des visualisations par Kline et al. (5), ainsi que la
trajectoire moyenne des particules qui auraient &t& &mises & la paroi, obtenue par Shlien et Corrsin (28)
en utilisant une source thermique comme &metteur de contaminant. Cette dernidre ligne est aussi la
trajectoire moyenne en y au sens lagrangien (28). On constate que les particules fluides tr&s chaudes
e re S e ; . z : 7 -
(@ (h:koaﬁ))s &cartent plus rapidement de la paroi que les particules tré&s froides (§5 (l’\:ho-/l) ).
Ceci, toutefois, n'infirme pas un couplage possible entre les &jections et les apports, car,le phénoméne
8tant tridimensionnel,un apport peut "encadrer" une &jection, comme par exemple dans le modéle donnd par
Blackwelder (2) et qui sera repris 4 propos des corrélations en trois points (Para. 3.3.), les noyaux
des apports et des &jections se déplagant sur des lignes différentes. Sauf pr&s de l'origine corres-
pondant 3 la diffusion initiale, les lignes sont trds peu inclinBes. A titre indicatif, la pente de la
courbe ( rtbe),n pour X]/é%g = 1 est de l'ordre de 3°, la pente des diverses lignes tendant vraisem—
blablement vers celles des lignes de courant moyennes considérées, les perturbations étant finalement
emportées avec le courant moyen.

3.1.4. La cohérence en envergure des &jections et des apports a &té &tudide &
spatiotemporelles en trois points des fluctuations de température comme il a &
2.7.

: I1 e
partir des correlations
8

té expliqué au paragraphe

Un exemple de r@sultats est présenté sur la figure 11 relatif i la position )€*== 64 (Cf.Fig.2).
Il existe essentiellement deux zones de coefficients de corrélation I19°e‘egrespectivement positifs
et négatifs, que 1'on peut rattacher aux séquences d'éjections et d'apports. Si l'on considére
1'échelle X3/ 8 on voit que du point de vue statistique les &jections sont relativement minces;
1'épaisseur au droit du maximum de 80 9,9, positif est de l'ordre de 0.078. Un autre fait important
c'est que les &jections apparaissent &tre encadrées lat&ralement par les apports, le systéme &tant
fortement tridimensionnel. On peut d'ailleurs, compte tenu des ré&sultats du paragraphe 3.1.1, penser
que plus prés de la paroi les zones d'éjcctions s'amincissent, les zones d'apports prenant de plus en
plus d'importance. Cette disposition en envergure des &jections et des apports est en faveur du schéma
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Fig. 11. Coefficients de corrflations spatiotemporelles en trois points. Couche limite S,
yé = 64, TW/ue = 0,59, X, = 1,866

précité donné par Blackwelder au voisinage imm&diat de la paroi. Notons que l'envergure mesurée entre
deux dorsales des coefficients Iy g6 négatifs'correspondant aux apports,est de 1'ordre de X3 gz asop
0 2 “*
50»
L)

; cette différence

alors que la distance correspondante,dans le mod&le de Blackwelder,est de

correspond 3 un grossissement tout & fait plausile depusy* & 10 jusqu'd y+ = 64,

3.2 ZONES EXTERNES

Si l'on admet que la génération de turbulence par bouffées a lieu dans la zone interne, il
s'agit surtout dans la zone externe d'@tudier les liaisons statistiques qui peuvent exister avec ces
bouffées. Nous n'envisageons que le cas de la couche limite. Le cas du conduit est assez différent,
car il existe un effet de la paroi opposée (Cf. Sabot et Comte-Bellot (30)),

3.2.]1. Du point de vue diffusion, la figure 12 donne 1l'é@volution des courbes d'isocontingences

@""" (h= h°=4), relatives 3 des séquences de fluide trés chaud, égales 3 la moitié de la contin-
gence maximale **(hw4) avec méme temps retard optimal. Les conditions expérimentales sont les
mémes que pour la figure 10, (¥P=TWe/S).

Qs - -
' l— " intermittence ' ‘ '

CE R P o o2

025

Y/

00

+
Fig. 12. Isocontingences §H’(h=ho=]) = &v:[&
_*_Jigne de contingences maximales

Couche limite Sz/.yﬂ,‘ = 23.
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Toutefois,le point en amont P, ne peut pas &tre considéré comme un point
source puisque des particules fluides passant pré&s du point en aval P peuvent ne provenir que-du
voisinage de Pp ol les fluctuations de température sont fortement corrélées avec celles en Po. Aussi
nous avons défini une région source initiale, notée e= O+ &, en prenant les points expérimentaux
d'isocontingenceségales 3 la moitié d'une valeur limite de la contingence maximalz,définie par extra-
polation selon une loi exponentielle, ne prenant donc pas en compte la viscositd, pour y ——»0(12).
On voit que cette région source est en accord de forme avec les autres regions pour des temps différents
de zéro. Le point source i la paroi est virtuel,d une distance en amont que l'on a &valué (12) avec
une formule de trajectoire lagrangienne donnée par Batchelor (29) i Xja1,3 5.

Si 1'on excepte les instants initiaux, 1l apparait que les &jections sont diffusées 3 travers
la couche limite d'une fagon qui n'attire pas de remarques trés particuliéres; notamment 1'hypothdse
de similitude de Batchelor (29) pour la diffusion dans cette zone parait 8tre vérifie en premiére
approximation. On obtient une &volution analogue des isocontingences pour les apports, mais la diffusion
est moins inclin&e par rapport 3 la paroi comme on le constate sur la figure 10 pour les contingences

maximales é;:(h:-. ho=4a).

3.2.2. 11 existe aussi une liaison statistique & travers la couche limite qui n'est pas due & un
transport mais 3 une liaison structurelle,analogue dans le cas des ondes i celle degplans de phase,

qui est bien mise en &vidence par les correlations spatiotemporelles des composantes de la vitesse
(Fig. 1). En fait le décalage longitudinal X| n'est pas indispensable; son introduction a pour effet
de privildgier les structures fortement cchérentes. De plus on a intérét a considérer les corrélations

triples, significatives des fluctuations de fortes amplitudes (Cf. para 2.4)

p/4S

Fig. 13. Isocoefficients de corrélations spatiotemporelles l‘uo wu *+ QO points de retard optimal.
Couche limite ) : y = 0,0568 , X, = 1,418 '

Les figures 13, 14 a et b donnent respectivement les isocoefficients de correlations spatio-
temporelles triples en deux points (Fig. 1):

r . : * .
e, 0u wu WV et Iy en fonction. desvariables ‘U, et y/ & . Le point
el a, Y us,vwv . O ‘e
en amont Po est situd & yo = 0.0568, soit y§ = 119,23 la limite de la zone interne.

Les lignes en traits tiretés correspondent aux corrélations maximalesa§= o, lieu des points de
retard optimal. e
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p/4S

&1

Fig. 4. Isocoeff:}c%ents de corrélations spatiotemporelles : a ’GOMV » b, mo)vv
Couche limite $§ : y, = 0,0568 , X; = 1,418 .

Les isocorrélations ont sur chaque figure deux lobes marqués de signes oppos&s. On peut vérifier
sur les trois figures que les lobes les plus dévéloppés et cohérents correspondent i la combinaison
(u',{o‘u'(oj‘\"id;les autres lobes correspondent d& la combinaison (Ug»0 W50 y%). Ainsi c'est le mode
d'éjections qui est le phénoméne marquant; la pente du pseudo-plan de ‘phasé correspondant aux lignes
de corrélations maximales précitées,est de l'ordre de 18° d'aprés Fys, wy,de 20° d'aprés Mo, Uy °
cette derniére valeur &tant la plus significative, puisque liée aux tensions u ' Vv'% !

Les visualisations effectuées, en particulier & 1'IMST (31), montrent que les grandes structures,
issues de la zone interne,qui forment le plus souvent 1'intermittence, ont un angle en moyenne plus
elevé de l'ordre de 30°,certaines &tant méme presque 3 90°, Toutefois les structures facilement iden-
tifiables sont celles qui sont relativement figées et pas nécessairement tr&s actives; dec plus les
corr@lations prennent aussi en compte des structures en voie de disparition, probablement plus couchdes
au long du mouvement et qui,elles aussi,sont peu visibles.

Les lobes correspondant aux apports apparaissent beaucoup plus allongés au long de 1'@coulement,
ce qui est en accord avec les schémas actuels (1,2).

Dans une deuxiémes série d'expériences (9,20) le point en amont Po &tait situé dans la zone
d'intermittence (yo = 0,80 & intermittence 50%, X| = 1.438). Les figures 15 a, b, c donnent respective-
ment les isocoefficients de corrélations Tug,uw » Tua, uv et Mg, yy en fonction des var.:iables
y/§ et "C‘:_". Lorsque le point P est rapproché de la paroi, le temps compensateur Te diminue du fait
de la vitesse moins elevée régnant dans cette région (voir & ce propos les temps T ,introduits par
Favre et al.(32)et(33), dans le cas ol X{ = 0)

Sur ces figures seuls les lobes correspondant aux ralentissements de vitesse ( Wjp <o, Uf(O,V'>o)
sont bien d&finis; il s'agit pour 1'edsentiel du fait que les protubdrancesd'intermittence ont une
vitesse u' en moyenne plus faibles que dans la zone non-turbulente. Toutefois le fait que v' soit
positif indique une liaison avec des phases d'@jections.

La pente de la ligne de corrélation maximale de )"uo'uv (Fig 15b traits tiretés) est dans sa
partie linéaire de 1'ordre de 21°,tout comme dans le cas Gu P, &tait disposé a4 la limite
de la zone interne. Ceci serait done plutdt en faveur d'une liaison des protubérances de 1'intermit-
tence avec les &jections dans la zone interne pleinement turbulente. Notons ccpendant que les vi-
sualisations précitées montrent plutdt que les bouffées de fluide arrachées depuis la zone de paroi
(y+a)20) ne gagnent pas directement la zonme d'intermittence, mais seulement la zone centrale pleine-
ment turbulente. Par la suite la diffusion emm&ne ces bouffées dans la zone d'intermittence.
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T

Fig .15. Isocoefficients de corrélations spatiotemporelles
a: Y b N c:
797 B Ug, Uy [P} v
Q points de retard optimal o,V
Couche limite Sj : Yo = 0,808 , X1 =1,438 .

3.2.3. En ce qui concerne le développement en envergure des perturbations,la figure 16 donne une
comparaison des diverses zones definies dans un plan parallile & la paroi selon les signes des
corrélations doubles et en trois points (paragraphe 2.7). La figure 16a correspond & la figure 11,
soit yo = 0.0348 ou y§ = 64.

Les figures 16b et c sont relatives 3 des plans respectivement situés & yo = 0.34 9 et y, = 0.818
(intermittence 45%Z). Les zones hachurées sont celles ol le coefficient de corrélation spatiotemporelle
en trois points Vg_g, 0 ©st positif, correspondant 3 des séquences de fluide chaud. On voit que
1'envergure des &jections augmente au fur et 3 mesutre que 1l'on s'@loigne de la paroi. A la position
y = 0.818; 1'envergure de la zone hachurde au droit du maximum de corrélation estégale & 0.88, ce qui

-~

est pratiquement 1'envergure moyenne d'unme protubérance d'intermittence & cette distance y/$ (10b).

Ceci montre clairement que les protubdrancesde turbulence sontformées surtout par du fluide en prove—
nance de zones plus intérieures; les visualisations montrent,d'ailleurs, que 1'entrainement de fluide
extérieur non-turbulent est trds faible dans le cas de la couche limite avec gradient longitudinal de
pression moyenne nul (31). Mais &tant donné que du fluide arrive de l'intdrieur dans une protubérance
de turbulence , il est nécessaire,d'aprés ce qui préc@de, que du fluide reparte en quantitd au moin
égale vers 1'intérieur. Ceci n'apparait pas dans la figure 16c, car dans la région ] les valeurs
positives de f‘eem ©, signifient seulement que les &jections sont dominantes (10a, 20), du point de

vue cohérence, mais non pas qu'il n'existe & certains instants des apports moins cohérents donnant
lieu & des produits O 8] eL £ 0.

Ld . . .
¥ 12 détransition est pratiquement exclue.
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(c) y/§ = 0,814,

Une autreconstatation quel on peut faire sur la figure 16 est 1'aspect fortement tridimensionnel
des &jections, ce qui est aussi en accord,dans la zone d'intermittence,avec les résultats de

Kovasznay et al.

(34).

Enfln,sl la figure 16 révéle une unité de mécanisme dans le processus d’ eJectlon depuis la zone
interne jusqu'id la zone d'intermittence, ceci ne signifie pas toutefois qu'une méme éjection parcourt

directement le trajet 3 t

au paragraphe précédent.

ravers toute l'8paisseur de couche limite, comme nous 1'avons d&ja souligné
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4. CONCLUSIONS.

De 1'analyse des zones interne et externe qui a &té faite se dégage un certain nombre de résul-
tats, dont les plus marquants sont les suivants @

4.1, Trés prés de la paroi, au moins juqu'd y t = 1,7, les enregistrements des fluctuations de tempéra-
ture et de la vitesse longitudinale, ainsi que les facteurs de dissymétrie correspondants, montrent que
les apports constituent le phénomé@ne dominant. Evidemment, du fait de la conservation du débit de masse,
il existe nécessairement des €jections, mais celles—ci n'apparaissent pas dans ces mesures parce que,
probablement, elles sont plus diffuses, de faibles amplitudes relatives.

Au fur et 3 mesure que l'on s'@loigne de la paroi, le nombre d'8jections apparentes augmente
tandis que celui des apports diminue ; dans la zone, 50& y* & 100, ces nombres sont pratiquement
8gaux, 3 la précision prés des mesures, et voisins du nombre de "bursts" donné, par exemple, par la
formule de Rao, Par ailleurs, si l'on se référe aux célérités, mesurées 3 partir des corrélations spa-
tiotemporelles conditionnelles, les &jections semblent —du moins pour les plus cohérentes— &tre liées
aux apports. Enfin, les mesures de corrélations spatiotemporelles en trois points montrent que, dans
une section paralléle & la paroi, les &jections occupent un domaine, relativement mince, entouré& par
des apports formant, en quelque sorte, les deux doigts d'une main. Ces résultats sont en faveur des
schémas tridimensionnels, tels qu'on peut les trouver dans les publications de Praturi-Brodkey, ainsi que de
Blackwelder, dans lesquels les bouffées de turbulence ("bursts") sont créées, dans la zone interne, par
1'interaction d'é&jections ("éjections") et d'apports ("sweep").

4.2, En ce qui concerne le transport des perturbations les plus cohérentes depuis la zone voisine de la
paroi, jusque dans la zone, K pleinement turbulente -mesurée par les probabilités spatiotemporelles con-
ditionnelles & partir de y = 23— il se fait par un processus analogue & la diffusion lagrangienne de
particules., Les perturbations liées aux &€jections s'@loignent plus de la paroi que celles lides aux
apports ¢ si 1'on admet qu'au départ les deux perturbations sont liées, ceci signifie que la bouffée

se déforme en s'estompant au cours du. temps.

4.3, Il existe aussi -comme le montre les corrélations spatiotemporelles de vitesse en deux points, &
travers la couche limite- une liaison statistique qui n'est pas due 3 un transport mais plutSt & une
liaison structurelle analogue & celles des plans de phase dans le cas des ondes. Toutefois, de telles
liaisons entre les zones interne et intermittente n'ont pas &té décelées, Des visualisations effec-
tuées montrent d'ailleurs que 1'éclat d'une bouffée, issue de la zone de paroi, ne s'étend pas, en
général, au deld de la zone interne pleinement turbulente ; cependant cet &clat est diffusé@ et peut
gagner; comme Vu précédemment, une protub&rance turbulente de la couche limite.

Dans la zone externe, ce sont les &jections qui semblent jouer ~comme le montrent notamment les
corrélations spatiotemporelles en deux et trois points— un rSle de plus en plus dominant lorsque 1'on
s'éloigne de la paroi, les apports &tant de moins en moins cohérents. En envergure, le domaine de
cohérence des &jections s'é@largit progressivement allant jusqu'd intéresser, du point de vue statistique,
les protubérances turbulentes. Il existe donc une unicité@ du processus qui se traduit par une prédomi-
nence des &jections, en tant que structure cohérente ; toutefois, cela ne signifie pas du tout que ces
éjections sont dues & un méme tourbillon intéressant & la fois, par exemple, la zone interne pleinement
turbulente et intermittente.
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EXPERIMENTAL, STUDY OF COHERENT STRUCTURES
IN THE TURBULENT BOUNDARY LAYER OF PIPE FLOW
USING LASER-DOPPLER ANEMOMETRY

H.R.E. van Maanen
KONINKLIJKE/SHELL-LABORATORIUM, AMSTERDAM
(Shell Research B.V.)
P.0. Box 3003, 1003 AA Amsterdam, The Netherlands

SUMMARY

The main objective in this investigation has been the study of the coherent structures in the
turbulent boundary layer of a pipe flow. These structures - often called bursts - are thought to be the
main mechanism involved in the generation and maintenance of turbulence in flow.

For the purpose of the study we measured the frequency and frequency spread as a function of
Reynolds number and tried to resolve the structure of the phenomenon by measuring conditional averages.

The measurements were carried out in a pipe 6 m long and 50 mm in internal diameter, filled
with water, using a laser-Doppler velocimeter, down to 0.25 mm from the wall, with the size of the
measuring volume in radial direction being 0.1 mm.,

The output signal of the laser-Doppler anemometer, which can be regarded as the flow valocity,
was fed both into a burst detector as described by Blackwelder and Kaplan and into an electronic delay
line. The output signal of the burst detector was used to conditionally average the delayed signal.

The conditional averages close to the pipe wall (y* = 20) are in good sgreement with those
found by Blackwelder and Kaplan, but further from the wall significant deviations were observed. We found
burst phenomena even for y+ = 100, so that the structure appears to be bigger than expected.

Results of the measurements of the burst frequency and frequency spread as a function of the
Reynolds number, as well as the conditional averages, are presented.

1. INTRODUCTION

In the late sixties detailed flow visualisation studies of turbulent boundary layers (Refs. 1, 2)
showed that in these layers more or less periodic phenomena occur, related to "coherent structures” in
these layers. These structures - very often referred to as bursts because of the very rapid changes in
the velocity during a certain phase of the phenomenon - are thought to be the main mechanism in the
generation and maintenance of turbulence in flows. Since then coherent structures have been found and
studied in many other flow systems (Ref. 3).

The visualisation studies (Refs. 1, 2) ultimately led to the following schematic picture of the
phenomena in the turbulent boundary layer of a pipe flow.

The - always present - laminar sublayer, which has a high velocity gradient, starts to thicken
while the velocity gradient is maintained. As the layer reaches a certain thickness, it becomes unstable
and trips over its own velocity gradient, probably triggered by turbulent fluctuations in the bulk,
and generates a roll-vortex which is quite extensive in the tangential direction. The fluid with a low
velocity is thereby transported from the vicinity of the wall and becomes an obstacle for the fluid
in the bulk. Pressure begins to build up due to the deceleration of the bulk liquid and shortly after
that the vortex is swept away by the bulk liquid, leaving only the laminar sublayer. The vortex decays
in the bulk to generate random turbulence and the whole process starts anew. As the laminar sublayer
must reach a certain thickness, the process is more or less periodical, although it has a random spread,
probably because it is triggered by random fluctuations. A simplified picture is given in Fig. 1, which
has been taken from Ref. 1. '

One of the major problems in studying these phenomena is to discriminate between bursts and
background turbulence. Unambiguous criteria appear to be difficult to define (Refs. 4, 5). This will be
discussed in more detail in the section on signal processing.

However, visualisation studies have been of a qualitative nature, and although they reveal
much about the mechanisms involved, a need exists for quantitative measurements.

A study of coherent structures in pipe flow was initiated and because of the small dimensions
involved we chose a laser-Doppler velocimeter for the measurement of the average burst frequency as a
function of the Reynolds number, the frequency spread, the velocity signals and the conditional averages
of these. In this paper we present the first results of our experimental work.
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2. MEASURING EQUIPMENT

2.1. The flow system

The flow system consists of a closed pipe loop partly made of stainless steel and partly of
Perspex, and is shown in Fig. 2. For stability of the flow centrifugal pumps are used with a maximum
capacity of 10 1/s. The measuring liquid is water, which is kept at 20 * 0.2 ©C., The throughput is
measured by means of turbine flow transmitters with digital readout. For the sake of accuracy three
transmitters are used with overlspping ranges.

The Perspex measuring pipe, internal diameter of 50 mm and located between the two settling
chambers, is 6 m long. The actual test section is situated 4.5 m after the entrance of the measuring pipe.
The test section itself is of a different design to permit the use of a laser-Doppler velocimeter under
optimum conditions. It consists of a rectangular vessel, internal cross-section 80 x 100 mm and 600 mm long.
This vessel is filled with the same liquid as the pipe loop (in this case water) and at almost the same
static pressure as well. In the vessel a glass pipe is fitted with the same internal diameter as the
measuring pipe, but at the measurement location the glass is removed over half the circumference of the
pipe and a width of approximately 16 mm. Over the full length of the glass pipe a thin foil is glued on
the inside which acts as an inner wall for the flow. As this foil is forced in a cylindrical shape
and is supported by the glass tube along its full length, except at the measurement location, it is rigid
enough to withstand the pressure fluctuations of the turbulent flow field. In this way a very thin
(1ess than 100 um) wall is obtained without disturbing surface changes close to the measurememt location.
The test section is shown in Figure 3.

2.2. The laser-Doppler velocimeter

Detailed descriptions of laser-Doppler velocimeters and their use for measurements in turbulent
flows have been published in many papers. A convenient compilation can be found in Ref. 6. We will
therefore confine ourselves to a short review of the main aspects important for this study. As is well
known, the system uses small particles carried by the flow that scatter the laser light.

The main adventages of a laser-Doppler velocimeter can be summarised as follows:

- no calibration required

- no interference with the flow

- single component measured

- strict. linearity

- using the reference beam mode, easy alignment
- good spatial resolution.

Disadvantages of the laser-Doppler velocimeter are:

- noise in the output signal of the tracker (frequency-to-voltage converter) obscures the signals from the
small eddies;

- seeding is necessary in most cases, but in liquid flows the particles will follow the flow without
difficulty. In gas flows, however, this requires more attention.

Good spatial resolution can be achieved by a proper choice of the direction of the laser beams,
the angle between them and their diameter.

As can be seen from Fig, 4, the measuring volume of s laser-Doppler velocimeter, being as a first
approximation the intersection volume of the laser beams, is always long and thin, due to the narrow angle
between the beams. During operation all the signals coming from this volume are processed. This means
that eddies smaller than the measuring volume are averaged out and hence «cannot be measured. This puts
an upper limit to the longest dimension of the measuring volume. A reduction of this dimension can be
achieved by increasing the beam diameter before focussing it into the flow and increasing the angle
between the beams.

On the other hand, a reduction of the measuring volume implies that fewer particles per unit
time will contribute to the scattered light to generate the Doppler signal. In order to measure the
turbulent fluctuations sufficient particles must traverse the measuring volume per unit time, which puts
a lower limit to the size of the measuring volume.

The ratio of the length of the measuring volume to its width is limited by the angle between
the beams that can be obtained in practice. As this ratio ® 1, the spatial resolution differs in the
three perpendicular directions: in the direction of the beams it is smaller than in the directions
perpendicular to it.

For this study the highest spatial resolution is required in the radial direction because in
the vicinity of the wall the velocity gradients are the largest. In the axial and tangential directions
the gradients are a lot smaller or even zero. Consequently, optimum operation of the laser-Doppler
velocimeter will be obtained with the shortest dimension in the radial direction and the longest
dimension in either the tangential or the axial direction. This is illustrated in Fig. 5. For practical
reasons the tangential direction was chosen (Fig. SB), although the axial direction is theoretically
to be preferred.



As can be seen from Fig. 4, the direction of the longest dimension is also the main direction
for the laser beams that create the measuring volume. This means that in the case of Fig. 3B the beams
hit the pipe wall at a small angle, far from perpendicular, which implies that the pipe acts as a cylinder
lens, giving severe distortion of the beams.

To avoid distortion of the laser beams due to the small angle of incidence on the pipe wall,
the pipe was mounted in a rectangular vessel also filled with water, and the pipe wall thickness was
reduced to 100 um as described in Section 2.1. In this way the problems caused by the change in refractive
index from air into water were eliminated and distortion by the pipe wall reduced so far that measurements
down to 0.5 mm from the wall could be made. The influence of the wall thickness on the laser beams is
illustrated in Figs. 6 and 7 which show a laser beam traversing a wall of respectively 500 um
and 100 ym with water on both sides of the wall at two different positions from the wall. These pictures
show that a wall thickness of 100 um must be achieved.

The laser-Doppler velocimeter was operated in the reference beam mode for ease of alignment
(even the small distortion caused by the remaining wall thickness necessitates realignment for every
measurement point (see also Figs. 6 and 7)). It also enabled us to use cross-correlation techniques for
noise reduction in turbulence power spectral measurements (Ref. 7). A disadvantage of the use of the
reference beam mode is the higher sensitivity to laser noise. However, this noise is confined to the lower
frequency range (< 200 kHz) and by using a preshift of approximately 400-500 kHz, generated by a rotating
grating, the frequency of the Doppler signal was shifted to a band with minimum laser noise.

The output signal of the photodiode is filtered by a Krohn-Hite model 3103 band-pass filter
(see Fig. 8) and then fed into a tracker (TPD model 1077, designed and constructed by the Technisch
Physische Dienst, TNO-TH Delft, the Netherlands) where the frequency is converted into a voltage. The
output signal was used for further data processing and displayed on the monitoring oscilloscope.

2.3. Signal processing

The tracker signal was low-pass filtered to remove the noise (see Fig. 8, filter 1) from the
tracker and to act as anti-aliasing filter for the delsy line. To be able to change the filtering without
affecting the operation of the burst detector, it was separately band-pass filtered for use with the
burst detector (see Fig. 8, filter 2). The burst detector used was of the type described by Blackwelder
and Kaplan (Ref. 5). A burst detector should discriminate between bursts and background turbulence and
should behave neutrally on "pseudo turbulence". This will be discussed in more deteil in Section 2.3.h4
(Conditional averages).

2.3.1. Average burst_freguency

The output of the burst detector was fed into a pulse shaper to yield standard pulses that can
be counted. It appeared, however, that the burst detector was not able to discriminate completely between
bursts and background turbulence. Therefore, the count had to be corrected for the erroneous triggering
of the burst detector on the background turbulence. How this is done will be discussed in Section 3.1.

2.3.2. Time interval distribution

The time lapse between two successive pulses from the burst detector was measured and stored
in a 1024-position memory and fed into a computer for further processing. The imperfect diserimination
by the burst detector gave rise to erroneous pulses. This could not be avoided, but the average count was so
chosen that it corresponded to the average burst count obtained.

2.3.3. The axia) fluctuating velocity signals

As the burst detector reacts somewhere during the occurrence of the bursting phenomenon, it is
necessary to delay the signal in the measuring system in order to study the beginning of the phenomenon.
The degree of coherence between successive bursts is insufficient to use the detection of burst n to
trigger the measuring system for burst n + 1. Therefore, Blackwelder and Kaplan used two systems:
the first (upstream) is used for the detection of the burst and the second, a rack of hot-wires, for

study of the burst. This system has several disadvantages:

- The flow field at the location of. . the measuring system is influenced by the presence of the detection
system.

- The time lapse between the detection system and the measuring system is determined by the distance
between them and the turbulent convection velocity. As the latter is not constant, the delay time
is not constant either but varies from burst to burst.

—~ The evolution of the burst between the detection point and the measurement point complicates the
measurement: the burst may have disappeared on its way from the detection system to the measuring
system, for example if it is detected in its final state of evolution. This puts an upper limit to
the distance between the detection and measuring systems.

To circumvent these difficulties in the present study both detection and measurement were
carried out with the same laser-Doppler velocimeter using an electronic delasy line to capture the signal
and store it for a time that could be varied from 1 ms to 10 s. In this way the same signal was used
for detection and measurement. The delay line employed a 102L-position memory in which the signal
was stored after A/D conversion. After a certain time, determined by a continuously variable clock,
the store was read out and fed into a D/A converter. The delay time chosen was between 0.5 and 1 times



34

the average time lapse between two successive bursts. In this way the signal as measured before the
actual detection moment was still availsble to study the onset of the burst phenomenon. The use is
illustrated in Fig. 9.

2.3.4. Conditional averages

The average value of the turbulent velocity fluctustions is by definition zero. If, however,
conditional averaging is used, this is not necessarily the case. The conditional average is defined as

N
F (1) = % z: £, + 1 - At)
n=1

¥ = conditional average of signal f

T = time delay since detection moment t, (> 0)

N = number of samples used

f = signal to be averaged conditionally

ty, = detection moment, determined by condition criteria
At = time delay of electronic delay line

Note again that the position in space at which the measurement is carried out is the same as that at
which detection occurs!

Using this technigue the "random" background turbulence was averaged out, the distinctive part
of the phenomenon remaining. The problem was mainly the generation of the trigger signal, If one induces
a flow field, e.g. in a stirred vessel, the trigger moment can be chosen as the passage of a reference
marker at the stirrer. In our case, however, the process was spontaneous and not controlled from the
outside. Therefore, the trigger signal had to be obtained from the velocity signal itself. A burst
detector as described by Blackwelder and Kaplan (Ref. 5) served this purpose.

The criterion for satisfactory performance of the burst detector is that filtered white
noise - a completely random signal that resembles turbulence but of course without the coherent
structures - must give a conditional average equal to zero for all delay times t. Strictly speaking,
the burst detector of Blackwelder and Kaplan does not satisfy this condition, but it comes close to
it, as was reported by them (Ref. 5) and confirmed by our own experiments for which we used basically
the same burst detector as Blackwelder and Kaplan's.

For this study a Hewlett-Packard 3721A correlator in the signal recovery mode was used as
an averager. Either N=102)4 or 2048 samples were used to determine the conditional average.

3. RESULTS

3.1, Average burst frequency

If the reference level on the burst detector is low, it will respond both to bursts and to
background turbulence. Increasing the reference level will reduce the number of counts per unit time.
Increasing the reference level even further will cause the burst detector to ignore the smaller bursts.
In order to determine the optimum threshold level burst count measurements were carried out at various
threshold levels. We hoped to find a range where the number of counts per unit time would be (almost)
independent of the reference level. However, this did not happen. Only a weak shoulder appeared in the
number of counts per unit time as a function of the reference level, as is shown in Figure 10. Although
it was reproducible, it is toc weak to give an unambiguous result for the burst count. Therefore, a more
indirect technique was used. As stated before, the burst detector reacts either to burst or to background
turbulence. Just as the conditional average with simulated turbulence is (almost) zero, the contribution
from the background turbulence to the final conditional average can be ignored. Hence, the final
conditional average will still be of the correct shape, but as the averager divides the contribution of
each of the signals by the number of signals to be averaged, 1ts amplitude will be too small, because not
all signals give a contribution to the conditional average of the burst. Its shape is therefore independent
of the reference level, but not its amplitude.

Assuming now that the conditionsal average is meaningful, it can be used to study the behaviour
.of the burst detector by comparing the velocity signal to which the burst detector reacted with the
conditional average itself. This enabled us to divide the signals that made the burst detector react into
two classes: the signals that resembled the conditional average, which represented bursts, and those
that did not, which were due to background turbulence. With this division the count could be corrected
to curve b in Figure 10. From this a clear value for the average burst count is obtained. Note that even
at high reference levels the count still included erroneous counts from random turbulence. Using this
technique, the average burst freguency was measured at three Reynolds numbers. This is illustrated
in Figure 11, which shows that the average burst frequency is, as a good approximation, proportional to
the Reynolds number.



3.2. Meagurement of the frequency spread

The results for the frequency spread were obtained by setting the reference level such that
the average count corresponded to the average burst count as obtained in Figure 10. The time interval
between two successive pulses was measured and fed into a computer. From over 30 000 measurements
the time interval distribution was calculated. The result is shown in Figure 12A.

The interval distribution is influenced by the imperfect behaviour of the burst detector, as it
also reacts to background turbulence, which can be seen from Figure 10, However, the distribution is
very broad, so that we think the effect of the probably random distribution of the background turbulence
is not very important. Improvement of the behaviour of the burst detector by implementing more
sophisticated detection criteria will improve these results.

The peak for low values of At is shown in more detail in Figure 12B. At this moment we do not yet
know the cause of this peak, but we tend to believe that it is caused by multiple reaction of the burst
detector to bigger bursts and/or to the vortical activity shortly after the burst (see also next section).

The wide distribution may have three causes:

1. Variations in the time intervals can be expected because triggering is more or less random, so that
the time that the laminar sublayer is steble is not constant.

2. The burst effect is two-dimensional and two bursts positioned differently in the tangential direction
mey both be detected. The time interval between two such detections may be not, or not completely,
correlated.

3. Coalescence of bursts may occur, and if this happens the two bursts will come close together. We have
also found additional evidence for this from the velocity signals.

Plotting of the results shown in Fig. 124, except for the first two points, which may be erroneous, on a
semi-logarithmic scale, as shown in Fig. 13 yields an almost straight line, which indicates that the
distribution observed must be due to a more structural phenomenon, which we do not yet know.

3.3. Velocity signals

The actual velocity signals of u' show that the phenomenon is accompanied by vortex motions, as
can be seen clearly from the typical signals shown in Figs. 14-19. This has also been found from the
visualisation studies (Refs. 1, 2). As will be shown in the next section, some velocity-time traces
resemble the conditionally averaged velocity signals, but some are obscured by the "random" background
turbulence. It can be seen that the "random" background turbulence mostly has a more or less periodic
character, which points at vortices passing by. The most striking phenomenon in the pictures is the very
rapid acceleration to which the burst detector reacted roughly 4.5 divisions from the left.

3.4, Conditional averages

The conditionally averaged axial velocity fluctustions measured at different y+ values for
Re = 9500 are shown in Figure 20 as a function of time. The detection moment corresponds to t=0. These
traces show that the structure extends quite far from the wall, It is important to note that these
conditionally averaged axial velocities differ strongly from those reported by Blackwelder and Kaplan for
higher y* values, as can be seen from Fig. 21. The following causes may explain this difference:

- The use of the hot-wire technique by Blackwelder and Kaplan lias prevented them from distinguishing
between the u' and v' components. As u'v' is negative, in particular during bursts, the decrease in u'
as measured by us may be compensated by an increase in v'.

- The use of the convection velocity to determine the time delay will cause phase fluctuations which will
tend to smooth out sharp edges such as those shown here, especially at higher y* values. Moreover, the
wire used for detection is positioned at a low y* walue (y* = 15).

- The evolution of the phenomenon may have strode along so far that the burst had partly disappeared
before the authors measured it.

- Qur conditionally averaged axial velocity signals are measured at a higher Reynolds number (9500 vs.
2550) .

However, study of their velocity signals shows that the bursts can clearly be detected at high
y* values, while their conditionally averaged velocity signals are then almost zero. This indicates that
the last potential cause is not so important.

The influence of the phase fluctuations was later on recognised by Blackwelder, too, and
corrected for (Ref. 8), which resulted in conditionally averaged velocity signals that resemble our
results, but even then differences remain.

We conclude from this that the conditionally averaged streamwise velocity signals must show
some structure for high values of y .

A striking feature of the conditional averages found by Blackwelder and Kaplan and confirmed
(except. for some details) by our own measurements is the following: Normalising the velocity by dividing
it by the reference level results in a conditional average that is (almost) independent of the reference
level.
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Blackwelder and Kaplan concluded that this was caused by the inclusion of smaller bursts at
Jlower reference levels. Although this seems obvious there are arguments that point in a different
direction, such as:

- One does not only measure the bursts at the reference level but also at levels above the reference
level. This means that a reduction in reference level would give a less than proportional reduction in
amplitude (maximum difference in velocity). If one were able to discriminate completely between bursts
and random turbulence the conditional average would not be affected at all,

- The burst detector compares as a first approximation the square of the signal with the reference level
(Ref., 5). This gives a less than proportional reduction in amplitude.

- The burst detector will give relatively more erroneous trigger pulses at lower reference levels
(Fig. 10), which results in a reduction in amplitude if we assume that the contribution of the erroneous
signals to the conditional average is zero.

This phenomenon will only be clarified through a further study of the behaviour of the burst
detector and measurement of the size distribution.

The disappearance of the vortex signals from the conditional averages is probably caused by a
wide spread in vortex size, which causes phase fluctuations. This is confirmed by the rate of disappearance:
the more samples are used for conditional averaging, the less pronounced they are.

L., CONCLUSIONS

The laser-Doppler anemometer is a useful tool for measuring coherent structures in liquid flows.
The optical diffi