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Split-film electrochemical transducer theory is briefly outlined so as to show its
ability to separate statistical properties of each component of the surface velocity
gradient in regions as different as a boundary layer, a separated zone and a three-
dimensional separation line. A lot of measurements of the flow field near a cylinder
which are not yet available elsewhere are carried out everywhere on the cross-section
of a yawed cylinder. A direct verification of the independence principle and Wild’s
thermal analogy in separated zones is executed. The periodic and random parts of each
component of the surface velocity gradient are separated. Cross-spectral analysis
between any pair of points shows that the periodic surface flow is coherent upon any
cross-section and in a large region in the spanwise direction. The stationary wave
system is investigated in space and time. The reconstitution, instant by instant, of
the averaged integral wall streamlines leads to an understanding of the synchroniza-
tion of the natural oscillations. The four main stagnation or separation lines quickly
move from one extreme position to the other, and at certain times contrary vortices
stretching in the direction of the generators can appear. In the rearward stagnation
region random small-scale fluctuations are probably turbulent, but in the inter-
mediate region high-level random fluctuations in the spanwise direction are much more
coherent and probably contribute to keeping the flow in phase at large distances.

1. Introduction

Experimental investigation of wall streamline patterns (or integral lines of the wall
shear stress direction field) is a powerful method for analysing the validity of mathe-
maitical processing which is applied to three-dimensional flows. Visualization techniques
are generally used (for example, Werlé 1959, 1960, 1962). However, for unsteady
flows, the streamlines are distinct from the particle trajectories. Otherwise, when the
flow becomes turbulent, random small-scale movements and the diffusion effect
which results make elucidation from snapshots more complex. The aim of an instru-
mental technique is to provide directly velocity values which are not dependent on
the previous history of fluid particles. Also, appropriate data processing could allow
reconstitution of the instantaneous flow pattern without taking into account the
local perturbations introduced by turbulence.

Such an investigation in three-dimensional unsteady flows, which is one of the

6 FLM 85



162 C. Tournier and B. Py

purposes of the present work, does not seem to have been available up to now. How-
ever, many successive improvements illustrate the usefulness of electrochemical
techniques in the measurement of the components of the surface velocity gradient
in three-dimensional flows. With a large aspect ratio electrode, Mitchell & Hanratty
(1966) achieved a transducer sensitive to the flow direction. Karabelas & Hanratty
(1968) used a cross-array which allows flow directions in one quadrant to be measured.
Two sandwiched electrodes avoid ambiguities and measurements in all four quadrants
are feasible. The chevron array of Sirkar & Hanratty (1970) is both more simple and
more sensitive but is not suitable when the flow direction deviates from the sector
bounded by the two electrodes. Directional properties of split-film electrochemical
transducers have been calculated or measured by Py (1973) for various configurations
and aspect ratios. Some of these are constructed from two joined but insulated platinum
ribbons which are cut flush with the surface. For this case, figure 1 (plate 1) shows the
appearance of the two conducting areas. These split transducers are easy to shape
and their spatial resolution is good. The flow direction can be determined in two
quadrants only, but as no ambiguities exist for one component of the velocity gradient,
split electrodes are suitable in investigations of separated flow. Intensive use of these
last transducers is made in this work so as to measure the main characteristics of the
naturally oscillating flow around the cross-section of a circular cylinder. They allow
measurement of not only the local statistical properties of the flow, but also the joint
statistical properties between one point and any other.

As unsteady pressure measurements are feasible whatever the azimuth is, it appears
that the characteristics which are the best known are those of the instantaneous
static pressure field (see, for example, Loiseau & Szechenyi 1972; Surry 1972; Batham
1973). But as far as the velocity field is concerned, the results are fragmentary and
few significant measurements are available close to the wall in separated zones.
Bellhouse & Schultz (1966) used a hot film and examined the limit of validity of
boundary-layer theory. McCroskey & Durbin (1972) also developed thermal tech-
niques, using the pair of hot films with which Dwyer & McCroskey (1973) detected
backflows. In general the transfer coefficient of thermal transducers is important in
regions of low velocity, which somewhat complicates the data processing. Direct
measurements of the surface velocity gradient have been made by Dimopoulos &
Hanratty (1968) and Son & Hanratty (1969). The latter authors gave in detail the
qualitative aspects of the natural fluctuations in the flow. In particular they showed
by visualization techniques that spanwise velocity fluctuations can predominate
downstream of the separation line. This result, however, restricts the validity of the
indications available in these regions from a single-electrode transducer. Using a
directionally sensitive probe registering static pressure differences, Achenbach (1968)
made measurements in regions of backflow, but very large fluctuations certainly
caused errors owing to the nonlinearity of the transducer. Unsteady characteristics
of the flow cannot be measured by this method.

This paper outlines as briefly as possible the theory of split electrochemical trans-
ducers so as to show how the direction and the value of surface velocity gradients can
be obtained. Experiments conducted all round the cross-section of a circular cylinder
for a Reynolds number of 13900 are then described. The yawing was systematically
executed to meet three conditions: (i) to generate at every point a spanwise time-
averaged velocity component more important than the fluctuations; (ii) to avoid



163

Oscillating three-dimensional flow around a cylinder

3

.
®
0-15 b~
01 K-k, Fsi
= sm a
K. +K, )
0-05 -
/ oz
0 PR RN S SR TUNN M SUUNN B
09
K +K, (a)
=G (a)
08 Ki+K,(4m)
L " i i 1
0-5 1

sin a
FiaUure 2. (a) Electrode array on the six cylinders. (Dimensions in mm.)
(&) Calibration curve for electrode with aspect ratio 2-5.



164 C. Tournier and B. Py

ambiguities about the flow direction, which is then located in two quadrants; (iii) to
allow significant measurements on the separation lines where the wall shear stress
remains non-zero. The data processing consisted of separating out the time-averaged
portion of the signal and distinguishing by auto- and cross-correlation and then by
auto- and cross-spectral analysis the periodic portion from the random one.

The electrode array in figure 2 illustrates the way in which the spatial investigation
was executed. Cylinder 6 is convenient for measuring the direction of the surface
velocity gradient, the spectral analysis of every fluctuating component and also the
local cross-spectral analysis between each velocity-gradient component. Cylinders 1
and 4 are convenient for cross-spectral analysis in the chordwise direction of the
chordwise and spanwise components. Cylinders 2 and § are suited for cross-spectral
analysis in the spanwise direction of the chordwise and spanwise components. Every
spectrum and cross-spectrum available in this way for every azimuth cannot be
given in the paper, but their main characteristics which allow the definition of six
regions in which the flow-field structure is very different are described. The coherence
of the periodic part of the fluctuations is determined. Its value enables a very precise
significance to be attributed to the mean history of the integral wall streamlines,
which will be constructed, instant by instant, from the measurements of the time-
averaged magnitude and phase delay of the periodic fluctuations. In this degenerate
case of three-dimensional fluctuating flow a direct verification of the independence
principle and of the thermal analogy (Wild 1949) is made.

2. Interpretation of electrochemical measurements

Iodine reduction is used for convenience and better frequency response, but the
electrochemical reaction I; + 200 31~

is driven in such a manner (Reiss & Hanratty 1962) that the boundary conditions for
the mass concentration field are not dependent on the flow:

C = 0 at the electrode,
C = C, in the far field,
oC/éy = 0 at the insulated wall.
The electrolysis current J; on the part i of the area 4, of the electrode (figure 1, plate 1)
provides a measurement of the space-averaged mass-transfer coefficient for the ionic
active species. It can be expressed as

)] (), .14 - air "

where F is Faraday’s constant and 2 the diffusion coefficient. The transfer coefficient
K, is normalized by the entire area 4 of the split electrode so that it satisfies the
same summation rule, K = K, + K,, as the electrolysis current.

The first-order Taylor expansion of the velocity field about the centre of the trans-
ducer, taking into account the continuity equation and the no-slip condition, allows
the velocity field to be characterized by two time-dependent parameters:

Uz = yS.rO(t)’ Uy = 0’ Uz = ySzO(t)» (2)
where S.ro = (aUI/ay)1=y=z=05 Szo = (aUz/ay)z=y=z=0'
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Asno hypothesis is made about the flow field, the transducer theory will be consistent
for point electrodes if the numbers of the signals K,(¢) and of the parameters Sy(f)

coincide.
The transfer equation (1) and the mass balance are normalized through the following

transformation:
C+=0/C,, X+=2X/l, Z+=2/l, Y+=(Y/1)S&, |
8+ =88/, tr=128%/1, nt=nt/28Y, K+=Kl2,)

I being a characteristic length of the electrode, n a frequency and ¢ the time. Thus

(3)

90+
-s37 ][, 5), 04 ‘
A i ay+ U+“0 ( )
a0+ _ 1 [@0r  a0r) e0r | 0t By 90T (5)
ar ~ s leme e Ty Y e 78,7

In general the diffusion terms in the direction perpendicular to the wall dominate,
as has been justified by numerous authors including Ling (1962). This is particularly
true in liquids, where the diffusion coefficients are very small, so that S}, is important.
The mass balance equation (5) simplifies to

80+ 0t a0+ S, ,00*
ot oyte Y 8,7 (8)

In a quasi-steady state, with the z axis in the flow direction, the mass balance (6)
becomes a two-dimensional and universal equation. Then as a result of (4), each
transfer coefficient K, becomes proportional to S, and the proportionality coefficient
can be obtained by calibration. More generally, the quasi-steady-state solutions of
(6) are dependent on only the electrode shape and the flow direction. Characteristic
relationships for split-film electrochemical transducers may then be deduced very
simply from (4) and (6). They can be written as a function of the angle a between the
flow direction and the neutral axis of the transducer (figures 3a, b):

K — KF
_I?}_+_I?:I = F(«), Ki+Kf=gG(x)Si
with = constant, tga = S, /S, So= (8% +S%). (7)

K} and K are the Sherwood numbers for each active area. Complete numerical
solutions in three dimensions and measurements with split electrodes of various shapes
and aspect ratios (Py 1973) show that these properties are not greatly modified by the
diffusion terms in the wall direction. Any homogeneous combination of the transfer
coefficient divided by another of the same degree depends only on the flow direction.
Figure 2(b) shows the calibration curves F(a) and G(a) as a function of sina for
rectangular electrodes with an aspect ratio of 2-5. From the two transfer signals K;
and K, the surface velocity gradient and its direction are consistently deduced with a
split point electrode. Let us note that single electrodes have already been used in three-
dimensional flows. For example, Cognet (1971) calculated the mass transfer on single
electrodes as a function of the flow pattern and detected the waves in a Couette flow.
On a rotating disk, Chin & Litt (1972) used large aspect ratio electrodes and partially
separated the fluctuating components of the velocity.
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Small fluctuations: quasti-steady-state response
Let us choose the x component in the direction of the neutral axis (figure 3a) and
separate each component into its time-averaged and fluctuating part:
C=C+c¢c, K=K+k 8S=38+s.

If the fluctuations have a small amplitude, we can neglect the variations in G(a)
and linearize (7). For a 3 }s one obtains

S 1 ok [ p (k) .
ST = dFjdsma) K 1 K ++[ Sm“‘dF/d(sina)] K ik (®)
3_:::___ —tgx (ki —kF) [ = F (kf +k2)

S—g—dF/d(Sin“)K_f+Kg+ 3cosa+tgadF/d(sma)]K s (9)

s, and s, are linear functions of k; —k, and k&, + k,. These fluctuations can be separated
and determined in real time by executing the corresponding mixing of the signals.
In practice, s2 and s2 are calculated from the measurements of (ky — ky)?, (ky +ky)% and
(ky — k,) (ky + ky). For a = 0, (8) and (9) simplify to

st 1 ki —

ﬁwﬁ = dF/d(sina) K} + K7’ (10)
g Mk )
S5 K + K3

If the angle a tends towards 37 (figure 3b), the transfer functions (7) can be written
in the more suitable form

(Ki —K§ ) = ¢ Fm) [1- Ul@)] S}
(Ki +K§P = P1-V(@)]|S0).

Neglecting U(a) and V(a), which are generally small when « is high enough (Py &
Tournier 1975, b), equations (12) can be used directly with cubing electronic circuitry.
For small fluctuations, linearizing (12) gives the results of Mitchell & Hanratty (1966):

K-k k kg
K -K; Ki+K;

(12)

1s,
=33 (13)

Small fluctuations: frequency response

The inertia effect induced by the mass boundary layer on the transducer frequency
response for small velocity fluctuations in the time-averaged flow direction has been
calculated for single electrodes by Reiss & Hanratty (1963), Mitchell & Hanratty
(1966) and Fortuna & Hanratty (1971). The frequency response for split electrodes
has also been determined by Py (1973) for the configuration shown in figure 3 (b).
A linear combination of the collected signals on each half-electrode can considerably
improve the transducer frequency response for these fluctuations. This result alone
sometimes warrants the use of such a transducer.
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FiGure 3. Electrode array. (e) First configuration. (b) Second configuration.

In the chevron array of Sirkar & Hanratty (1970), the fluctuations in the direction
perpendicular to the time-averaged flow are detected from the opposite variation of
the chordwise velocity component on each large aspect ratio electrode. The frequency
response for these fluctuations can then be expressed in the same manner as that for
chordwise fluctuations. But as this time-averaged component decreases with de-
creaging a, the response time is increased. In the case of the split electrodes in the
configuration shown in figure 2, the frequency response is very different because the
three-dimensional character of the concentration boundary layer must be taken into
account. The calculation method consists of numerically simulating the evolution of
the concentration field and the mass transfer in response to a spanwise step change
(indicial response) in the surface velocity gradient. For small fluctuations the frequency
response f(nt) is deduced from the indicial one and enables correction of the signal in
Fourier space by the expression

k(nt) [(k(t)2)E = f(n*) s(n*) /(s(t)?)1.

Figure 4 shows the amplitude and phase shift of an f(n+) function calculated in this
way. Curves A and B relate to the frequency response for a small perturbation in the
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Ficure 4. Frequency response of a split-film electrochemical transducer. 4, single electrode,
chordwise fluctuations; B, split electrode, chordwise fluctuations; C, split electrode, spanwise
fluctuations.

flow direction for a single or a differential electrode respectively. As can be observed,
the second sort of response is much more sensitive at high frequencies. In this particular
case, the frequency response for small spanwise fluctuations (curve O) is closely similar
to the response calculated in case 4. For the cylinders used in this work, measurements
need practically no corrections, whatever the azimuth is, as soon as the yaw angle
reaches or exceeds 10°.
Spatial resolution

(i) With the previous set-up, from the two signals delivered by the split electrode
we can determine only two unknowns, of which the most important are S,,(¢) and
8,0(t). Unfortunately, owing to the finite size of the transducer, if one can no longer
consider S(f) as independent of space, the method becomes inconsistent. Then the
continuity equation implies the existence of a velocity component fy? perpendicular

to the wall: 8 /0wt + 8T ozt + 2+ = 0,
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Here we shall consider only an electrode in a cross-flow (figure 3b) or with a high
enough aspect ratio that we can neglect the direct effect of spatial evolution of S,.

Let us suppose 88 /0z* = 0, which implies f+ = — }28;} /éx+. Then the mass balance
equation can be written in the form

20+ o0+ oSt 1 oCct p+ oC+
— =yt — Ry o WA AR yS D L Ay » e
oyt? Y o Tt - )3x+ SH Vart SH y oy’

For small g+/8, a first approximation of the general solution in terms of a Taylor

expansion leads to K;F+K;F=gS;5‘}(l—0‘2ﬂ+/S;'[,), (14)
Ki —Kf = gF(3m) 8531 +0-284 8+/8%). (15)
82 is obtained by combination of these equations as
S} = g 1[0-589(K; + K7 )+ 0-413(K{ — K3 )/ F(3m)]. (16)
Let us suppose now that S} /dx* = 0, which implies that to a first approximation
oS, 188,

2 D e e c—

a8,
Sz=S20+(z—ZO)_+(x—x0)a_x: - 2 9z

o0z
The Lévéque (1928) solution of the mass balance equation allows calculation of the
first-order approximation of the transfer coefficient:

Ki +K§ = ¢S4, (17)
208 1 ]

“5% Si (18)

Kf —Kf = gF(km) 835 [1

A systematic error is then introduced when 88, /dx or 8S,/0z is neglected. However,
relations (14), (15), (17) and (18) show that this error corresponds to a fundamental
uncertainty in the measurement position smaller than half the width of an electrode.
The fundamental uncertainty is consistently obtained by comparing the values of
8, calculated from (16) and (17). This uncertainty proved to be quite small in the
present work as a result of the compactness of the transducer.

(ii) Let us consider an electrode whose split axis is orientated in the flow direction
(figure 3a) close to a separation line. To a first approximation, and for three-dimen-
sional separation lines only, the velocity field is given by (Eichelbrenner 1957)

S:z: = Sa:o’ Sz = Szo+ (z_zo) 382/31',
with S, S, S > 08, /0.

It has been shown (Tournier & Py 1973) that the new unknown 88, /dx, which strongly
modifies the response in the case of a two-dimensional separation, does not intervene
in this case. The response of the split transducer obeys the characteristic equations
(7). In the more general case of an electrode orientated in an arbitrary manner with
respect to a three-dimensional separation line, S,, and S,, remain non-zero and
relations (7) are always valid as the limiting law for sufficiently small electrodes.
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Ficure 6. Schematic diagram of one circuit on the analog computer.

3. Experimental set-up

The hydraulic tunnel (figure 5, plate 2) is built from Altuglass 30 mm thick. A large
platinum anode (150 x 80 mm) is embedded in the rear upper surface of the square
150 x 150 mm test section (1). One of the side walls is drilled to mount the cylinders,
and fitted externally with a flexible silicone-based membrane, which allows the
cylinders to be yawed without leaks. The large reservoir (2) upstream feeds the test
section via a convergent nozzle with a 16 : 1 contraction ratio. The fluid is driven by an
Altuglass propeller (3) which is attached to the shaft of a regulated motor (4). The
heat exchanger (5) in the return section consists of parallel glass tubes. Temperature
variations are less than 0-1°C. Turning veins, honeycombs (6) and careful assembly
resulted in low turbulence levels of the order of 0-6 9, at a speed of 1 m/s. The support
for the cylinders pivots on a vertical axis, allowing them to be yawed through angles
up to 30° and to be rotated around their own axes.

The anode is kept at a constant potential of + 0-5V. Each half-electrode is main-
tained at zero voltage by operational amplifiers operating in a common mode. Any
required combination of the two signals is then obtained by a series of amplifiers
and multiplexers on an analog computer. Four precision integrators enable us to
make simultaneous measurements of time-averaged values and in particular to obtain
very accurate correlation coefficients. Any point in the system could be connected
to the appropriate measuring equipment through impedance adapters. For the
different types of signal processing, a variety of special cables are used, but are not
described here for brevity. Figure 6 illustrates the circuitry used to determine an
autocorrelation function. As the frequencies are low ( < 100 Hz) a real-time correlator
manufactured by Intertechnique, consisting of a SA44 memory unit with 4000
channels and an L 10 correlation plug-in unit, gives the cross-correlation function of
two signals. Other data treatment is executed on an IBM 1800 computer.
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The six test cylinders (figure 2) are all 15 mm in diameter and completely span the
test section. The electrochemical transducers are sealed with an acrylic resin. They
are machined, carefully polished and degreased before use. The twin electrodes are
made from two platinum ribbons, 0-5 x 0-1 mm in cross-section, separated by a strip
of mylar 8 um thick (figure 1, plate 1).

4. Results
Time-averaged components

Measured values of the time-averaged components of the surface velocity gradient
are shown in figures 7(a) and (b). Every related magnitude is dimensionless and nor-
malized by the time-averaged chordwise component (S_;,) for an azimuth of 50°.
This value, which is very useful for the transducer calibration, has formed the subject
of previous work (Achenbach 1968; Son & Hanratty 1969). In regions of low-level
fluctuations, and particularly when the cylinder is yawed, every component is obtained
from the time-averaged relations (7). When strong fluctuations changing direction
occur, which is especially the case with the cylinder in cross-flow, we electronically
linearize the signal difference from the electrode array on figure 3 (b), using expression
(12).

In the upstream regions, measurements are in agreement with the predictions of
boundary-layer theory (Sears 1948) except perhaps close to the upstream stagnation
line, where the fluctuation rate increases indefinitely and Hiemenz’s (1911) solution
seems inadequate. In separated zones, just after the backflow region, the chordwise
component remains quite small. Numerous authors, including Jones (1947), Gortler
(1952), Nickel (1958) and Dienemann (1953), have shown that in laminar flows with
‘cylindrical symmetry’, i.e. when the boundary and volume forces are homogeneous
in the generator direction, the chordwise velocity components are independent of the
spanwise components. According to figure 7(a), this independence principle (Jones
1947) seems well verified all around the cylinder for the time-averaged values, even
in the separated zones, which indicates that the Reynolds stresses relative to the
cross-flow are insensitive to yaw.

In addition, for a Prandtl number Pr of unity there is an analogy (Wild 1949;
Sears 1948) between the spanwise flow on a yawed infinite cylinder and the tempera-
ture distribution in the same flow without dissipation with a uniform temperature at
infinity and an isothermal wall. Figure 8 shows the variation of NuRe™$, which rep-
resents the local heat transfer around a cylinder in a cross-flow (Schmidt & Wenner
1941; Martin 1969). The correction factor Pr—# is introduced to reduce the data to
what they would effectively have been if the test had been carried out at Pr = 1. The
same figure illustrates the evolution of the analogous group Re #d(w/w,)/é(y/D)
corresponding to the spanwise velocity component w; these data fit well whatever
the yaw is. It will be noticed that, for comparable Reynolds numbers, there is a good
agreement between the very different experiments, even in separated zones.

Signal constitution
When the signals are electronically processed so as to separate (preserving its sign)
the fluctuating part of any one velocity component, autocorrelation functions make
the shedding frequency appear as a preferred one, the only one whose associated
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power is significant. The signals are easily depicted in terms of the general formulae
for clocks (Curtler & Searle 1966):

s(t) = u{t) +a,[1+ f(¢)] cos [2mnt + ()], (19)

where a, represents the time-averaged amplitude of the periodic portion, (¢} the
random part of the signal, f({) a centred random function whose values are much
smaller than unity for low Reynolds numbers and ¢ (f) a random function which
characterizes the phase evolution. This last function is needed in order to explain why
the correlation functions tend to zero and practically reach this value for a time
delay which corresponds to about 100 periods. This periodic part is then a weakly
deterministic one and its time evolution is satisfactorily interpreted as the result of
phase fluctuations which follow a random-walk process. All information about the
history of the flow field is forgotten after 100 periods, but during a short interval, 3
or 4 periods only, the damping of the correlation function for the periodic signal is
negligible, so that its behaviour is deterministic. Figure 9 gives some examples of
normalized auto-power spectra &, (0, 0, n) calculated from a Fourier transformation
of the autocorrelation function. On account of the signal constitution, the peak for
the shedding frequency cannot be classed as a Dirae distribution, i.e. the weight
function which is used for the Fourier transformation enlarges it. However its area
always corresponds to the power of the periodic signal. The ratios of this area to the
area of the spectra of the chordwise and spanwise velocity components allow definition
of the corresponding ratios vy, and v,,,, of the periodic portion.
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These data are shown in figure 10, of which part (a) represents the evolution of
Y.u 28 & function of the azimuth. This periodic component is important in the boundary
layer, in the backflow region and in the rear part of the separated zone. Very pro-
nounced minima exist on the separation lines as though the static pressure forces,
which obviously drive the movement directly on these lines, were more randomly
distributed. In the intermediate zone (f ~ 110°) the deterministic signal is quite small
and completely hidden by random fluctuations. The evolution of the periodic spanwise
component (figure 105) has a very different character. It is negligible everywhere
when the cylinder is in a cross-flow and, in every case, in the rearward region. It is
significant only upstream of the separation line and increases with yaw.
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Magnitude of fluctuations

Root-mean-square values of each component of the surface velocity gradient are
shown on figure 11. The data were calculated from (8) and (10) or (12). For a yaw
angle of zero and small time-averaged velocity, none of these equations can be applied
for small aspect ratio electrodes, a@ priori. The results calculated according to (10)
or (12), for the corresponding arrangement of the transducers, are drawn as dashed
lines. They differ from each other but those which were calculated from (10) are in
good agreement with the other results obtained when the cylinder was yawed. This
supports the fact that the entire mass transfer on a single electrode depends in this
case on the absolute velocity gradient and cannot be ascribed to a pure diffusion
effect, which would be much smaller.

Rather than discuss the results for the root-mean square value of each fluctuating
component, it seems more significant to distinguish which correspond to the periodic
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fluctuations [(y,, s2)* and (y,,,,82)4] and which correspond to the random fluctuations
(1 —Vuu) 823t and {(1 —7y,,,,) $£}#] since their azimuthal evolutions are very different.
Periodic fluctuations of the chordwise component are of essential importance and
their azimuthal evolution is similar to that of the ratio of their periodic powers (figure
10a). Their level is appreciable in the entire boundary layer with two minima on the
upstream stagnation line and close to the separation line, respectively. In separated
zones, periodic fluctuations are very important in the backflow region (80° < 6 < 90°)
and in the region at the rear of the cylinder (150° < 6 < 180°) but they vanish in the
intermediate region. As far as the random fluctuations are concerned, the chordwise
component is at once dominant in the boundary layer. After separation, this com-
ponent quickly decreases as in figure 11, whereas the magnitude of the spanwise
fluctuations increases monotonically. The ratio reaches 10 for an azimuth of 100°.
Then the flow mainly oscillates in the spanwise direction as has been shown only by
visualization techniques (Son & Hanratty 1969). At higher azimuths, the magnitudes
of all the components tend to reach a similar level.

Cross-spectra and phase evolution

Cross-power spectra between the values of any velocity component at two points are
obtained by Fourier transformation of cross-correlation functions. They allow the
measurement of the complex ratios v,,(6,z,n,) by division of the area of the real
and imaginary peaks by the area of the real spectra. Phase delays could be calculated
by comparing the real and imaginary parts of y,.,(0, z, n,). In practice, for an azimuth
difference exceeding 30°, the random part of signals does not appear in these spectra
and the cross-correlation function looks like a slowly damped sine curve. Then the
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F1eure 10. Azimuthal evolution of the periodic part of the signal power. (@) Chordwise component:
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phase delay corresponds to the phase displacement at the origin of the cross-
correlation function.

Figure 12 (a) shows the evolution of the time-averaged phase delay Ag of the chord-
wise component of the surface velocity gradient. The phase origin is chosen as 6 = 0
although the reference transducer is always located close to 6 = 180°, where this delay
does not evolve. As the curvilinear chordwise axis at the wall is chosen to be periodic
in space, phase delays are the same on the upper and lower sides of the cylinders.
Upstream stagnation and separation lines are characterized by a very sharp phase
advance. This effect is partly explained by the fact that viscosity and inertia forces
are small and pressure forces act instantaneously in these regions, on the flow direction.

As a consequence, vorticity exists on these lines.
Figure 12(b) represents the phase evolution of the spanwise component with
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F16ure 11. Azimuthal evolution of the root-mean-square values for chordwise
and spanwise fluctuations. Yaw: ll, 0; @, 10°; ¢, 20°; A, 30°.

regard to the same origin. The hypothesis that the probability of observing a sequence
in the flow pattern is equal to the probability of observing the symmetrical sequence
requires that generally (Py & Tournier 1975a, b) the transverse velocity fluctuations
are of opposite phase at two symmetrical points on the cylinder. Thus statistically,

<Sz(0, t)l¢ref> = - <Sz( - 0: t)|¢re1’>’

and in the limit 60, {s,(6,t)|¢.cs> should tend statistically to zero. Figure 10(b)
clearly illustrates the drop in the periodic part of this component on the upstream
stagnation line, and figure 12(b) the 180° phase change which ensures the spatial
antisymmetry of the periodic flow around the yawed cylinder.

Figure 13 gives an example of cross-power spectra &, ,(0,z,n) at two points on the
same generator; similar spectra have been observed whatever the azimuth, the yaw
angle or the velocity component. The cross-power peak is real and the time-averaged
phase delay does not exist. On this point periodic movement well satisfies the in-
dependence principle. However the imaginary parts of the spectrum show that a
convection velocity in the generator direction exists when the cylinder is yawed, for
random perturbations.
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Coherence

The ratios of the periodic powers and the cross-power ¥,,, Yuw and v, (6,2,7) and
the correlation coefficient ®,,,, (8, z, 0) allow calculation of the coherence of the periodic
portion

ns+An
f & wl0,2,m)dn

F““’(G’z’ ns) = nat An ms ne+An b (20)
( f &) dnf &) dn)
n—An na—An
from the formula T.0,2,n) = 'M R,.,(0,2,0). (21)
(Vau 'yww)*

In practice, the results can have high errors if the periodic-power ratios vy, Or v,
are small. The lower part of figure 14 illustrates the maximum of the cross-correlation
function of the chordwise velocity component between two points on the same
circular cross-section. This maximum considerably changes depending upon the
positions 8, and 6§, of the two points. But in the upper part of the same figure, we
observe that the coherence T',,(0,—6,, 0, n,) for the shedding frequency », remains
remarkably close to unity for all 6, and 6,. The scatter in some of the data at 6, or
6, = 120° is due to measurement errors in this region, where the periodic motion has
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FigurE 16. Spanwise evolution of the correlation coefficient
for the spanwise velocity component.

little effect. The good agreement of the other results indicates that the overall periodic
motion is coherent.

The local coherence T',,,(0, 0, 2,) between each component is shown on figure 15 for
azimuths where this quantity is significant. We observe that it is also close to unity.
As a result of the general properties of coherence functions (Renyi 1966) periodic
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spanwise fluctuations are also coherent upon any cross-section and the coherence
functions I',,(0,2,%,) and T',,,(0,2,n,) in the spanwise direction are not dependent
on the azimuth. This inference has been found to be well satisfied. In fact, the coherence
remains close to unity in the spanwise direction for a distance of two diameters, but
its integral scale is of the order of the channel width and cannot be measured.

Another important result can be observed on figure 15. In a region where periodic
fluctuations are not significant (90° < 6 < 110°), the maximum value of the local
correlation coefficient between each component is unity. They are then connected
by a linear relation and coherent for any frequency. Also, for the same azimuth the
correlation coefficient R,,,(0,z,0) (figure 16) approaches zero only when the distance
between the transducers exceeds 4 diameters. These distances are large when compared
with the other length scales of random movements. As an exchange of power or
information between the periodic movements at the different cross-sections of the
cylinder is needed in order to explain why the flow oscillates in step over large
distances, it is probably in this region, owing to this random spanwise velocity com-
ponent, that the exchange appears. Downstream, for 6 ~ 180°, random fluctuations
are less coherent and much more characteristic of turbulence.

Reconstitution of the flow pattern

On choosing a reference phase at some point, the time evolution of the surface velocity
gradient can be written for any other point as

8(8) = u(t) + a, €08 [prer + A (P)], (22)

with Pret = 2mngt+ Y (8).

Separating the random part of the phase delay between the reference point and the
selected point, from the time-averaged delay we have

Ag(t) = Ag + Ag(t).
The conditional phase average can be written as
(8(0)]Brer) = 1,08 [Ag(£)] €08 [rer + A]. (23)

From the coherence definition (20) it can be shown easily that cos[Ag(t)] = 1 when
the periodic flow is coherent. Then not only will the reconstitution of this periodic
part from its time-averaged magnitude and phase delay have the same significance
as a phase conditional average, but also the flow configuration will be independent
of the selected reference point.

Rather than doing a direct reconstitution, the conditional phase-averaged values
are decomposed in the form of a double Fourier series taking into account the periodic
character of the flow in space and time:

1

<sz(g;2 19> _ m*fw (A_;n cos¢_%sm ¢) cosmb, (24)
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with 4, = f " (271,,, (33)2)& cos (Ag) cos (mB) db,
0

A = f i (27,“, (“'w)z)*sm( ) cos (m6) do,

B, =f0 (2;/,,,,‘,;8 :)* 0s (Ag) sin (mB) d6,
(

(8')2)% sin (A¢) sin (m6) d0
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Negative values of m are introduced to simplify the equations. Symmetry conditions
require A,=A_,, A,=A4", B,=-B_, B,=-B..

Figure 17 shows the complex magnitude of the coefficients associated with each
chordwise wavenumber for the two components. The ‘zero wave’, which corresponds
to the global oscillating fluid movement around the cylinder surface and tends to
swivel the cylinder, and the first wave are the most important ones. But although
these results are interesting in showing the phase array between each wave and
allow reduction to a minimum of the number of coefficients needed for the description
of the flow, no simple interpretation can be given. The wavenumber structure is
highly complicated and in order to represent the flow correctly it is necessary to take
into account a sufficiently large number of lines (m > 41).

In addition to the time-averaged values of each component of the wall velocity
gradient, the corresponding phase conditional averages (24) and (25) give the instan-
taneous deterministic configuration of the surface flow. Figure 18 shows, in polar
co-ordinates, the evolution of the chordwise component during half a period divided
into 24 parts. In order to avoid discontinuities for § = 0 and 8 = 180°, S, is taken as
positive when it is directed in the same sense as the arrow. The flow configuration is
shown as dashed lines and the separation points occur when the (S,(t)|@..;) curve
intersects the circle of zero wall shear stress. The shedding of a rear vortex occurs at
times 8/24n, and 20/24n,, when a new contrary vortex forms at the wall on the rear
side.

Integral wall streamlines are represented during one period for a yaw angle of 10°
on figure 19. From the measurements, it cannot be determined whether the separation
lines are envelopes or asymptotes of integral lines. In the region extending from 90°
up to 110°, where the information exchange keeping the flow pattern homogeneous
in the spanwise direction arises, integral lines are mainly directed in this direction
at any time. The rearward separation line is quickly displaced from this region to the
symmetrical one. At these instants, a small phase advance in the spanwise direction
must induce a very complicated three-dimensional configuration for the rearward
separation line. If, for example, the downstream cross-section is at point 20 in the
cycle while the upstream section is at point 18, the backflow zone (in the downstream
cross-section) is well separated from the rear zone of its own section, but it is connected
to the rear zone of the upstream cross-section. Then phase information can easily be
exchanged over large distances in the generator direction. Other interesting structures
occur on the stagnation or separation lines. Figures 20 (a) and (b) illustrate respectively
the streamlines in the latter regions at different points in the cycle. In the neighbour-
hood of the upstream stagnation point, starting from the initial configuration, the
low speed zone enlarges until two counter-rotating vortices form which quickly
displace the stagnation point. At the half-period, one returns to a configuration
symmetric with repect to the first and the pattern then continues in a symmetric
fashion. In the case of the separation line, the mechanism is no longer symmetric.
The backward displacement of the separation line occurs very suddenly whilst the
forward return is more gradual. The previous representations are purely qualitative
since only the wall gradient is known and the random movement is always present
and makes the instantaneous flow configuration strongly different from the conditional
phase-averaged flow. Although the extrapolations from the wall must be treated
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F1aurk 18. Reconstitution of the conditionally averaged chordwise wall gradient
around a cross-section during a half-period divided into 12 parts.

carefully they do seem to give a plausible picture. In any case the evolution of the
wall gradient shows the existence of some fairly complicated coherent structures. In
particular, at certain times, the stagnation and separation zones possess multiple
points of zero skin friction. This unusual phenomenon is similar to the ‘double zero
shear stress phenomenon’ found by Dwyer & McCroskey (1973) in the separation
region, from a boundary-layer calculation based on external flow measurements.
Although Dwyer & McCroskey do not give a detailed description of their results, it
would seem that the phenomenon is the same. The relationship between the move-
ment of the instantaneous stagnation and separation points is difficult to obtain,
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Ficure 19. Reconstitution of the conditionally averaged integral wall
streamlines during one period divided into 24 parts.
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since the complexity of the flow in the stagnation zone is much greater than they
supposed. Their results imply that, in order to account for such chordwise velocity
variations, the signal must be subjected to'a very rapid spatial phase change and this
is well observed. An analogous situation exists at the upstream separation point, and
any theoretical study must take this into account.
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(b)

Ficure 1. Split electrodes. (a) Cylinder 5. (b) Cylinder 6.

TOURNIER axp 1Y (Facing p. 186)
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Freure 5. Hydraulic channel.
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