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This paper presents some new velocity correlation measurements in a two-
dimensional zero-pressure-gradient turbulent boundary layer; these extend the
work of Grant (1958). The most detailed of the new measurements concern:
correlations between velocity fluctuations in the mean flow direction and fluctua-
tions perpendicular to the wall at a different point, usually but not always in the
same plane parallel to the wall; correlations between velocity fluctuations in the
mean flow direction and fluctuations perpendicular to this but parallel to the
wall, usually but not always close to the wall with the separation in the same
direction as the latter velocity fluctuation; and various correlations with a fixed
separation normal to the wall and a simultaneous variable separation in the mean
flow direction.

The results are not consistent with any of the various models of the large eddy
structure that have been proposed. The features of the present work most relevant
to the formulation of a substitute are brought together in §9. Included are sug-
gestions that the similarities between the wall and outer regions are more marked
than the differences, and that the description of the large eddies in the wall region
as a coherent eruption from the viscous sublayer is unsatisfactory.

The new experiments are considered in connexion with three questions posed
by the previous work. These concern the large eddy contribution to the Reynolds
stress; the asymmetry between upstream and downstream separations when
there is also a separation normal to the wall; and the similarity between boundary
layers and channel flow. A complicated situation surrounds the first point; there
are arguments suggesting that the large eddy contribution might in some places
be of opposite sign to the total Reynolds stress, but this no longer seems so likely.
The upstream—downstream asymmetry is also more complicated than had been
previously supposed, but the results can be systematically interpreted if the
peaks of the correlation curves are considered in connexion with continuity and
the tails of the curves are considered in connexion with the shearing action of the
mean flow. Regarding the third point, the present experiments give no indication
of any difference in the large eddy structure in the wall fegions of boundary layer
turbulence and channel flow turbulence.

Section 5 gives a brief account of some experiments with a vibrating ribbon in
the turbulent boundary layer.
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1. Introduction

The main purpose of this paper is to present some new measurements of corre-
lation functions in a turbulent boundary layer. These were made with particular
questionsinmind (see below), but seen in retrospect their chief importance is prob-
ably as one of several contributions towards a revised model of the large eddies.
Previous models have been proposed by Grant (1958), Townsend (1957), Lilley &
Hodgson (1960) and Lilley (1963), based primarily on Grant’s measurements of
the nine principal space correlation functions. There is now much more informa-
tion available. Favre, Gaviglio and Dumas (1957, 1958) have made extensive
measurements of space-time correlations, from which one would hope to be able
to infer much about the development of the large-scale motions. Although these
measurements are very detailed in their coverage of different separations in space
and time, they are, on the other hand, restricted by being entirely of £, correla-
tions (see §2 for notation). Also relevant are the correlation measurements in
channel flow by Comte-Bellot (19615) and the flow visualization experiments of
Kline & Runstadler (1959).

The present work adds further space-correlation measurements: a few of R,
and R,,; an extensive survey of E,,, particularly, but not only, with r,-separation
and r4-separation; and some of R,,, particularly close to the wall with r;-separa-
tion. The Ry;, By, and R,, measurements include a number of surveys with a fixed
ro-separation and a simultaneous variable r,-separation.

Since much of the previous work mentioned above had not been incorporated
into any description of the turbulence structure, it may seem to the reader that
the present need is not further measurements but a deeper understanding of
existing ones. Such indeed would be my own reaction on hearing of new measure-
ments. However, there were certain questions about the structure of turbulent
boundary layers which, it seemed to me, were posed but not answered by a study
of the existing data. These concerned: the contribution of the large eddies to the
Reynolds stress; the orientation of the large eddies, as suggested by upstream—
downstream asymmetry of certain correlations; and the similarity (or lack of it)
of the large eddies in the wall regions of boundary layer turbulence and channel
turbulence.

Most of the measurements reported in §4 were made in the hope that they
would give information relevant to one or other of these questions. Further
indications of the reasoning behind the choice of measurements will be found in
§86-8, where the three issues are discussed as they now appear with my own
results taken into account.

To comments on the choice of measurements should be added a reminder that
what results are obtained using hot-wire anemometers depends to some extent on
the course of events during the work. A substantial part of the time and effort for
each configuration goes into the setting-up of the probes. Sometimes it then turns
out that the results are unlikely to be satisfactory. Hence, when everything is
running satisfactorily there is a temptation to obtain all the data one can. This
should be resisted, but there may be some results that were obtained largely as
the best way of oceupying the half-hour till tea time ! Conversely, there are a few
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places where a little more data would have been desirable; the reason is usually
that something went wrong (most often a wire breaking) towards the end of the
run, and it did not seem worth while starting again for a few readings.

The survey, which raised the question above, of the available information on
the large eddies was made as part of an investigation of the effect on these eddies
of placing a vibrating ribbon in the boundary layer. This investigation was not
very successful, but a brief account of it is given in §5.

Section 9 draws attention to the main implications of the present work for any
new model of the large eddies. However, the development of one requires analysis
of all the many relevant papers (see above) in conjunction, and this is not at-
tempted in the present paper. At the time of writing, I have not succeeded in for-
mulating a simple model of the large eddies (of the same general type as those
proposed by Grant and Townsend) consistent with the present information. It
may be that the true situation is too complicated for such simple models to work.
On the other hand, the new results do give further support to the hypothesis
(Townsend 1956) that the large eddies have a characteristic structure of their
own. Hence, I am continuing to look for a useful model. In the meantime perhaps
these new results may stimulate proposals from other people.t

2. Notation

The notation used to indicate the particular quantities measured is, with some
variations in detail, that used by most previous authors; the principal exception
is Favre, Gaviglio & Dumas, and, for comparison purposes, it is sometimes con-
venient to refer to their work as re-presented by Rotta (1962). Cartesian co-
ordinates are taken with « as the distance in the mean flow direction downstream
from the trip wire, y as the distance from the wall, and z parallel to the wall and
normal to the mean flow. Components of the turbulent velocity fluctuation in
the z-, - and z-directions are denoted by u,, u, and u, respectively. Components
of the separation between two measuring stations ¢ and b are correspondingly
denoted by 7, 7, and rg. Then R,; is defined by

Byj(ry,79,73) = uiaujb/(u%au?b)%s
overbars denoting time averages and u,, the instantaneous value of «; at station
a. The value of ¥ quoted for each set of measurements is that of station a; this can
be thought of as a fixed probe (though in practice it may not have been in cases
where moving either probe could produce an equivalent change;i.e. r, = const.).
Positive values of r{, 7, and r; correspond to station b being at larger z, y and z
than station a.

Correlations between u; and u, are considered in terms of — RB,, and are shown
in the graphs with — R, taken as the positive ordinate. The reason is that the

+ The subsequent use in this paper of the term ‘large eddies’ is not intended to prejudge
the outcome of these lines of thought. It is just a convenient shorthand for those ‘parts’
of the turbulent motion having the largest length-scales—glossing over the issue of the
best way of dividing the motion into such ‘parts’. Some such division is inherent in all
attempts to gain physical understanding of turbulence. An eddy differs from a Fourier
component in that the latter has the character of a plane wave of infinite extent whereas
the former is considered to be localized; i.e. its extent is of the same order as its length-
scale.
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sign convention on x and y is such as to make R,, at zero separation a negative
quantity, whilst it is physically helpful to think in terms of a positive Reynolds
stress.

In the discussion of other workers’ results, correlations with time separations
will be considered. R;;(r,, 75, 73,1) is defined as above except that the signal from
station b is taken at a time ¢ later than that from station a.

Other symbols will be defined as they are introduced. Since it is extensively
used in the presentation of results, d, is defined here also; it is the distance from
the wall at which Uy— U = u, (U, = free stream velocity; U = local mean velo-
city; u, = wall stress velocity).

3. Experimental arrangement

The experiments were carried out in the 20 in. ‘low turbulence’ wind-tunnel
at the Department of Aeronautical Engineering, Indian Institute of Science,
Bangalore. A sketch of this tunnel is given in figure 4 of Dhawan & Vasudeva
(1959) (the flat plate spanning the centre section shown in this figure was, of
course, not there during the present experiments). The boundary layer studied
was that on the wooden floor, which was polished before the start of the experi-
ments to ensure smooth wall flow. A trip-wire was stretched across the floor at
the end of the contraction to promote regular transition. The test section is
slightly divergent to give constant pressure along its length.

All measurements were made with hot-wire anemometers. The traverses carry-
ing these were mounted on a board that formed part of the roof of the tunnel.
These were arranged so that one wire could be traversed in the z- and y-directions
and a second wire in the z- and y-directions.

The measurements can be regarded as an extension of the work of Grant (1958);
hence it seemed a good plan to reproduce fairly closely the conditions of his experi-
ments. The speed outside the boundary layer, Uy, was always within the range
675-710 cm sec™!. The measurements were made around 210 cm (see below)
downstream from the trip-wire. This was chosen to be rather more than in Grant’s
experiments, both to give as thick a boundary layer as possible and to compensate
for the difference in kinematic viscosity. These arrangements gave a Reynolds
number based on the free-stream velocity and the boundary layer thickness of
about 2-2 x 104,

Figures 1 and 2 show the mean velocity profile at x = 229 em, with respec-
tively linear and log-linear co-ordinates. These curves are based on an accumula-
tion of observations during the course of the hot-wire work. The boundary layer
extends altogether over about 6-0 cm. 4, is the distance from the wall at which
Uy— U = u, and is 3-8 cm (U being the local mean velocity and u, being (7/p)3,
where 7 is the wall stress and p the density).

u, has been determined primarily from the logarithmic part of the profile

Ulu, = K- [In (yu,/v)+ A]. (1)

Taking K = 0-41, the straight portion of figure 2 gives u. /U, as 0-040. However,
at Reynolds numbers of the present order, the logarithmie region is less than a
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decade in extent and the uncertainty in its slope is rather large. Hence, the
determination of u, also took into consideration the need to match the regions
inside and outside the logarithmic region to ‘standard’ profiles. In this some
compromise was needed. The region close to the wall implied a rather higher
value of u,, whereas the outer profile would have corresponded more closely to
one of the family proposed by Clauser (1956) with a rather lower value of %,. This
situation arises from the fact that 4 in (1) is given by figure 2 to be 2-7, a value
higher than that usually taken. Another way of saying the same thing is that the
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Ficure 1. Mean velocity distribution. Fieure 2. Mean velocity distribution.

profile gives In §,/8, (where d; is the value of y at which an extrapolation of the
logarithmic profile gives U = U,) as 1-15, whereas Townsend (1956, p. 244) quotes
1-37 as the most probable value and Clauser’s (1956) profiles correspond to a
value of 1-40.

These points need not imply that the boundary layer was not typical; Towns-
end (1956, p. 243) says that values of 4 as large as 2-9 have been obtained. They
do mean, however, that quantative comparison with Grant’s work (regarding
values of y/8, and 7,/8,) may not be entirely appropriate (Grant’s profile gives
In d,/8, as 1-36).

No detailed measurements of the turbulent intensities were made, but sufficient
observations of the signal from a single probe were made to check that variations
in intensity across the boundary layer and the relative intensities of different
components were typical. A few such measurements were made each time a new
hot wire (particularly an X-wire) was introduced, as a check that it was operating
satisfactorily. Uncalibrated hot wires could then reasonably be used for correla-
tion measurements.

Because of the need to mount two correctly oriented hot wires in a way that
allowed the required traversing without their supports causing obstruction, it
was not always convenient to keep x just the same throughout the correlation
measurements. x was always between 195 and 230cm, and for most of the
observations between 205 and 215 em. The mean velocity profile in figures 1 and
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2 corresponds to the downstream limit of the x range (because the observations
with calibrated hot wires were mostly made before it was found helpful to allow
x to vary). Associated with the variations of « will have been variations of d,.
The data have been evaluated on the assumption that

Uybofv oc (Upz /)P 2)

(v is the kinematic viscosity). No theoretical significance is attached to this, but
it is typical for the present Reynolds number (Hinze 1959, p. 487) and should be
adequate for making a small correction.

Equation (2) could also incorporate corrections to d, for changes in {j; and v (the
latter varied in the range 0-165-0-18 cm? sec™!). However, fluctuations in U,
during a single run were of the same order as differences between runs, whilst
figures 1 and 2 already involve averaging over occasions between which variations
in v occurred. Since the corrections would in any case be small, they have been
omitted;i.e. (2) has been used in the form

8y oc 208,

The techniques used in the hot-wire anemometry involved nothing novel.
Again, Grant’s procedures were followed quite closely, some of the electronics
being that used by Grant (transferred from Cambridge to Bangalore by the
generous permission of Dr A. A. Townsend). The basic features of the system are
that it is a constant-current one and that mean-square values of the amplified
signal are obtained with a thermo-junction; the correlation of two signals is
calculated from the mean-square sum and mean-square difference.

The sensitive portions of some of my wires were rather larger than those used
by Grant, but since we are concerned primarily with the behaviour of the correla-
tion functions at large separations, this is of no importance. The same comment
applies to errors in the zero of r,. These were kept small as follows. The whole
traverse board could be raised so that the mounted wires were above the tunnel,
and their relative location determined quite accurately by eye. The setting for
one wire a small distance directly downstream of the other was confirmed by
observing when the signal from the former was changed by switching on the
heating current through the latter.

The y-zero of a U-wire was determined by making mean velocity measurements
in the linear portion of the profile very close to the wall and extrapolating. This
was not quite as accurate as expected because of a discrepancy between the slope
of the linear portion and «, (presumably resulting from extrapolation of the hot-
wire calibration). Percentage errors in y/8, might be significant for a few of the
measurements very close to the wall, but then the effect of wire length was prob-
ably more serious. The value of y for an X-wire was fixed by setting its relative
location to a U-wire as described above.

The rather qualitative attitude above to various sources of error is adequate
because errors in the correlation measurements themselves-are much more
serious. Grant’s remarks about the accuracy of these apply also to the present
work. To these remarks, something must be added about the response of X-
wires; since Grant’s work, there has been a decline in confidence that X -wires
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measure just what is attributed to them. This results partly from observations
(Davies, Fisher & Barrett 1963) on the response of a wire to the component
of the velocity along its length, and partly from anomalous results appearing
in experiments using hot-wire anemometers. The present experiments gave
rise to some such anomalous observations, cases in which two measurements
which should have been similar according to symmetry considerations differed
significantly. These cases contrasted with others in which the agreement was
remarkably good. It seems probable that this behaviour was associated with the
complexities in the response of a yawed wire, although the apparent absence of
any system in the anomalies leaves the connexion vague. My consequent im-
pression is that one can determine the qualitative trends of the correlation func-
tions with reasonable confidence, but that the quantitative results of experiments
using X-wires must be treated with more scepticism than has hitherto always
been appreciated.

During this work I noticed that the signal from a single probe could be affected
—strongly close to the wall—by the approach of a second probe. This is reported
separately (Tritton 1967). This is a further source of error, though one does not
at present know whether correlations are seriously affected.

4. Results of correlation measurements

Figures 3-21 show the results of the experiments; these figures, rather than
any of the text, constitute the main purpose of this paper.

To aid assimilation of the results, continuous curves as well as data points have
been put on the graphs, although in a few cases there could be dispute as to the
right course of a curve. Occasionally the results are very similar at different
stations, and a single curve has been used to summarize two sets of points.

Both the abscissa and the ordinate scales vary from figure to figure, but the
fiducial marks are throughout at intervals of 0-2 in ,/d; and 0-1in R;.

The results are presented in a systematic order, unrelated both to the order in
which they were obtained and to the reasoning which led to these particular
measurements being made. The captions indicate what has been measured and
where, but additional comments are needed about some of the results and their
presentation.

Figure 5 was intended to be an R, (ry, 7y, 0) curve with »; variable and r,
constant, and for physical interpretation it can undoubtedly be considered as
such. However, subsequent wire-location measurements revealed that r4/d,
actually had the value indicated.

For the reason explained in §2 the measurements of R,, are presented and
discussed throughout with — I, taken as the positive co-ordinate.

In the representation of some of the — R,, results (figures 8-12) by a continuous
curve as well as by data points, some value has to be chosen for —R,, at zero
separation (the normalized Reynolds stress). No systematic survey of this was
made during the present experiments, but a number of spot measurements were
made during hot-wire testing. One would hesitate to discuss trends across the
boundary layer on the basis of these, beyond saying the variations are small for
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0-05 < y/d, < 0-8. The average value of — R,,(0) is 0-46. Klebanoff (1955) gives
— R,,(0) as constant at 0-50 for y/d, less than about 1-2. Townsend’s (1951) results
imply rather more variation; — R,,(0) falls from 0-59 at y/d, = 0-13 to 0-48 at
98, = 1-0; it then remains at 0-48 out to y/d, = 1-3. The boundary-layer data
do not extend to the region very close to the wall; but Laufer’s (1954) measure-
ments in pipe flow (as quoted by Rotta (1962)) suggest that — R,,(0) does not
decrease appreciably until yu, /v < 15 (though, in Laufer’s results, the constant
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value it has outside this is 0-45). In the present experiments yu. /v = 15
corresponds to y/d, = 0-025. The range for which information is needed is
0-048 < y/d, < 1:15, and the curves have all been drawn with — R,, taken as
0-50 at zero separation.

0.3 - -

Ry
\\0
P
1

/ i k
= :
0 = *

hd TS DU RNNS SN NN (N N N SR T

] 1
—-12 —-08 -—04 0 04 08 12
71/80

F1cure 7. Ry, curves with fixed separation normal to the wall and variable separations
upstream and downstream; the two curves are in the same region of the boundary layer
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Y/, = 0-156; m, y/8, = 0-171 (all on upper abscissa); v/, y/d, = 0:51 (duplicated on the
two abscissae); x, y/0, = 0:79; A, y/d, = 115 (on lower abscissa). Same scale for both
abscissae.
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Figure 8 shows the behaviour of — R, ,(r;, 0, 0) at different distances from the
wall. For clarity, some of the curves have a raised abscissa, but, to aid comparison,
one set of points (y/d, = 0-51) is common to both halves. Results are given for
both y/8, = 0-156 and 0-171, as the former has only three experimental points for
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Ficurk 10. — R, and — R, curves with negative r, separation. Upper abscissa and upper
curve: —R(0, 15, 0); %, /0y = 0-695; Y, y/8, = 0-745; ), y/6, = 0-855. Lower abscissa
and lower curve: —R, (0, 75, 0); %, /8, = 0:705; Y, /8, = 0-755. (See text.)
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uppermost curve: — R.,(0, 75, 0) at y/8, = 0-29. Lower abscissa and lower two curves:
—Ry1(0, 75, 0); O, yfdy = 0-29; X, y/d,= 0-685.

positive r;, whilst the latter has none for negative r,. Figure 9 presents measure-
ments of the same type as those in figure 8, but made with the wires mounted so
that one could traverse to particularly large negative 7,. The results are interest-
ing as they show — R,,(r,, 0, 0) remaining non-zero to very large separation.
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Studies of — R;,(0,#,,0) and — R,(0,7,,0) were not so extensive as those of
— R4(ry, 0,0) (figures 8, 9) and — B,4(0, 0, r,) (figure 12), but an adequate coverage
of their behaviour was obtained fairly quickly with the following runs. First, the
fixed probe was set near the middle of the boundary layer and the other one
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FigurE 16. Variation with separation normal to the wall of negative region in — R,, and
—R,; (non-zero rg). Upper abscissa and upper curve: — R,(0, 75, 73/0, = 0-325) at y/d,
= 0-30. Lower abscissa and lower curve: — Ry,(0, 75, 73/8, = 0-325) at y/d, = 0-31.
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FieUrE 18. Variation with separation upstream and downstream of R, cloge to the wall
(non-zero ry}; Ry4(ry, 0, r3/8, = 0-185) at y/8, = 0-029.



Correlation measurements in a turbulent boundary layer 451

traversed towards the wall; when it could go no closer, the range of r, was ex-
tended a little by taking the previously fixed probe to slightly larger y (figure 10).
In another pair of runs the fixed probe was nearer to the wall and the moving one
traversed towards the outer edge of the boundary layer (figure 11). Finally, a few
readings of — R, only were taken with the fixed wire in the middle of the
boundary layer and the moving one going outwards.
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Figure 12 shows the behaviour of — R,,(0,0,r;) at various distances from the
wall. (r, was not quite zero in the survey closest to the wall, because of the size of
an z-wire probe). As in figure 8, vertical separations have been introduced for
clarity, this time into three groups. Note the changes in abscissa scale between
groups. So that the trend with y/d, can readily be seen despite these, one set of
points (y/d, = 0-153) is common to the two top groups and another set
(y/8, = 0-51) to the two bottom groups.

The comment above about figure 5 applies also to figure 13. The curves in this
may be thought of ag — R,,(r, 7, 0) and — Ry, (7, 75, 0) (r, variable, r, fixed).

Figures 18-21 present measurements of R,;. These experiments had an un-
satisfactory feature. A check that the hot-wire anemometers are behaving as
supposed may be made by changing the sign of r,; R,; for instance should be
antisymmetric with respect to r;. Departures from the theoretical behaviour are
most likely to be due to the uncertainties of X-wire operation considered in §3.
The R,; measurements contained serious discrepancies of this sort, although they
also contained measurements that seemed remarkably consistent. These latter
are shown in figure 20 (flagged points correspond to measurements with the sign
of bothr; and R, changed compared with unflagged points). These measurements
were made at an early stage of the sequence of experiments reported by figures
18-21 and encouraged me to continue. Towards the end of the work the measure-
ments of figure 21 were made (the stations at which measurements with reversed
ry were made were governed partly by the need to avoid collision of the traverses)
and raised doubts about just what was being measured. No straightforward cause
of the discrepancy could be found. Obviously further measurements with differ-
ent wires should have been made. Unfortunately, the experimental programme
had to be ended before I had done this. The matter did not seem specially urgent,
as, despite the discrepancies, the qualitative features of the R,, pattern that are
of physical interest (see §6) can be inferred, without great hesitation, from the
measurements; although the quantitative details areclearly in considerable doubt.

5. Vibrating ribbon experiment

The foregoing experiments were started in conjunction with some experiments
on the effect of a vibrating ribbon in the turbulent boundary layer. These latter
were largely unsuccessful, but a very brief account of them may be useful.

The idea was to test the conjecture that the large eddies (or some of them)
originate as an instability of the viscous sublayer, by performing experiments in
aturbulent boundary layer similar to those that promote instabilities in a laminar
boundary layer. The arrangement was similar to that used by a number of
workers, starting with Schubauer & Skramstad (1947), in laminar boundary
layers, except for a few changes necessary to permit larger amplitudes. The
ribbon extended outside the tunnel through slots in the wall, so that it could be
in the strongest part of the field of U-shaped magnets and so that the amplitude
could be observed. The tension in the ribbon was controlled so that the vibration
was always at resonance. The ribbon was about 0-005 c¢m thick and 0-1 em wide.
No significant effect of its vibrations on the intensity or on Ry,(r, 0, 0) at large
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r; was observed with the frequency varied through the range 5-800 c/s. The
amplitude was rather variable, but typically such as to give a velocity amplitude
of 50 cm sec—1. Several geometrical arrangements were tried. However, one can-
not put any great confidence in the negative result in view of unsatisfactory
features. It was difficult to prevent the ribbon from undergoing flutter. When this
was achieved, it was still difficult to keep the ribbon untwisted, so that it did not
significantly obstruct the flow and produce intensity changes even when it was
not vibrating.

Thus, if anything, these experiments point against the view that the large
eddies arise from sublayer instability. One would not wish to hold to this inference
in the face of contrary evidence, but it is perhaps worth considering in conjunction
with the evidence in the correlation measurements (see §9) against the view that
the outgoing parts of the large eddies are more coherent than the ingoing parts.

6. Large eddies and the Reynolds stress

The contribution of the large eddies to the Reynolds stress is a matter of con-
siderable importance for the calculation of mean flow development in complicated
practical configurations. Yet, when one tries to extract information about this
from the experimental data, one cannot be sure of the sign of the effect let alone
its magnitude. Some lines of reasoning raise the interesting possibility that the
large eddies might make a negative (i.e. of opposite sign to the total) contribution
to the Reynolds stress in parts of a boundary layer; others do not confirm this.
The following discussion of this point is also germane to Townsend’s (1957, 1961)
suggestion that the turbulence in the inner part of a layer can be considered as a
‘universal motion’ plus an ‘irrelevant motion’, the latter not contributing to the
Reynolds stress.

The large eddies probably travel downstream at a speed characteristic of the
boundary layer as a whole rather than at the local mean velocity (see, for example,
Sternberg 1962). Close to the wall, therefore, their speed is likely to exceed the
mean speed. Also, it has been suggested that a characteristic feature of the large
eddies is a coherent jet-like motion away from the wall, continuity being satisfied
by a diffuse weak motion towards the wall. This feature is part of Grant’s, Town-
send’s and Lilley’s models, and it is Kline & Runstadler’s interpretation of their
dye observations. The combination of motion away from the wall and motion
downstream faster than thelocalmean velocity would give a negative contribution
to the Reynolds stress. This in turn would imply a local transfer of energy from
the eddies to the mean flow, but this is possible provided that the effect is local
and the transfer is in the reverse direction in other parts of the boundary layer.

Some support, albeit far from conclusive, for this inference is to be found in the
data of Favre ef al. (1957, 1958). An oversimplified expression of this is that
the ‘ maximum mazximorum’ of Favre et al. moves outwards and also downstream
faster than the mean velocity. Since Grant (1958, §4.4) suggested that the out-
ward movement corresponded to the outward jets of his large eddy model, it has
been found that the maximum maximorum can move outwards when one traces
it upstream as well as downstream (i.e. the right-hand half of figure 7 of Favre et
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al. (1958) has been filled in). The interpretation might, however, be maintained
when there is asymmetry between the upstream and downstream curves. Then,
referring to figures 7-9 of Favre ef al. (1958), the evidence for the outward move-
ment is strong in the outer part of the boundary layer, weak in the inner part.
The evidence for the fast downstream motion emerges, tentatively, from an
examination of the time delays associated with the maximum maximorum. The
details will not be given here, but the argument can be summarized by reference
to figure 5 of Favre ef al. (1958); where this shows a difference between the
measured and ‘computed’ optimum time delays the former is the smaller. Refine-
ments to this comparison to make it more relevant to the present considerations
do not alter the regions in which the difference may be significant. Thus, there is
evidence for a fast downstream motion in the inner part of the boundary layer,
not in the outer. No evidence for a downstream motion slower than the local mean
speed in the outer part emerges in this way. On the other hand, Sternberg (1962),
examining a different part of Favre ef al.’s data, finds both fast advection close
to the wall and slow far from it.

Hence, one needs to ask whether, as one goes away from the wall, the evidence
for a predominantly outward motion becomes significant before the evidence
for a fast downstream motion ceases to be significant. This is very difficult to
decide, but the possibility seemed strong enough that the above considerations
were one of the main motives for my own experiments.

There is another way in which Favre et al.’s data seemed to point to a negative
large eddy contribution to the Reynolds stress, although the implied mechanism
does not correspond to the physical model discussed above. The data imply that
R1(0,7,,0,t) maximized with respect to ¢ is greater than B,;(ry, 75,0, 0) with r;
chosen so that the maximum of R;(ry, 75, 0, ) isat ¢t = 0. (This comes from a con-
sideration of figure 7 of Favre et al. (1958) in conjunction with information on
the optimum time delays.) Since the time delay for the maximization of the former
correlation is negative (i.e. the signal is taken earlier from the outer probe), the
fact that the former correlation is greater than the latter is difficult to interpret
without postulating a marked inward motion that is moving downstream slowly.
Such a motion would contribute negatively to the Reynolds stress. The only
objection to this argument that I can see is that it is based on rather few experi-
mental points.

Experiments giving further information on this matter were clearly needed,
but, as often, there is no experiment that gives a definite direct answer to the
question; one has to make those that seem likely to give an indirect answer. This
was the motivation for many of the observations on — R,; and R,, reported in
§4.1 The measurements of — RE,,(r,,0,0) and —R,,(0,0,75) at rather many

+ At first sight, measurements of the spectrum of the Reynolds stress might seem most
appropriate, and informetion on this is available (Klebanoff 1955). However, the use of
this is restricted, because one can measure only the one-dimensional spectrum function and
because the low wave-number end of such spectra depends on eddies of all sizes rather than
just the large eddies (Townsend 1956, pp. 17-18). It therefore seemed more useful to make
correlation measurements; those of — R;, with separation in the r,-direction give substan-
tially the same information as the spectrum measurements in a more appropriate form,
whilst those with separation in other directions give much additional information.
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values of y derive from the fact that any exceptionable behaviour was likely to
be confined to a fairly small part of the boundary layer.

In retrospect, the measurements of — R,, and R, contain a number of interest.
ing features without fully answering the question originally asked of them. It is
convenient to discuss all these features together and then to turn to the implica-
tions of some of them about the large eddy contribution to the Reynolds stress.

Onenoteworthy feature is a tendency for — R1,(y, 71, 75, 73) and — By (y, 74,75, 73)
to be nearly the same even when there is no symmetry requirement for them to be
s0; i.e. interchanging the positions of measurement of «, and u, has little effect
on the correlation (compare the left-hand side of figure 8 with the right-hand side,
and the different curves in figures 10, 11, 13, 14 and 16). There are differences to
be detected; for example, figures 8 and 9 suggest a tendency for the correlation
to fall off from its maximum at r, = 0 more rapidly when r, becomes negative
than when it becomes positive. However, these differences are small and may no
often be significant; considering again the example just mentioned, this may be
only the result of one wire being in the wake of the other.

Another point of interest is the large values of 17, to which — R,, remains non-
zero. This is to be found at all values of y/d, except the smallest and the largest
(figure 8) and is illustrated particularly by figure 9 (note the compressed abscissa
scales in these figures). The corresponding observation for £,; has been an im-
portant factor in the development of ideas about the large eddies (by, for instance,
Townsend (1957)). We now need to comprehend how the eddies can be extended
in the direction of flow in such a way as to produce this effect in R,;, — R, and
— R,,, but not in R,,. The point may be illustrated by considering the behaviour
when y/d, is a little greater than 0-1. R, falls to 0-2 at r,/d, of about 1-0 and to 0-1
at about 2-3 (y/d, = 0-14; figure 2); — R, and — R, both fall from their maximum
of 0-5 to 0-1 at r,/8, of about 0-6 and to 0-05 at about 1-1 (y/5, = 0-155; figure 8);
whilst Ry, becomes zero at r,/d, about 0-4 and goes only very slightly negative
beyond this (y/d, = 0-13; Grant (1958)).

The most striking point in the behaviour of — R,, is the change of sign with
r4 separation (figure 12). This is shown right through the boundary layer, and
minimum values of — R, vary from about —0-13 close to the wall to —0:08 in
the outer part of the layer. These negative values are as large as or larger than
those exhibited by R;; correlations, despite the fact that B;; at zero separation is
unity whilst — R, is only about 0-5. It seemed valuable to ascertain as much as
possible about the magnitude and extent of the negative — R,, region; this was
the purpose of the work contained in figures 14-17.}

The interpretation of the behaviour of — R;, obviously has to be made with
the corresponding behaviour of E,; and R,, borne in mind. Figure 22 collects
together (from figures 4, 6 and 12), curves for E;(0,0,73), Ey(0,0,r;) and

t The purpose of figure 17 may not be obvious. Figure 16 suggests that — R,(0, 7y, 73)
and — R, (0, r,, 73) become positive when r, is large enough. This might indicate a limit
to the negative region. On the other hand it might be the result of increased length-scale
(due to the average distance of the two probes from the wall being larger) shifting the
negative region to larger r4. The observations shown in figure 17 were made to decide be-
tween these two possibilities—in favour of the latter.
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— Ry, (0, 0,73) at similar values of .7 The feature of R,, and — R,, changing sign
at just about the same value of r5/d; is largely a coincidental result of the particular
value of /8, for which observations of all of R,;, R,, and — R,, have been ob-
tained. Close to the wall R,, becomes negative for sma.ler values of 7; than — R,
(compare figure 6 and the top section of figure 12). More interesting perhaps is the
reverse behaviour at large /8,. The bottom section of figure 12 shows that — R,
changes sign at r,/8, of about 0-24 and 0-32 for y/d, equal to respectively 0-51
and 0-785; figure 6 shows R,, at y/d, = 0-685 remaining positive for r;/d, up to
about 0-49, and then it goes only weakly negative.} Interpolation in figure 12
suggests that — R,, may be approaching its minimum value before E,, changes
sign. Moreover, it is unlikely that R,; changes sign at separations as small as
those for — R,,. The present results do not contain information on this point, but
Grant’s results at y/d, = 0-52 show R;;(0,0,7,) changing sign at r,/d, of about
0-36. It is almost certain that in the outer part of the boundary layer there are
lateral separations for which — R,, is negative but R;; and E,, are both positive.

The B,; measurements reported by figures 18-21 can be viewed in a compara-
tively straightforward manner. In isotropic turbulence, such correlations would
always be zero for r; = 0. The departures from this shown by figures 19 and 21
must be associated with departures from isotropy and can in fact be related to
the Reynolds stress. The partial similarity to isotropic turbulence that is always
imposed by the continuity equation is likely to produce a correlation between u,
and %, when both 7, and r; are non-zero. The association between u, and %, in-
volved in the Reynolds stress then leads one to expect B,3(0,7,,7;) to behave
similarly to the actual behaviour shown by figure 21. The sign of R, indicated in
this way is in agreement with the experimental results if we suppose that the
large eddies produce a Reynolds stress of the same sign as the total stress.

For low values of /8, the argument is modified by the further departures from
isotropy that will be imposed by the proximity of the wall. Any velocity fluctua-
tion towards or away from the wall is likely to be associated with a flow pattern
in the turbulence resembling a stagnation point flow. A correlation between u,
and u, with separation in the r; direction may be expected even if 7, = 0. The
association between u, and u, involved in the Reynolds stress then suggests that
R5(0,0,7;) will be non-zero. Figure 19 shows that this is indeed the case. The
sign is again such that the argument applies provided that we consider a Reynolds
stress of the usual sign. The two curves in figure 19 show that R,5(0, r,, r5) with
r4 variable has a larger maximum for a negative r, than for a (smaller) positive
one. This is in accord with the above interpretation, considering the effect of
continuity as before.

Figure 18 shows the effect of varying r,. For isotropic turbulence, B,4(ry,0,73)
would of course be positive for positive r, and negative for negative r, (since 74 is

1 The value of y for the R,; curve is a little different than for the other two. A few
measurements of B,,(0, 0, r3) at y/d, = 0-290 were made and showed no significant differ-
ence from those at 0-305 (with regard particularly to the zero and the minimum).

I This result is only a confirmation of one of Grant’s (1958). Confirmation seemed desir-
able, however, as the present results and Grant’s are not in complete agreement about the
behaviour of R,,(0, 0, ;) (see §8).



Correlation measurements in a turbulent boundary layer 457

taken positive). We see that this effect is superimposed on the one considered
above, so that R4 is positive throughout but asymmetrical.

What can now be said about the sign of the large eddy contribution to the
Reynolds stress? The matter just discussed—the interpretation of non-zero R,,,
when 7, = 0—seems the most conclusively relevant. It provides clear evidence
against the idea of a negative contribution. This is to some extent true for all
parts of the boundary layer, but is most definite for the region close to the wall.
Further implications of this conclusion will be considered briefly in §9.

The — R,, measurements are not so directly revealing. However, the fact
discussed above, that at large y, — R,, changes sign as r, is increased sooner than
either B, or R,,, is curious. We might also note that, at still larger y, figure 8
shows (perhaps not very conclusively) — R ,(r, 0, 0) going slightly negative for
negative r; (though not for positive). But for the fact that this is the part of the
boundary layer where there is least other reason to expect a negative large eddy
contribution to the Reynolds stress, these points might be taken to suggest that
one occurs. Further clarification of this unsatisfactory situation seems likely to
come about not through direct interpretation of the data but rather through a
new model of the large eddies consistent with the data.

7. Upstream—downstream asymmetry

A result of Favre et al.’s (1957) work to which some attention has been given
is that R,;(0,7,, 0,¢) has its maximum value (for fixed r,) at non-zero ¢. Measure-
ments by Bowden (1962) and Bowden & Howe (1963) in tidal channels suggest
that if one considers instead Ry,(0, 75, 0, ¢) this skewness is no longer found; the
maximum is at zero f. This is inconsistent with the usual interpretation of the
asymmetry—that the large eddies are orientated along a line at about 45° to the
flow direction—and one has to reconsider the significance of these results. Hence,
it seemed desirable to check the oceanographic observationsin the better-defined
conditions of the laboratory.

There was no equipment available for introducing time delays into the correla-
tion measurements. Hence I adopted the more-or-less equivalent procedure of
measuring Ry,(r,,7,, 0) with r, fixed and r, varied. There are a few measurements
of this type in Grant’s work, but it seemed desirable to extend them. So that a
direct comparison could be made, I also made a few observations of R,,(r,, 5, 0).
Since much of the project was concerned with the behaviour of — R, and since
it might be revealing about the significance of the asymmetry, I included
further some measurements of — Ry,(ry,79,0), — Boy(ry,75,0), — Byo(ry, 75, 75) and
— Ry, (71,75,75). These last two were surveyed with r, fixed so that —R,, and
— R, were significantly negative in the hope of discovering more about the
striking negative region discussed in §6.

The results are shown in figures 5, 7, 13 and 14 and reveal an interesting situa-
tion.

The result that Ryy(ry,7,, 0) with r, fixed has its maximum at r;, = 0 is con-
firmed (figure 7). The curves are nevertheless asymmetric, the correlation tending
to zero much more slowly on the positive r; side than on the negative. In this
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respect the behaviour is similar to that of R,,. Figure 7 accords with and supple-
ments Grant’s (1958) figure 23, which presents similar observations for larger
y/d,. The figures differ in that Grant’s shows R,, becoming negative—strongly
for positivet r; and less markedly for negative. The difference is consistent with
the observation (Grant 1958) that B,,(r, 0, 0) goes negative in the outer part of
the boundary layer but not in the inner. Both lots of results may be summarized
by saying that, for positive 7,, the tail of Ry,(ry,7,, 0) is longer on the positive 7,
side, be it a positive or a negative tail.

Similar considerations apply to - R,,. Figure 13 shows that — R,,(r;,7,, 0) and
— Ry, (74,75, 0) tend to zero much more slowly on the positive r, side. As with R,,
(but not with R,,), this contrasts with the behaviour for small ;/8,; the maximum
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Fraure 23. Schematic representation of the correlations with r; variable and r, fixed but
non-zero. Single-headed arrows refer to the behaviour at large +r;. Double-headed arrows
rofer to the position of maximum correlation. (See text.)

is not displaced in the same way. Indeed, there is evidence (though it might be
argued that the differences in the correlation coefficient on which this is based are
not large enough to be significant) that the maxima in figure 13 occur at slightly
negative r,/8,. The word ‘slightly’ is used here in relation to the overall r, scale
of the graphs; it needs to be remembered that this is compressed and that the
displacement from zero is not so small when compared with r,/8,. This position
of the maxima can be related to the continuity equation; in isotropic turbulence
— Ry5(ry,75,0) and — By, (ry,75,0) would both be positive for negative r; and
negative for positive (taking r, positive).

Figures 14 show similar observations with an r, displacement introduced to
make — R, and — R,; negative. These can be fitted into the same interpretation.
The effect of continuity would now be to displace the peak (a minimum this time)
to the positive r; side. This is in the same direction as the asymmetry of the tails

1 Changing the sign of r, to allow for the fact that Grant had r, negative whereas we are
considering its positive [Ry,(y; 7y, 75, 0) = Ryply +193 — 1y, — 7, 0)].
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that runs throughout the observations. It is thus accordant that these curves
should be more or less symmetrical about displaced peaks.

A convenient visual summary of the situation is given in figure 23. The direc-
tions of the arrows indicate the velocity fluctuation components under considera-
tion and their relative locations indicate the signs of r; and 7, for which the corre-
lation between these tends to be strong. The single-headed arrows are based on
the asymmetry of the tails of the correlation curves; the double-headed arrows
are based on the peaks of the correlation curves. The figure demonstrates clearly
the tendency for the former to have the same relative location throughout (pre-
sumably a consequence of the shear of the mean flow), whilst the latter have the
relative location suggested by continuity.

8. Boundary layer and channel flow

It is of some theoretical significance to compare these two flows, particularly
for the regions close to the wall. The fact that some correlation length-scales can
much exceed the distance from the wall has complicated the concept of wall
similarity and suggested that some features of the turbulence may be influenced
by the outer region; in the phraseology of Townsend (1957, 1961), the scale of the
‘irrelevant motion’ may be imposed on the wall layer by the outer layer. Since
the turbulence in the outer regions of a boundary layer has a different structure
from that of channel flow, it is interesting to look for any consequent differences
in the wall layers.

A comparison of Grant’s (1958) boundary-layer data and Comte-Bellot’s
(1961b) channel flow data suggested that there might be differences—in two ways,
one implying a difference in structure, the other a difference in scale. It was,
however, inconclusive. Some of the present results were obtained to allow closer
comparisons and they suggest that the differences are not significant.

The comparisons will be made with lengths in the boundary layer non-
dimensionalized with &, as usual and those in the channel with its half-width, D.
There is no reason to suppose that these give strictly comparable quantities, but
they should be satisfactory for the present purpose so long as a scale typifying
the flow as a whole is appropriate. It might be argued that, since we are concerned
with the wall layer, the length-scale v/u, should be taken. This would change the
comparisons radically because of the difference in Reynolds number of the flows
being compared (Co mte-Bellot worked with «, D/v equal to about 5000, whereas
u,8,/v was about 700 in Grant’s experiments and about 600 in mine). One sup-
poses that similar changes follow a change of Reynolds number in a single type
of flow, and thus that this is a separate issue from the comparison of different
types. We are saying only that one of the available methods of scaling now shows
no significant differences between the two flows.

The possibility of a difference in structure was raised by the fact that Comte-
Bellot’s results show E,,(0, 0, r;) having a negative region (for her lowest value
of y/D, 0-11) whereas Grant’s do not (y/8, = 0-059). Figure 6 shows that my
measurements gave a negative region; indeed, at y/d, = 0-066 and 0-29, it is sur-

t The additional information about the channel and the flow in it needed for the com-
parisons has been taken from two of Comte-Bellot’s earlier papers (1959, 1961a).
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prisingly marked. The upper section of figure 6 is in disagreement with Grant’s
results, the difference in y/d, being certainly insufficient to account for this. The
reason is not known.

The possibility of a difference in scale arose from considerations of the extent
of R ;(r,0,0). This is the correlation that shows most strongly the failure to obey
the principle that the length-scale close to the wall is given by the distance from
the wall. For channel flow, Comte-Bellot’s results at y/D = 0-11 show R,;
dropping to 0-2 at r,;/D of about 1-4 and to 0-1 at about 2-1. In Grant’s boundary
layer results, the corresponding values of r,/8, were about 0-5 and 0-8. These
were at /8, = 0-034, but the similarity of this behaviour to that at much larger
y/6, made it tempting to suppose that a comparison was valid. Figure 3 of the
present paper shows that this is not the case; at y/d, = 0-14, R,; drops to 0-2 at
about /8, = 1-0 and to 0-1 at about 2-3.

9. Closing remarks

Even before my experiments there was a large body of data that had not been
incorporated into any model of the large eddies. An obvious aim now is to formu-
late ones consistent with all the information existing. As stated in §1, I have not
had much success in this. It may be useful, however, to note that the principal
features of the present results that probably ought to be taken into account in
any such formulation.

The discussion in §6 of the — R,, results contains a number of points with
implications wider than the matter of that section. The strong tendency for — E,,
and — R,, to be nearly the same is one such point; some differences were noted,
but a new large eddy model would probably need to attend to the similarities
rather than the differences.

A second point is the behaviour at large »,. This has already been briefly
discussed in §6; here we just need to note again that it is curious—and surely
relevant to the large eddy structure—that R,;, —R,, and — R, all remain
significantly non-zero when R,, does not.

Thirdly, there is the striking change of sign in — R;,(0, 0, r3). Although this is
one of the ways in which the new observations are inconsistent with existing
models of boundary-layer structure, such a behaviour would seem to require a
high degree of ordering of the large eddies. It could hardly come about unless the
eddies have a characteristic structure and orientation. This is perhaps the main
reason, despite lack of success so far, for continuing to Jook for a simple structural
model of the eddies of the types proposed by Townsend and Grant (see §1) rather
than turning to a different type of description.

The negative region of — R,(0, 0, r;) prompts a further thought. It is a strong
feature throughout the boundary layer, and it would be most satisfactory if a
single interpretation of it for all  could be formulated. More generally, looking at
all the information now available, one might say that the similarities between the
inner and outer parts of the boundary layer are more marked than the differences.
Perhaps the practice that has been adopted in the past of giving quite separate
descriptions of the large eddies for the two regions is no longer appropriate.
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It was pointed out in §6 that the combination of a coherent motion away from
the wall and a fast downstream motion would result in a negative contribution to
the Reynolds stress in the region close to the wall. But it is in this region that the
evidence against such a negative contribution is strongest. Assuming only that
velocity fluctuations towards and away from the wall produce flow patterns of a
stagnation point flow type, a negative contribution to the Reynolds stress would
involve a change of sign of B,3(0, 0,r;) at large separations. The results show no
such change. That the large eddies in the wall region do travel downstream faster
than the local mean velocity seems satisfactorily established by Sternberg (1962).
This suggests that the feature, common to most existing models, of a coherent
eruption from the viscous sublayer with a more diffuse return flow should be
abandoned.}
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