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ABSTRACT

Experimental evidence is presented which supports the concept
that the turbulent boundary layer is dominated by an organized large
structure, and that the occurrence of an observed small scale flow
near the wall, probably related to bursts and sweeps, can be attributed
directly to the presence of this structure.

The evidence is in the form of long time averaged correlations
and conditional ensemble averages of short time correlations between
the signals from a flush mounted hot film shear stress gauge and those
from a rake of hot wire elements spaced across the boundary layer in
both the normal and transverse directions. The correlations have a
spatial and temporal extent well in excess-of typical wall scales and
indicate the presence of a large structure with a character not unlike
that of the turbulent spot that has been observed during transitiomn.
The experiments show it to be inclined to the wall at an angle of about
18° which is in remarkable agreement with recent flow visualization
studies. In the spanwise direction, it gives rise to an unusual fea-
ture of twin maxima in the velocity correlations and these result,
evidently, from the sides of the structure lying oblique to the mean
flow direction.

As this structuré passes over the wall, there is a character-
istic small scale response of that region, and the turbulent bursts
and sweeps are probably part of this process. The response is per-
ceived as intense high frequency shear stress fluctuations and a
novel technique was developed to correlate between the existence of
these fluctuations and the corresponding low frequency or large scale
fluctuations. The results of this work have indicated that for the

wall shear stress, there is a definite phase relation between the two
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scales of motion with the intense small scale disturbances occurring
mostly when the shear stress is high. For the velocity signals
occurring .over the remainder of the layer, the same technique has
indicated that the large structure may be characterized by steep
positive velocity gradients on its rear or upstream surface.

By detecting these gradients in an unbiased manner, ensemble
averaged time histories of both the streamwise and normal components
of velocity have been generated and used to create a streamline pat-
tern of the large structure. This pattern shows a large rotating
structure with the dominant feature being a strong outflow along the
rear of the structure. In this region very large contributions to
Reynolds stress have been observed to occur.

The velocity gradients of this region also generate wall
pressure fluctuations whose ensemble averaged Fime histories have
been determined. Although a careful interpretation is required,
these time histories are the same as might be expected from the mea-
sured velocity time histories 1f there is dominance of turbulence-
mean shear interaction. It is suggested from this work that the
wall pressure signature of the large structure, as measured at a
fixed point, is characterized mainly by a steep fall of pressure in
time. Such features have been identified in the signals and tracked
downstream over distances in excess of 2§ at a convection velocity
of 0'67Uo'

The pressure data were examined in some detail in order to
clarify the mechanism responsible for the apparent generation of
bursts and sweeps by the large structure. It appears however that
the pressure field of'the large structure has neither sufficient
amplitude nor the correct character to play the role in this

mechanism that has been suggested by others.
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For this reason an alternative concept based upon a rota-
tional instability has been proposed in which a Taylor-Gdrtler
mechanism near the wall gives rise to the well documented streaks
of longitudinal vorticity in that region. The stretching of this
vorticity then gives rise to the small scale turbulent bursts which
are, 1n turn, followed by sweep motions as the vorticity i1s swept
back toward the wall. Experimental evidence to support this con-
cept lies in the finding that, -in a frame of reference moving with
the large structure, small scale shear stress fluctuations are
associated with a flow near the wall whose streamlines are in
opposition to the mean vorticity. An opposition of this kind is a

necessary condition for such an instability to occur.
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Congiderable time has passed since Osborne Reynolds first

formulated the problem of turbulence and yet the majority of the
experimental studies on boundary layer turbulence, for example, have
been performed only in the last two or three decades. This can be
attributed to the development in this period of sophisticated anemome-
try techniques and, more Fecently, to the advent of low cost digital
data processing. However,despite the wealth of statistical data in ‘
the form of spectral and correlation measurements that is now avail-
able, the detailed features of the structure of boundary layer turbu-
lence still remain hidden.

In practical terms the turbulent boundary layer is of great
importance because of its frequent occurrence in aerodynamics and
hydrodynamics and other fields of engineering and science. The flat
plate, zero pressure gradient turbulent boundary is a basic turbu-
lent flow and the simplest turbulent boundary layer flow to study.
The simplicity is however very deceptive for in reality it may well
be one of the most complex basic turbulent flows because of the two
significant scales in the motion. There is the large scale motion
with velocity and length scales of Uo and §, and the viscous scales
near the wall with scales UT and v/UT. It is, however, because the
boundary layer is of such practical significance and because it is
such a well defined basic turbulent flow that it has been studied
exhaustively. To review all the available literature here is neither
appropriate nor necessary. The reader is referred to Willmarth
(1975a) for an excellent review of the present knowledge of turbulent
boundary layer struc;ure and to Reynolds (1976) for a review of some of

the boundary layer prediction methods. In what follows only some of



the more important results that have emerged from various experimental

studies and which are relevant to the work will be discussed.

Perhaps the most significant finding of recent years in
boundary layer work and indeed in turbulence research in general is
the discovery that organized motions exist within the flow. These
have been highlighted by flow visualization studies and a dramatic
example can be seen in the photographs of Brown and Roshko (1974) of
the turbulent mixing layer. The flow is dominated by a very large
and highly organized structure which controls the dynamics of the
flow. In the boundary layer, because of the three dimensionality
and the two scales of motion, the organized motions that have been
identified are considerably more complex than fér the plane mixing
layer. These motions in the boundary layer may be divided into two
categories and although these are discussed separately it will
become apparent that there is some relation between the two.

1) The first is the organized small scale structure that is
known to exist near the wall and which has been reported in
the flow visualization studies carried out at Stanford
(Kline, Reynolds, Schraub and Rundstadler, 1967, Kim, Kline
and Reynolds, 1971, Offen and Kline, 1973) and at Ohio
(Corino and Brodkey, 1969, Nychas, Hershey and Brodkey,
1973).

(ii) The second is the organized large structure that is known
to exist on a scale of the boundary layer thickness and which
has been extensively studied by Kovasznay et al (1970) and
others using conditional sampling and averaging techniques.
With reference first to the organized small scale structures,

which are more usually known as the burst-sweep cycle of events, there

is evidently a cyclic phenomenon present which is characterized by



the appearance near the wall of alternate regions of high and low
speed fluid. The sequence of events from that time is well described
by Kim et al (1971) and, following their description, one of these

low speed "

streaks' sometimes lifts slowly away from the wall during
its passage downstream and then turns more sharply away from the
wall. Because of the momentum deficiency this gives rise to a point
of inflexion in the instantaneous velocity profile. Downstream of
this inflexional zone oscillatory motions have been observed which
result predominantly from a streamwise vortex which grows in extent
but whose growth is terminated by random chaotic small scale motions
which Kim et al refer to as '"breakup". Although the terminology is
different, the cycle of events described by Corino and Brodkey
(1969) is very similar and they have found that the ejection or
bursting phase ended with a "sweep" of high speed fluid carrying
away the retarded fluid that remained from the ejection process.

Following Corino and Brodkey (1969), Kim et al (1971),
Grass (1971) and Lu and Willmarth (1973) it appears that these events
are associated with very large contributions to the Reynolds stress
and turbulence production. On this evidence alone it is clear that
they play an important role in the dynamics of the turbulence process.

The occurrence of bursts and sweeps at a given point is
repeated in time and it appears that the mean period between bursts
is the same as the mean period between sweeps (Lu and Willmarth
1973). Although queried by Meek (1972) it also appears that these
periods scale on outer flow variables (Lu and Willmarth, 1973, Rao,
Narasimha and Badri Narayanan, 1971) so that the outer flow appears
in some sense to be controlling the flow at the wall.

The experiments of Offen and Kline (1973) attempted to shed

more light on this interaction and the cyclical regeneration of
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bursts. They have suggested that the vortex within a burst or lifted
wall streak can impose an adverse pressure gradient on the wall which
may stimulate the lift up of a new wall streak. In this way the
process is regenerative but the outer layer influence is not clear;
it is perhaps only playing a passive role. Willmarth (1975a) has
proposed a similar model for the cyclical occurrence of bursts in
which pressure provides a link between the outer flow and the wall
flow. He has appreciated the advantage of viewing events in a
convected frame of reference and in his model the initiation of a
burst is caused by the convected massaging action of the pressure
field of a large scale structure on the low speed sublayer fluid.
Unlike the model of Offen and Kline however, Willmarth proposes a
large scale effect in which the large structure or large scale
vorticity arises from the previous bursts so that in this way the
wall events are controlled by outer layer structures and are also
regenerative.

The flow visualization studies of Nychas et al (1973) have
shown that the occurrence of bursts is closely associated with the
presence of a large transverse vortex in the outer layer. This
vortex appears to arise as a result of a shear instability between
accelerated and decelerated fluid and is very like the "typical
eddies" that have been observed in a smoke filled boundary layer of
Falco (1976). At the low Reynolds numbers characteristic of these
experiments this vortex exists across most of the layer and it is
not clear what its relative size would be at higher Reynolds numbers.
Therefore although there is an implication of an outer layer
influence, the details of the influence of the large structures are
by no means clear. In addition the mechanisms discussed above suggest

that the large structures are a consequence of the repeated pairing



of tbe small scale bursting fluid. While not sufficient to contra-
dict this view, the great disparity in scale between the two kinds
of motions, particularly at high Reynolds numbers, i1s certainly hard
to reconcile with such an idea.

A quite different view from that in which the large structure
in the outer layer is a result of the amalgamation of small scale
bursts near the wall has been taken by Coles and Barker (1975) imn
which it is proposed that a large scale structure is the basic
building block of the boundary layer and the burst-sweep cycle of
events is part of the signature of this large structure. They maintain
also that this large structure may have characteristics not unlike
those of the turbulent spot observed during transition (Emmons, 1951,
Elder, 1960). In such a model the burst-sweep cycle of events may
feed turbulent energy to a large structure but the bursts do not
amalgamate directly to form a new large structure.

The presence of the large structure in the boundary layer
and the second kind of organized motion referred to above has been
inferred from correlation measurements. In particular those
measurements that take advantage of the well defined intermittency
in the outer part of the layer have provided some insight into the
behaviour of these structures. The correlations of Kovasznay et al
(1970) have shown that the large structures have a streamwise length
scale of the order of 28 and a spanwise length scale of the order of
§. They are tilted away from the wall and can be correlated over
streamwise distances of the order of 208 or more, suggesting that
they have long lifetimes. They are responsible for the turbulent
bulges at the outer edge of the layer. Structures of this kind have
been photographed, at low Reynolds numbers, by Falco (1976) . The

conditional sampling work of Kovasznay et al (1970) and Antonia (1972)



has shown (hat there is a general rotation within the structure.

On the back, or upstream side of the structures, there is a flow
away from the wall, and toward the wall on the front or downstream
side. At the outermost edge of the layer, these structures are found
to have a streamwise velocity less than the local mean so that the
irrotational free stream rides over themlgiving rise to potential
velocity fluctuations that can be detected at distances from the wall
in excess of 26.

Both the large and small scale structures of the boundary
layer evidently give rise to fluctuation in the wall pressure.
Because of the importance of these fluctuations as a source of both
acoustic noise and structural vibration they have been extensively
studied using spectral and correlation techniques. A review of this
work has been presented by Willmarth (1975b). The work of Willmarth
and Wooldridge (1962) and Bull (1967) has shown that the wall
pressure may be divided into two groups of families characterized by
different wavenumbers., One is a low wavenumber grouping which
displays convection at velocities typical of the outer part of the
layer. The other is a high wavenumber grouping which displays
convection at speeds typical of regioms closer to the wall. These
groupings are consistent with the two scales of turbulent motion
that have been discussed. Because of the attenuation resultiﬁg from
the finite size of the transducers used in such measurements, the
importance of the small scale contributions to the wall pressure has,
however, been underestimated in the past. The work of Emmerling (1973)
has indicated that intense small scale pressure fluctuations can be
identified and that these occur with a mean period that is close to
the burst rate determined by Rao et al (1971). It seems likely

therefore that they are related to the burst-—sweep cycle of events



near the wall. The role of the pressure in these events and the
relation, if any, between the small scale and large scale fluctuations
is, however, not clear.

Within the context of this brief discussion it is to be seen
that there are essentially two features of boundary layer turbulence.
One is the flow near the wall characteristic of all bounded wall
flows. The other is the outer flow (the wake component) which has
in the past thought to have the properties of non-bounded turbulent
flows. The mean and fluctuating quantites of each region scale
differently and as Kovasznay (1970) has pointed out, it is the
attempted matching of the two regions that makes the problem of

boundary layer turbulence both interesting and challenging.

1.1. Aims of the Research Programme

The discussion of the last section raises many questions.
In particular the mechanisms behind the generation of wall streaks
and the cyclical regeneration of bursts are not clear. There is also
an implication of a role of the large structures that exist in the
layer but the causal relationships are unknown. The large structures
may generate the bursts and sweeps at the wall, but it is not clear
whether or not these small scale motions ultimately lead to a new
large structure. The large structures may alternatively exist in
their own right and give rise to the occurrence of small scale events
at the wall. The correct representation is not known and it is
evident that detailed measurements are required to shed light on
these processes.

It has also been indicated that the pressure may be the link
between the events in the outer layer and those at the wall. This

question can only be answered by undertaking careful analysis of the



wall pressure signal at times when the turbulent bursts are thought
to be occurring. Such measurements, using both pressure transducers
and hot wire anemometers are usually made at a fixed peoint and aliow
only a brief view of a complex and evolving structure as it is
convected by. Useful information could certainly be gained if it
were possible to follow the evolution of a structure in its passage
downstream. Such an experiment would be difficult to undertake in
practice and one must be content with measurements made at a fixed
point. Point measurements by themselves, however,will not describe
the simultaneity of occurrence of a structure at different points in
the layer. It is apparent therefore that useful results might be
obtained using arrays of probes of the kind used by Blackwelder and
Kaplan (1976).

Furthermore because of the apparent importance of the events
very near the wall in the dynamics of the flow, it is clear that
detailed measurements need to be made in that region. Even at
moderate Reynolds numbers, however, great care is required in the
placing of hot wires very near the wall. A possible way to overcome
this difficulty is by the use of suitably designed flush mounted hot
film shear stress gauges of the kind described by Bellhouse and
Schultz (1966).

With these general remarks in mind, the aims of this research
programme may be summarized into the following categories:

(i) The relationship between the small scale events at the wall
and the outer layer is implied largely through scaling

trends. By §imultaneous recordings of the outputs of a

flush mounted hot film and an array of many hot wires it

was felt that this relationship could be more accurately

defined.



(i)

(1id)

By further use of arrays of hot wires it was hoped to

shed light on the nature of the large structures themselves
and the extent to which they are organized. Additionally
it was hoped to find out to what extent they dominate the
mechanics of the flow and the way in which they determine
the Reynolds stress. A crucial feature of boundary layer
turbulence is the three dimensionality of the phenomenon,
and by use of a spanwise array of wires it was felt that

some details of the spanwise geometry could be determined.

The role of the wall pressure in the turbulent bursting
process is not clear. By use of flush mounted pressure
transducers it was felt possible to clarify this fole and
determine the significance of the turbulent pressure field

on the motions at the wall.
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2. DESCRIPTION OF THE EXPERIMENTAT, FACILITIES.

2.1 The Variable Section Boundary Layer Wind Tunnel.

The wind tunnel used for the present investigation is of the open
circuit type driven by a centrifugal compressor situated downstream of
the working section with a discharge external to the building. The
system is described in some detail by Lim (1971), from which the
schematic view in figure 2.1 is taken.

Air is drawn into the contraction through a contoured bellmouth
leading to two sets of honeycombs and six fine wire mesh screens. The
contraction is 1.15m square at inlet and reduces to 230mm square at the
start of the working section, providing a contraction ratio of 25:1.

The working section is a rigid structure of extruded aluminium
sections and is mounted on a heavy steel frame. It is 4.5m long by 230um
square, and has fifteen accurately machined circular instrumentation
ports at 30cm intervals on the upper surface. The ports are fitted with
numbered and individually matched instrumentation plugs in which the
probes and tramsducers can be mounted. The boundary layer that develops
on the upper surface is used in the experiments.

An important feature of the working section is that the lower
floor is a thin flexible stainless steel sheet which may be moved up or
down within the main section so as to allow any desired pressure grad-
ient to be impressed upon the flow. Control of the floor pdsition is
achieved by a series of screw jacks mounted below the flexible floor
between instrumentation ports and passing down into the rigid steel
structure supporting the test section. Rubber edge strips run the full
length of the edges of ‘the panel to prevent air leaks. Longitudinal
tension is maintained in the panel by means of a clamp at the doﬁn—

stream end.



______ e '~/AR!ABLE WORKING SECTION

BOUNDARY | AYER TUNNEL

Figure 2.1 General arrangement of the variablie working section boundary layer wind tunnel.

1T
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Downstream of the test section the flow is choked in a variable
section sonic throat which provides good flow regulation and stability
as well as significantly reducing the acoustic noise propagated into the
test section. The flow then passes to the centrifugal compressor and
diffuser and is discharged outside the building. The prime mover of
the system is a 60 kw d.c. motor powered from the rectified three
phase mains supply. The ductwork and housing surrounding the drive
mechanism are acoustically insulated with sheet lead and fibreglass
wool so as to reduce the noise levels within the laboratory. To re-
duce the transmission of vibrational energy into it, the structure of
the working section is suspended from the ceiling on cables fitted with
vibrational isolation units. Such precautions were found necessary
when using the piezo-electric pressure transducers, which respond to
vibrational stresses causing a degradation in their signal to noise
ratio.

Natural transition from laminar to turbulent flow within the
boundary layers on the tumnel wall, while being most desirable, is
difficult to implement in practice due to the low inlet velocities
which give rise to the need for large inlet lengths. In addition the
strong favourable pressure gradients that exist within the contraction
tend to stabilize the flow and for these reasons artificial trips are
used in two locations in the tunnel. Each of these consists of a Scm
strip of coarse sandpaper, the first being located 28cm before the start
of the test section along the region of concave curvature of the con-
‘traction and the second at the start of the test section. The first
trip was used to prevent a wandering separation at the contraction and
the second was used to bring about turbulence transition at the start
of the test section.

Without such trips the mean properties of the boundary layers in

the test section were found to vary with time due to what appeared to
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be a wandering transition point giving rise to a variable effective
origin of the turbulent boundary layers. There was also an apparent
unsteadiness of the flow into the inlet of the bellmouth itself. This
problem was alleviated by the removal of a one metre length of settling
chamber introduced by Lim (1971) downstream of the bellmouth, thereby
moving the inlet further away from the end wall of the laboratory. In
addition, the entire bellmouth was housed in a box of fine terylene
mesh so as to prevent stray drafts from affecting the flow into the
tunnel. Extensive tests on the mean flow within the boundary layer in

the test section showed these precautions to be particularly effective.

2.2 Transducers for Fluctuating Wall Pressure Measurements.

2.2.1. The Piezo-electric Transducers and Preamplifier.

The transducers used for the present work are essentially the
same as those used by Lim (1971) except that some modifications were
made to provide an improved signal to noise ratio. The heart of the
device is a small cylindrical lead zirconate-titanate piezo-electric
crystal of both diameter and thickness of 0.75mm, mounted on a brass
stem set in a plug of insulating material (silicon loaded ebomite),
which is in turn housed in a 6.35mm diameter brass shell. The details
of the device are shown in figure 2.2(a). The designation for the
piezo-electric material is PZT-5H; it is manufactured by the Brush
Clevite Company of Southampton, England.

The clearance between the crystal and the surrounding body is
filled with silicone moulding rubber so that an electrical contact of
conducting silver paint may be placed on the top surface of the crystal
vithout the possibility of the paint flowing down the sides of the

crystal.



14

Brass Body

1:0

MU NNNNNY

12BA

Brass
Screw

| Epoxy Resm~7

-

WIS ISV
Hinounnouooongis

/////////////,

AAONNMANANNANAN

,..,/

<& 12:5

-Diaphragm

PZT -5H Crystal
Conductmg Paint

030~
8%

01 -
1‘_ o
i /// /< 4////
SN 20 /Sllrcon@
Brass % \/
=ioely SzBrass /“Emcdond // (@)
upporg ocade
PP Ebonite
2N5245 2N5245 BC109 +25V DC
43K
Qutput
022UF - 'Y
] L——)
(b)
470K S180 47K
S S
15K 10UF ov
— A AA" H

Figure 2.2 (a)

(b)

All dimensions in mm.

piezo-electric transducers.

Details of the pieZo-electric pressure transducers.

Circuit diagram of the pre~amplifier for use with the
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The first step in the manufacture of the transducers is the
machining of the brass shell and brass stem. For the latter a 12BA
screw is used and a small register is machined on one end into which
the crystal is mounted using, as an adhesive, a thin coating of con-
ducting thermosetting silver paint (type FSP 36-002 made by Johnson
Matthey of Hatton Garden, England). Any excess paint on the sides of
the crystal is carefully scraped away. Next a tube of silicon loaded
ebonite, with its central hole threaded to take the 12BA brass stem,
is glued inside the brass shell with epoxy cement. After all the adhe-
sives have set, the threaded hole is partially filled with silicone
moulding rubber and the crystal is also lightly coated with the liquid
rubber. The brass stem with the crystal attached is then screwed into
the transducer body so that the excess rubber is squeezed out leaving a
thin layer of rubber between the sides of the crystal and the surround-
ing body.

Once the rubber has set, the excess from the top of the trans:
ducer is cut away and a thin layer of conducting silver paint applied
to the crystal face and over the insulating rubber on to the brass body
to complete the necessary electrical connection. After the pain% has
dried a thin diaphragm of epoxy cement is applied to the transducer
face to offer some degree of protection and to ensure a surface free
of discontinuities.

Since the piezo-electric transduéers are very high impedance
devices a pre-amplifier for impedance matching is required. For this
purpoée the devices described by Lim (1971) and shown in figure 2.2(b)
were used. These are two stage devices using low-noise field-effect
transistors with an emitter follower output. When in use tﬂey were
mounted immediately above the tramnsducers on the wind tunnel plug so
as to reduce any lead capacitance effects. The frequency response of

the pre-amplifier was checked and found to be flat within 1dB from 20Hz
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to more than 100 kHz with no detectable phase shifts, and the gain was

about 5.8.

2.2.2 The Pinhole Mlerophone Transducers

The piezo-electric transducers have the advantage that they
present a surface to the flow free from discontinuities. However they
also have the disadvantage that they respond to vibrations of the
structure in which they are mounted and this, in addition to their low
sensitivity, can give rise to a poor signal to noise ratio.

Because of such problems, some studies of wall pressure
fluctuations, in particular those of Blake (1971) and Burton (1974),
have been made using pinhole orifice microphones employing small
commercially made condenser microphones. These were used in the early
stages of the preseﬁt work in the hope of providing a better signal to
noise ratio at low flow speeds. Their use was later discontinued when
they were found to give substantially different results from the flush
mounted piezo-electric devices.

The design of the pinhole system centres on the Bruel and
Kjaer 1/8 inch cé;denser microphone type 4138, and is shown in figure
2.3. A carefully machined plastic cap with a 0.75mm pinhole is placed
over the microphone; the clearance is kept as small as possible so as
to reduce the cavity volume and thereby improve frequency response. On
the other hand the smaller the cavity, the greater is the possibility
of accidental damage to the delicate microphone diaphragm, so that
extreme care must be exercised during manufacture of the plastic cap.
In the present case ‘the cavity in the plastic cap was formed by
first machining a cutting tool to the image cross section of the
desired profile. Only after the geometrical accuracy of the tool had

been verified under a measuring microscope was the cavity cut in the
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plastic cap. By this means very small cavity volumes could be obtained
with ndnimal risk of damage to the condenser microphone.

Because the devices are required to operate in a region of
mean static pressure below atmospheric, it is necessary to make provision
for the mean pressure to be equalized across the microphone diaphragm.
For this purpose two small 0.33mm holes were drilled on either side of
the pinhole and these led to the pressure equalization hole in the
microphone its2lf. Because of the-size of this hole relative to the
dimensions of the cavity behind the diaphragm, only very low frequency
pressure fluctuations can be transmitted to the back of the diaphragm
so that degradation of frequency response will occur only in the very
low frequency region of the spectrum. The microphone manufacturers
place an upper limit on this region at about 30 Hz which was consider-
ably lower than the frequencies of interest in the experiments.

It is well established that for a small hole of radius a, and
length % leading to a cavity of volume V, & so-called Helmholtz
resonance phenomenon may be expected to occur at a frequency given by

(see for example Beranek, 1971)

c Ta® g
£t = 7n | V& + 25D (2.1)
where ¢ = speed of sound in air, a = radius of the pinhole,
A% = correction to £ to allow for end effects on the hole.

The generally accepted estimate for AL is AL = 8a/3m.

Using these relationships with the known cavity dimensions gives
a value of fo of 65 kHz. Later experiments showed the actual value to
be nearer 30 kHz, the difference probably resulting from the inapplic-
ability of the above equation to the case where the hole leading to the

cavity and the cavity itself have comparable volumes. In any case
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this frequency is still well above the range of intevest.

2.2.3. Calibration of Pressure Transducers

Two methods were employed to calibrate both the plezo-electric
crystals and pinhole microphones. The first method was based on the
passage of a shock wave of known strength across the transducer face
and the second method on comparison of the transducer response with that
of a reference microphone when the two are subjected to the same cyclic
pressure variations in a small volume. In both cases the devices were
calibrated while mounted in the wind tumnel plug in which they were
used and calibrations weré checked before and after each tunnel run.

In the first method of calibration the transducer and wind
tunnel plug are mounted so as to form part of one of the walls of a
shock tube. The passage of a shock wave across the transducer face
causes a voltage rise at the transducer output; measurement of the volt-
age rise for various shock strengths allows a calibration curve to be
obtained. Oscilloséope traces of typical transducer shock wave
responses are shown in figure 2.4(a) and (b) for a piezo-electric
device and in figure 2.4(c) for a pinhole microphone. The progress—
ive decrease of output voltage after the shock wave has passed, which
is most noticeable on the piezo-electric crystal, can be attributed
to the lack of low frequency response of the transducer/pre-amplifier
combination. In addition the very high frequency oscillations apparent
on the trace in figure 2.4(b) can be attributed to the fundamental
longitudinal resonance of the brass stem upon which the crystal is
mounted. Likewise the -component with a period of about 20 usec which
is evident in figure 2.4(b) can be attributed to a similar resonance
in the wind tunnel plug itself.

The pinhole microphone respomse shown in figure 2.4(c) is of
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a rather different nature and shows the response typical of a somewhat
underdamped second order system. As already mentioned this arises
because of the Helmholtz resonance phenomenon associated with the pin-
hole and the cavity behind it. It is clear from figure 2.4(c) that the
resonance frequency is about 30 kHz which was adequate for the proposed
experiments.

The magnitude of the pressure rise across the shock may be

calculated using the well-known relationm,

1 .2y (2
s— = 27 oD, (2.2)

or alternmatively the approximate shock tube relation

L
F2 J 2 1 (2.3)
P - =
1 1+.El 7
Pa
where Pl = gtatic pressure ahead of the shock,
P2 = sgtatic pressure behind the shock,
P4 = 4initial pressure in the high pressure chamber of the shock
tube,
Y = Specific heat ratio of gas used in low pressure chamber,
M = Shock Mach number = U_/a,,
s s’ 71
US = Speed of progression of shock front,
a; = Speed of sound in gas ahead of shock fromnt.

The first of these equations allows the pressure rise to be
computed from the speed of the shock and second makes use of knowledge

of the initial pressure ratio across the diaphragm of the shock tube.
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The speed may be found by timing the shock as it pasces between two piezo-
electric crystal transducers and accurate measurements can be made if
an oscilloscope fitted with a variable, precision, time delay unit is
used. Great care ig, however,required in measuring the time of flight
as the resulting percentage error in the determination of the pressure
rise can be shown to equal the percentage error in the estimation of
speed multiplied by a factor of 2M2/(M2—1) which 1s large for a Mach
number near unity. Consequently the shock diaphragm pressure method
(equation 2.3) was used in preference to the shock timing method al-
though checks were made to show that both yielded similar results.

The typical calibration curves that result from these pro-
cedures are shown in figure 2.5(a) for the crystal transducers and in
figure 2.5(b) for the pinhole microphones. For the piezo-electric
devices the curves are well defined straight lines, with good agreement
between the two methods used to determine the shock strength., No non-
linearities in the calibration can be seen. The response of the pin-
hole microphone system on the other hand, shows marked non-linearity,
the sensitivity of the device increasing with shock strength. This
phenomenon also occurs on a standard Bruel and Kjaer 1/8th inch micro-
phone (figure 2.5(b)) and is not related to the pinhole and cavity in
any way. The microphones themselves éonsist of a thin metallic sheet
placed close to an electrode so as to form a small capacitor. Pressure
waves cause the metallic diaphragm to flex with a consequent change in
capacitance and the device can be expected to be linear provided the
amplitude of the diaphragm motion is much smaller than the mean spacing
between the diaphragm and electrode. In the shock tube, because the
pressure step across thé shock is much greater than the acoustic
pressures for which the microphones are designed, this situation no

longer occurs; the consequence is undoubtedly the non-linearities
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depicted in figure 2.5(b). Such non~linear effects would of course not
affect the use of the device in a wind tunnel where the pressures are
much lower than those encountered in the shock tube.

The shock tube calibration is therefore suitable oaly for flush
mounted plezo-electric pressure transducers.

The second calibration procedure is to compare the pressure
transducer with a known reference microphone, using a small coupler into
which they both face,and in which cyclic pressure variations are created.
The device used is shown in figure 2.6(a) with a pinhole microphone and
in figure 2.6(b) with a piezo-electric crystal; it consists essentially
of a small cavity of diameter 3.5mm and length 3.5mm which can be placed
over the pressure transducer being tested.

The pressure oscillétions are provided by means of a small e;r—
piece speaker which is driven by a signal generator and Silicone grease
is used throughout to ensure that no air leaks are present. As shown in
figure 2.6(a) the use of the device is quite straight forward with pin-
hole microphones. Both pressure signals can be observed on an oscillo-
scope to determine the frequency and phase characteristics of the pinhole
microphone being tested; an absolute pressure calibration is obtained by
calibrating the reference microphone with a Bruel & Kjaer pistonphone type
4220.

When calibrating piezo-electric transducers by this method,
vibration isolation is required, otherwise the transmission of vibration-
al energy from the earpiece driver to the crystal can give rise to an
apparent spurious frequency response. For the present tests this was
achieved by using thick layers of silicone grease as shown in figure
2.6(b), the mass of the éoupler being carried by a separate support.
Without such precautions consistent calibration data could not be obtained.

Valid calibration with the acoustic coupler requires that at
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any given frequency and at any instant there is a uniform pressure within
the cavity. Clearly at high frequencies where the acoustic wavelength

1s small this may not be the case and following Lim (1971) this may be
expected to occur at a wavelength A such that A/10 ~ d,where d is a
typical cavity dimension. For the present case where d = 3.5mm this yields
an upper frequency limit of 10 kHz. In figure 2.6(c) are shown the re-
sults obtained when the pressure transducer is replaced by another
standard 1/8" microphone. It can be seen that a flat response from the
coupler is indeed obtained for frequencies uvp to about 10 kHz with small
deviations occurring at higher frequencies.

Figures 2.7(a) and (b) show the frequency behaviour of each de-~-
vice at a fixed pressure amplitude and in both cases their response is
flat to within less than 1dB from 100 Hz to 10 kHz. No phase shifts could
be detected over this range. Figures 2.8(a) and 2.8(b) show the linearity
of both transducers with pressure amplitude at a frequency of 1 kHz. A
direct comparison may be made between these results and the shock tube
results of figure 2.5 in which the amplitude of the pressure was 1000
times greater than in figure 2.8. The accurate linearity of the piezo-
electric transdpcer over this range is notable. The departures from lin-
earity of the pinhole microphone are due to the non-linear response
described previously.

When taking boundary layer pressure data the acoustic calibrat-
ion method was used, careful checks being made before and after each run
to ensure that no calibration drift had occurred. The shock tube test
was used to check the behaviour of new piezo-electric transducers and

to determine the resonance frequencies of the pinhole microphones.
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2.3 Sensors for Velocity and Shear Streéss Measurements

2.3.1 The Hot Wire Anemcmeters

The single hot wire probes used for this work are shown in
figure 2.9(a). The needles for these probes were 0.3mm diameter steel
jeweller's broaches set at a 2.0mm spacing.

For the measurement of the transverse or v component of velocity
smaller cross wire probes shown in figure 2.9(b) were used. The needles
for these probes were 0.13mm diameter steel jeweller's broaches set at
a spacing of 1.0mm. To avoid possible thermal interferences the cross
wire pair was separated by 0.5mm (i.e. half the wire length, Bradshaw,
1971). It may be noted that this separation represents 1.25% of the
thickness of the boundary layer in which they were used and corresponds
to a scale of 43\)/UT which was adequate for the large scale motions being

studied.

®n diameter

The wires used in the experiments were of 5 x 10~
tungsten and were soft soldered to the needles. To facilitate soldering,
the ends of the wires were copper plated so as to leave an unplated
active portion 1.0mm long giving a length to diameter ratio (2/d) of 200.
Constant temperature operation was used at an overheat ratio of 1:2;
the cold resistance of the wires was typically 6.0. ohms. Prior to op-

eration the time response of the wires and the associated feedback

loop was set using the square wave injection technique.

2.3.2. Calibration of.the Hot Wire Anemometers

The single hot wires were calibrated in the frea stream against

a Pitot tube. The form of the calibration law used was
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vi o= v %+ BU", (2.4)

where V is the measured bridge voltage and the exponent n was found to be
0.45 for optimum linearity over the calibration range.

The calibration of the crossed wires was more difficult but was
again performed in the free stream, calibration data for each wire being
taken at several yaw angles within the range * 160. To facilitate such
measurements the crossed wire pair was mounted on a pivot and couid be
rotated about the pivot. The calibration technique follows that describad
by Bradshaw (1971) and is based on the assumption that a "cosine" cooling
law is valid and that an effective value of the wire angle can be deter-
mined. This method makes an attempt to take account of the longitudinal
cooling of the wire and,correspondingly,yielded wire angles that differ-—
ed from the measured angles by about 29, This difference arises because
the longitudinal velocity component has the effect of making the wire
appear to lie closer to the direction normal to the flow.

Shown in figure 2.10(a) are the typical yaw calibration curves
that result for a given member of a crossed wire pair and in each case
the linearity can be seen to be good. For determination of the effective
wire angle these curves have been cross plotted in the form sugggsted by

Bradshaw (1971) namely

-
y2-y 2 0.45
57:621 — cosly = -tanweff sinAy
o |Ay=0

and are shown in figure 2.10(b). The linearity of these curves suggests,
as Bradshaw points out, that the probes are reasonably free from prong
interference and other spurious effects.

Later experiments demonstrated that the resulting values of u',

v' and - uv measured at various points in the boundary layer agree Vvery
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well with previously published data suggesting that the calibration pro-

cedure is adequate.

Zrar s The Constant Temperature Feedback System.

The circuitry used to drive both the hot wires and hot films in
the constant temperature mode is shown in fig. 2.11. The system is based
on a high'speed Nétional‘Semiconductor LM 318 operational amplifier. The
current output of this unit is boosted by the high performance 2N 2270
power transistor. The bridge ratio is 1:1 with 20Q resistors in the
upper two arms. Because of the compact design and high bandwidth of the
1M 318, no trimming inductances were required. Output offset was con-
trolled by means of a 200KQ potentiometer connected to the internal off-
sét control of the LM 318 and no compensation networks were used on the
amplifier. A square wave could be injected into one side of the bridge
with protection provided by a 10K resistor and 1.0uF capacitor.

The system was very compact and could be placed close to the
probes so that long cables did not have to be used, thereby reducing the

possibility of oscillations through lead inductance effects.

2.3.4 The Hot Film Shear Stress Sensors.

The use of flush mounted hot films in turbulence research is by
no means new although the devices of course are not as popular as the hbt
wire apemometer. The use of films of certain geometries is also a well
established technique for velority measurements in liquids and in en-
vironments intolerable to hot wires. The use of films as dynamic shear
stress gauges can therefore be viewed as a somewhat specialized znemometry

technique.
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Fage and Falkner (1931) used the heat transfer from a heated
element to determine skin friction and Ludwieg (1950) used a heatved copper
block for skin friction measurements in a turbulent boundary layerx.
Liepmann and Skimmer (1954) used a hot wire near the surface for sim-
ilar measurements and showed that a one third power law shear stress
calibration could be expected. Lighthill's (1954) analysis of the heat
transfer to a linear velocity profile also showed that such a calibration
might be expected.

Bellhouse and Schultz (1966) used thin heated films of platinum
for mean and dynamic friction measurements in both laminar and turbulent
flows and verified the applicability of the one third power calibration
law. Brown's (1967, a, b) detailed analysis of the heat transfer from
a wall with. a "top hat" wall temperature distribution shows that the
Nusselt number depends on the one third power of the wall shear stress
and depends only weakly on the pressure gradient. His experiments in
both laminar and turbulent flows once again verified this result and dem~
onstrated rather remarkably that identical mean calibration could be ex-
pected in both flow situations.

Quite recently Armistead and Keys (1968) performed correlation
and spectral measurements using thin gold films in turbulent pipe flow,
and Simpson (1975) has used commercially available platinum films to
determine details of the quasi-periodic flow known to exist in the sub-
layer region.of a turbulent boundary layer. In neither of these series
of measurements however was a calibration of the thin film gauges

attempted.

2.5..5 Manufacture of the Hot Film Sensors.

Bellhouse and Schultz (1966) manufactured their films by the

heating of a thin strip of metallic based paint which had been applied to
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the substrate material. The reader ig referred to their report for a more
detailed discussion of this method. The main shortcoming of such a tecli~—
nique is that there is little control over the electrical and geometrical
properties of the film that finally results; it is for this reason that
an alternative method was used to produce the films for this work.

The production technique was based upon vacuum deposition of
the required film material on to the substrate medium. The metal is
raised to melting point on an electrically heated tungsten filament and
allowed to evaporate. Condensation will occur on all nearby surfaces and
by a suitable arrangement of shrouds and shields a thin metal film of
any desired shape can be formed on almost any surface. The technique
is therefore suitable for the production of flush mounted hot films and
with some care it is possible to produce several almost identical films
in one evaporation process.

The evaporation of metals has been used for many years to pro-
duce electronic components and as such is a well-documented technique.
An excellent treatise on the subject can be found in Holland (1966).

For the substrate of the films, ceramic or glass may be used.
Glass was used for the present films as some early experiments indicated
that the ceramic materials chipped rather easily and that the porosity
of the ceramic surface tended to give rise to weak.areas of high electric-
al resistance in the films.

Nickel was chosen for the film metal particularly because of
the high resistance to abrasion of nickel on glass (compared with gold
and platinum, Holland, 1966), because of its relatively high temperature
coefficient of resistivity (6.7 x 1073 /OC) compared to gold (3.9 x 107 %
and silver (1.6 x 10 %), -and because of its quite adequately slow rate of
oxidation.

In view of the above considerations films using nickel on a glass
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substrate were produced by the followlng means:

(i) Small lengths of 2mm dia glass rod were cut and their end faces
ground and polished to give a 10mm length. Their corners were then
chamfered at two diametrically opposite points on one end as shown in
figure 2.12(a). This small chamfer lends strength to the film which

has to be depcsited around the sharp corner. These rods were then clean-

ed ultrasonically in alcohol for about 2 minutes.

(ii) The rods were then placed face up in a row in the vacuum
chamber and a screen with a 0.25mm wide slot (2 razor blades side by side)
placed over them to form a shield for the first evaporation. They were

*mm of mercury.

then heated to 300°C and the pressure reduced to 5 x 10
The effect of the heating is twofold. Firstly the films tend to bond
better to a hot substrate; and secondly after the metal condenses the
atoms still have some mobility on the hot glass which allows a more even
grain growth, resulting in a more stable film. It was found that if the
heating was not used the films suffered from a sudden and irreversible
resistance drop during subsequent operation.

Fine nickel wire wrapped on a tungsten filament was then evapor-

ated to leave a film 0.25mm wide running across the end faces of the

glass rods. (fig. 2.12a).

(iid) The first shield was removed and a second shield 0.5mm wide was
placed centrally across the faces of the rods to form a mask for the evap-
oration of the side films. As shown in figure 2.12(a) two stages were
used for this and very thick films were deposited on the ends of the

glass rods and allowed to run over the chamfered corner and down the

sides of the rod. This .resulted in films ready for mounting.

(iv) The details of the mounting are shown in figure 2.12(b). Two

wires were glued on to the side of the glass rod and conducting epoxy
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resin applied liberally to ensure good electrical contact from the wires
to the side films. The unit was then fixed into the plastic body as shown
in figure 2.12(b).

With this technique batches of films were produced with
cold resistances of typically 15 ohms and very closely matched character-
istics. These characteristics were so closely matched in fact that the
raw uncalibrated turbulent spectra from various films of one production
run were sometimes quite indistinguishable from each other.

The temperature coefficient of resistivity of the films was typic-
ally 2.7 x 10—3/0C which is about 40% of the value of the bulk metal and,
as Holland (1966) points out, is typical of small films.

The films were operated in the constant temperature mode at an
overheat ratio of 1.2 and a mean film current of about 50mA. This repres-

ents an overheat temperature difference of about 75°C.

2.3.6 Static Calibration of the Hot Film Sensors

In the past films for shear stress measurements have been cal-
ibrated in a wind tunnel bz placing them beneath a laminar boundary layer
and comparing the film output with the output of a Stanton tube or
Preston tube. Brown and Davey (1971) describe an alternative calibration
method using the flow between a flat plate and a disk rotating in a plane
parallel to the plate. This flow is an asymptotically exact solution of
the Navier-Stokes equations for small gaps and offers a very simple
means of calibration.

A device similar to that described by Brown and Davey was made
and is shown schematicaily in figure 2.13(a). The design allowed a var-
jable disk-to-plate spacing and the film could be traversed beneath the

disk on the slide to vary the shear stress at the film.
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A typical calibration is shown in figure 2.13(b). The filws

were also used in the boundary layer wind tunnel to measure the mean wall
shear; these results are also presented in figure 2.13(b) as a calibration
curve where the wall shear stress as measured by a Preston tube has heen
used to define the curve. The data points lie precisely on the mean
curve obtained from the spimming disk calibration.

This would appear to be a significant finding as it demonstrates
that films such as these may be calibrated externally in this laminar
flow device and then used directly to measure skin friction in an unknowm
turbulent boundary layer where calibration in situ is not possible.

The 1/3rd power calibration law depends on, amongst other things,
the existence of an essentially linear velocity profile above the film
and validity of the boundary layer approximation to the thermal energy
equation. Under such circumstances Spence and Brown (19€8) show that

the calibration law can be reduced to

1 g

I2R ool ) =  F

W 1 e 3 3
AT = AW 175 pz TW + B, 2.5

where I = mean film current,

R.W = mean film operating resistance,

AT

overheat temperature difference,
A = conductivity of fluid being used,
0 = Prandtl number,

p = Fluid density,

¢ = Fluid viscosity,

=
!

width of the film in the spanwise direction,

L = effective length of film in streamwise direction.
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Clearly however, due to the spreading of the heat into the
substrate, W and Le will be larger than the geometrical values and must
be experimentally determined. If W were known accurately (as would be
the case for films of large W/Le) then Le could be determined from the
above equation in conjunction with the slope of the measured calibration
curve. For the 0.5mm x 0.25mm films used in this investigation, W and Le
are comparable so that an uncertainty exists in any estimation of Le‘
This is demonstrated by the following values of Le computed for a

typical film from equation 2.5 with various possible values of W;

W (mm) Le(mm) Le/W Le/La
0.5 0.86 1,72 3.44
0.6 0.66 1,10 2,60
0.7 0.52 0.74 2.08

Here La is the actual film length (0.25mm). Clearly large
values of W lead to small values of Le and conversely, so that a
compromise value has to be gselected. In view of the fact that the
actual width is 0.5mm, it is reasonable to assume an effective width of
approximately 0.6mm giving an effective length which is 2.6 times the
actual length. In his experiments, Brown (1968) found this ratio to be
close to three also.

Spence and Brown (1967) also found that for the 1/3rd power law

calibration to be applicable the following inequality must be satisfiled;

6. UTLe
< " < b4ag

o)

Nrjo

The lower limit is a comsequence of the requirement that
the streamwise temperature gradients be small compared with vertical
gradients so that a boundary layer type of approximation is valid.

The upper limit follows from a requirement that the thermal
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boundary layer due to the film lie within the linear viscous sublayer of

the turbulent boundary layer so that a linear mean velocity profile is an
accurate approximation to the wvelocity profile. For air with Prandtl
number ¢ = 0.72 the inequality becomes

UTLe

7.8 < < 46

For the two flow ex£reme3used in most of these experiments_\)/'UT
ranged from 1.2 x 1075 to 1.7 x 107 %, The inequality is then
0.09<Le < 0.53mm
and 0.14<Le < 0.81lmm,
for these two cases. Thus the films with an effective width of 0.66mm are
well within the limits for the lower speed and not seriouslv beyond the
1imit at the higher speed.
Given these considerations in addition to the smooth and very
linear calibration curves that result (figure 2.13(b)) it seems reasonable

to assume that the films give a valid measure of the mean wall shear.

2.3.7 Deduction of Dynamic Calibration of Hot Film Sensors

The dynamic response of the films is of course significantly
different from the static response due to the reduction in effective
length of the film at high frequency. This is a consequence of the re-
duced penetration of the dynamic heat flux into the substrate. The fre-
quéncy'at which this phenomenon becomes significant is in fact quite low.
Indeed a simple analysis based on an unsteady one dimensional conduction
equation (or simply dimensional analysis) shows that for a glass sub-
strate the fluctuating heat flux will penetrate to distances much less
than‘La if mLaz/K>>l. (¢ = thermal diffusivity of glass). At frequencies
satisfying this criterion the film effective length will be the same as

the geometrical length. The implication is then that for these frequencies
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the slope of the one-third pow?r calibration line (equation 2.5) must be
decreased in the ratioc (Le/La)é_or by a factor of about 1.9 for the given
values of Le and La.

There is also an upper limit to the frequencies for which this
quasi-steady behaviour can be assumed, and this limit is determined by
flow conditions. In more precise terms one must consider the significance
of the time dependent term 3T/3t in the heat equation in relation to the
convective terms such as udT/%x. This is discussed in more detail by
Brown (1967) and he demonstrates that this leads to the requirement that

the frequencies be such that

2
3

Taken with the previous requirement, for a quasi steady behaviour

to be valid, the frequencies must therefore lie within the following range.

Iy
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For the flows used in the present investigation these limits
correspond to about 5 kHz and 50 Hz. This is adequate for the present
study since virtually all the turbulent energy exists within this
frequency range.

Direct measurement of the dynamic sensitivity of the devices
would be preferable, but no reliable method exists at present which
satisfies the constraints discussed in the last section.,

Bellhouse and Schultz (1966) attempted such a calibration by
mechanically oscillating the film beneath a boundary layer, but were
1imited to low frequencies. Acoustic oscillations superimposed on a mean
boundary layer flow could in principle be used, were it not for the fact

that acoustic boundary layers tend to be very thin so that the length
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requirements cannot be satisfied.

2.3.8 Hot Film Time Response.

The discussion in the previous section does, of course, assume that
the film and its associated constant temperature feedback loop, is cap-
able of response at the desired frequencies. The question of the dynamic
behaviour of such a system is complex and requires careful consideration
of the effect of the spread of heat into the substrate below the metal
element. In addition, as is the case with hot wires, the dynamic
response of the feedback loop itself is subtle, due to the active element
within the feedback loop.

In an analysis taking account of these and other problems, Brown
in a private communication, has shown that the problem of determining
the time response given a step change in heat transfer at the film, re~
duces to finding a solution of an integral equation. A brief summary of
the important points of this analysis is presented in Appendix A and it
is demonstrated that a solution is possible yielding the following rather

simple result for the time constant of the film and the feedback system:

3 2
1 3.2 Afﬂ A Eoff (Rl + Rf)
T N T = . o ’ (2-6)
ZIszch/2 Eo RlRo

U

where Af Film area,
A = Thermal conductivity of glass,
1. = Mean film current,
Rf = Film operating resistance,
R = Film cold resistance,
E = Qutput offsét voltage,

Eo = Mean bridge voltage,

« = Temperature coefficient of resistivity of film,
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R Bridge resistances,

i
K

]

Thermal diffusivity of glass.

This relationship clearly demonstrates the need for small films
operating at large overheat ratios and with carefully tuned offset
voltages. Perry and Morrison (1971) have also demonstrated the importance
of offset voltage in the case of hot wires.

To check the time response of the present films a shock wave
was passed across the face of the film and the offset voltage adjusted to
give a critically damped output free from overshoot. The step response
determined in this way was typically 50 usecs which is clearly adequate
for the proposed experiment. Because of the importance of correctly
setting the time response of the film and the feedback system, this
procedure was adopted before each tunnel run; without these precautions
spectral distortion was found to occur for frequencies greater than
about 10 kHz.

Additionally, the film time response depends upon the ratio
Eoff/Eo which decreases as the flow is applied to the film. These
changes are however quite small (7%) so that they do not lead to sig-
nificant changes in the time response of the device when used in the

wind tunnel.



2.4 The Digital Data Acquisition Facilities

Except for the power spectral measurements, all the data
analysis was perfcrmed on the Control Data Corporation 6400 computer
of the University of Adelaide. The measurements were recorded on
computer tape using a multiple input channel data acqusition system
designed by and built in the Department of Mechanical Engineering at
the University of Adelaide. The system enables simultaneous
measurements to be made on twelve analogue and four digital channels
at total rates of up to three million per second. These measurements
keach of eight bit precision) are written into a 16K shift register
memory that is hard wired within the system. Different quantities
of the memory can be allocated independently to each of the 16
channels according to requirements. Likewise the sampling rates on
each channel can be independently-varied up to a maximum of 0.5 MHz.

When the allocated memory is filled its contents are dumped
onto standard 9 track computer tape as a continuous block with a
preamble on each record providing information such as sampling rates,
memory block sizes etc. This process of acquiring the data and
writing to tape can be repeated any selected number of times.

The entire operation of this system is controlled from a
series of front panel switches and it is apparent that such versatility
enables experiments with multiple arrays of probes to be undertaken
with relative ease.

For the experiments that follow, the sampling rate was
12.5 kHz and each record consisted of 2560 words of memory allocated
to each input channel with typically 16 such records being acquired

for each run of a particular experiment. The analogue to digital
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converters used within the data acquisition system were the ADC10Z
(20 usec conversion time) and the ADC10QU (8 usec conversion time)

10 bit converters manufactured by the Analog Devices Corporation with
the most significant 8 bits being used. Whenever possible the higher
speed converters, of which four were available, were used although
this was not entirely necessary as negligible energy existed within
the turbulence signals at frequencies corresponding to the slower
conversion time.

The analogue to digital converters wexe set for a bipolar
operating mode with an input range of =5 to +5 volts; since the
turbulence signals were typically of the order of a few hundred
mlli-volts in amplitude, some signal amplification was necessary
prior to the conversion process.

For this purpose a series of signal amplifier units were made
with carefully matched phase and frequency characteristics and
continuously variable gain from 1 to 100. The bandwidth for these
units as given by the half power points extended from 20 Hz to 70 kiz
and as such, adequately covered the range of frequencies within the
turbulence signals. These units were AC coupled and the DC levels on
the hot wires and hot films were, therefore, not recorded digitally.

A digital multimeter with resolution to 1 mv and 1 second averaging
time was used to record manually all DC levels; checks were made
before and after each run to enmsure that no calibration drift had
occurred.

It is a well known fact that if a signal of broadband
frequency content is sampled at a frequency of f cycles/sec, then any
frequency content within the signal greater than £/2 will be "folded"

about this frequency during the sampling process so as to appear as
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energy in the digitized signal at a lower frequency. This phenomenon
of "Nyquist frequency folding" is well described by Bandat and Piersol
(1966) and can give rise to an inaccurate digital reproduction of the
original analogue signal.

For the present case where a 12.5 kHz sampling rate has been
used, we require that the signals contain negligible energy above
6.25 KHz. TFor the thinnest boundary layer at the highest speed in
these measurements (8§ = 27mm, Uo = 36 m/sec) this corresponds to a
non-dimensional frequency of w(S*/U0 = 472 or w\)/UT2 = 0.34 and the
energy content above this frequency within a signal depends upon
whether the signal is one of pressure, velocity or wall shear stress.
Estimations of the energy content of the various signals above
6.25 KHz as a percentage of the total mean square energy (including
the various noise sources present in each signal type) have been
made by integration of power spectral data (obtained from analogue
measurements) . Taking the velocity at y+ = 30 as being representative,
there is a one percent contribution to the mean square energy of the
velocity and wall shear stress signals, and a seven percent
contribution to the pressure signal above this frequency. Therefore
only a little Nyquist folding is to be expected and subsequent
analysis showed negligible signal distortion to arise from this

phenomenon.
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3. PROPERTIES OF THE MEAN FLOWS

For the investigation three zero pressure gradient turbulent
boundary layers were used with free stream speeds of nominally
Uo = 36, 30 and 24 m/sec. This speed range was set by the available
maximum operating power of the wind tunnel drive mechanism at high
speeds and the low signal levels of the piezo-electric pressure
transducers at low flow speeds.

In order to ensure that the pressure was uniform in the test
section of the wind tunmel and that the flexible floor was free of
surface waves, the floor was initially pulled flat and clamped at the
downstream end so as to provide longitudinal temsion. It was then
slowly and evenly raised using the turnbuckle screws until the static
pressure was approximately constant at the desired value along the
test section. Thereafter very careful adjustments were made to
bring the pressure at all points to the required value. The pressure
was measured using a 0.33mm diameter static hole drilled in one of
the circular instrumentation plugs and a water filled TEM micromanometer
capable of resolution to 0.lmm of water gauge.

Careful checks were made to ensure that the pressure was
constant in all directions and not just the longitudinal direction
and that the floor was free from waves and surface distortionm.

This procedure was carried out accurately for the flow with
a free stream speed of 30 m/sec, and because of the very weak
dependence of boundary layer growth rate with Reynolds number it was
found that the static pressure was also accurately constant for the
other two flow speed cases, any deviations being less than 1% of the

free stream dynamic head.
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The resulting floor shape is shown in figure 3.1(a) and the
resulting distribution of free stream velocities are shown in figure
3.1(b) for the three cases considered. As can be seen the free stream
velocity is constant from a streamwise distance x of l.6m to 3.8m,
where x is measured from the start of the test section.

The mean boundary layer velocity profiles were measured
using a small circular Pitot tube of outside diameter 0.8mm, and
internal diameter of 0.4mm which was electrically driven across the
layer by means of a lead screw traverse mechanism. This mechanism
is described in detail by Lim (1971) and was fitted with a dial
indicator (resolution of 0.0lmm) for determination of position. The
zero point was determined by winding the Pitot tube up to the wall
until it just met its own reflection in the surface of the wind
tunnel instrumentation plug.

The resulting mean velocity profiles are shown in figure

3.2, expressed in the usual law of the wall form, namely

yU
L (5D +B (3.1)

U K

The results conform well to this relation with K = 0.4 and
B = 5.5, the values suggested by Coles (1968) .

The value of UT used to non-dimensionalize the profiles shown
in figure 3.2 is that which has been obtained from the reading of the
Pitot tube when positioned at the wall, i.e. when used as a Preston
tube in conjunction with the calibration form suggested by Patel
(1965). A value for UT can also be obtained by the slope fitting
method suggested by Clauser (1956) which is based on the assumption
of the existence of a universal logarithmic relationship (equation

3.1). For the present case both methods have been used and yielded

results that were typically within 57 of each other. To preserve



E 200
|
<
a
L
Qo
S 150
o
w
100
40
wn
~
=
| 30
=
o
o
&
€ 20
[44]
(3]
s
wn
$ 10
[V
0

Figure 3.1 (a)

(b)

52

—_—
0 1-0 2:0 3:0 4:0 5-0
(b)
0—0—0—0—0— o_o....o-_-o_o
o \
[¢]
L / /o_o—-o—o—--o-—c—o—-o-—0-\°

\
N
%ffo// /// °

| 1 l I
0 1:0 2+0 30 4:0 5-0

Distance from start of test section —m

Profile of the wind tunnel floor for a comnstant pressure
boundary layer with U = 30 m/sec.

Distribution of the free stream velocity along the test
section for the three flows considered.



L i | L1 i : 1 1 1 1 1 1 L1 i | 1 |

Figure 3.2

100 YU U 1000 5000

Mean velocity profiles along the test section for the three flows considered. Note shifted
origins for the upper two curves. Thée solid lines correspond to the law of the wall
(equation 3.1).

€S



54

consistency the values of UT quoted in this and following sections
are those obtained from the Preston tube and are shown in figure 3.3(a).
The same data are presented as non—-dimensional skin friction
coefficients versus Ree in figure 3.3(b) and there is good collapse.
of the data and agreement with the form suggested by Coles (1968).

By integrating the mean velocity profiles, the boundary layer
displacement thickness, momentum thickness and shape parameter
H= 6*/6 have been determined and are shown in figure 3.4. The total
boundary layer thickness has been found using the relationship
determined by Coles (1956) i.e.

*
-
o
and this value was consistently found to agree very well with the
point where U/Uo = 0.98.

From figure 3.4 it can be seen that the growth of the boundary
layers is smnoth and regular, although between X = 1.5m and x = 2.2m
the shape parameter H shows a slight increase with distance in all
three cases (H is expected to fall with increasing Reynolds number,
although only weakly). This region corresponds to just downstream of
the contraction in the working section (figure 3.1) and it appears
that at this point the flow has still retained some memory of the
massive accelerations to which it has been subjected in passing
through fhe inlet portion of the tunnel. To remain free of such
pressure gradient effects, no measurements were carried out at these
points, and the farthest upstream point that was studied was at
x = 2.5%m.

Reynolds numbers based on total boundary layer thickness,

displacement thickness and momentum thickness have been computed and

are shown in figure 3.5 and again reflect the smooth and steady
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growth of the layer within the tunnel.

Naturally during the ccurse of the experimental work upon the
turbulence structure itself, it was not possible to examine all the
flows because of limitations of time, although trends found at one
speed were verified where possible at other speeds. It is made clear
in the text which flows were used in each particular experiment; the
bulk of the work was carried out at the highest and lowest Reynolds
number flows. |

These correspond to a étreamwise posiéion of x = 3.5m for a

free stream velocity of Uo = 36 m/sec and x = 2.60m for Uo = 24 m/sec.

These are referred to in the text as the high Reynolds number flow and
low Reynolds number flow respectively and the corresponding mean flow

properties are listed in table 3,1.

Table 3.1

Mean Flow Properties

Kigh Reynolds Low Reynolds
Number Number
U, m/sec 36.3 24.0
U m/sec 1.28 0.89
¢ mm 40.3 28.1
& mn 5.5 4.1
6 mm 4,2 3.1
Re, 10,200 4,920
X m 3.5 2.6
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4. AVERAGED STATISTICAL PROPERTIES OF TURBULENCE

In what follows are described various measurements of time
averaged quantities such as power spectral data and mean square
fluctuation values as measured for the wall pressure signal and
fluctuating wall shear stress signal. These results are included to
provide information about the turbulence structure itself and to show
that the various devices being used were operating correctly and that
they yielded results in agreement with previously published data.

For various experimental reasons it was found to be easier
to compute the spectra by analogue means rather than by a Fourier
transformation of the digital records and the power spectra are
defined in the sense that the mean square value of a quantity q is
given by

0
@[ e (4.1)
o]

Spectral data were recorded usipg a Bruel and Kjaer 1/3rd
Octave Spectrometer type 2112 in conjunction with a Bruel and Kjaer
Level Recorder type 2305, the raw data from these devices being

punched on cards for computer reduction.

4.1 Power Spectra of the Fluctuating Wall Pressure

Spectra have been recorded at the three different flow speeds
at x = 2.59m and x = 3.5m, using both the piezo-electric transducers
and pinhole microphones. The calibration procedures adopted have
been described previously. Because surface continuity is maintained,

the piezo-electric transducers are to be preferred when making such
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measurements, however the use of pinhole microphones has also been

considered with a view to improvement of the signal to noise ratio.

Their use was, however, later discontinued because of uncertainties of

the effect of the hole itself and this point is described in more

detail in a following section.

When making such spectral measurements several sources of

noise are present and are a result of the following effects:

(1)

(2)

(3)

Acoustic noise within the test section resulting from both
the turbulence pressure fluctuations in the side wall boundary
layers and from noise generated by the tunnel drive

mechanism.

Electronic noise on the output of the pressure transducers.
This is a problem only with the less sensitive piezo-

electric devices.

Piezo-electric crystals in particular have a significant
sensitivity to acceleration so that further degradation in
their signal to noise ratio will occur if vibration is
present in the structure of the working section in which they
are mounted. This is not a significant problem with the
pinhole microphones where signal levels érising from this

source are 20 dB or more below the turbulent signal levels.

The importance of acoustic noise has been estimated by placing

a Bruel and Kjaer 1/4 inch microphone (type 4136) fitted with a nose

cone in the free stream at the measuring points considered and

recording spectra of its output. These spectra indicated that acoustic

noise was a severe problem at the very low and very high frequencies

and tended to dominate the pressure signals below 150 Hz and above

about 15 kHz. Measurements are therefore presénted only in the
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interval of 200 Hz to 12.5 kHz with corrections for acoustic noise
applied to the transducer outputs in this frequency range. Integration
of power spectral data shows that the resulting corrections to the mean
square wall pressure represent about 15% for the low speed case and

6% for the high speed case. These figures apply to the piezo-electric
transducer and are reduced by a factor of about 1.6 for the pinhole
microphones.

The importance of vibratibn-induced noise and electronic
noise on the crystal signal has been determined by measuring the
output of the device when it is blanked off from the flow. The levels
recorded in this way indicate that the signal is dominated by these
effects only at frequencies less than about 200 Hz; and this is
another reason for rejecting the data in this frequency range.
Integration of power spectral data suggests that for the most severe
case of the lowest flow speed this source of noise gives rise to a
correction of 2% to the mean square pressure and 1% for the high
speed case.

The measured power spectra as recorded by both the pinhole
microphones and piezo-electric devices with the corrections for
noise applied are presented in non-dimensional form based on inner
layer parameters in figure 4.1. An outer layer scaling has been
used to replot the same data in figure 4.2 and a mixed scaling has
been used in figure 4.3. Only the piezo-electric crystal data are
presented for these last two cases.

Ignoring for the moment the question of appropriate scaling
of such data, the most ;nteresting result to be seen from figure 4.1
is that the data form two distinct sets according to transducer

type. It should be noted that the pinhole results agree very well
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with those of Blake (1971) taken with similar instrumentation. The
piezo-electric results are considerably lower in the high frequency
region despite the fact that both transducers had the same nominal
sensing area. In the lower portion of figure 4.1 is shown the ratio
of these two spectral curves and it can clearly be seen that at the
highest frequency the pinhole results are nearly a factor of 4 higher,
whereas there is a general agreement at the low frequencies. These
differences are significant and further tests were undertaken to try
to shed light on the mechanism behind the discrepancies. The results
of these tests are presented in the next section; the discussion that
follows ;efers only to the data from the piezo-electric devices.

The spectral data from the piezo-electric devices may also
be compared with similar measurements by Willmarth and Roos (1965),
Bull (1967) and Lim (1971) shown in figure 4.1 and 1t can be seen
that the present spectral levels are somewhat higher at the high
frequencies. These differences are possibly an effect of transducer
resolution as there can be seen a trend in the data according to the
size parameter dUT/v. This effect becomes more dramatic as dUT/v
becomes smaller and clearly indicates the need for very small transducers.
The apparent improved collapse between the different measurements at high
frequencies with the different scaling.in figures 4,2 and 4.3 may, under
these circumstances, be misleading. It follows, therefore, that any
conclusions about physical scaling must be made Eautiously in view of
the rather severe transducer resolution éffects present which may be more
significant than the work of either Corcos (1963) or Willmarth and Roos
(1965) has suggested.

Considering the question of scaling such spectral data, a
problem of some interest is how the various wave-number components

of the spectra scale with flow parameters. Strictly, frequency
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wave-number spectra of the kind computed by Wills (1967) and Bradshaw
(1967) are therefore required. In practice,of course,a great deal of
labour is required to obtain such information and the measurements
are still subject to the effects of inadequate transducer resolution
of the high wave-numbers. Nonetheless some interesting information
can be obtained from the frequency spectra presented in figures 4.1,
4.2 and 4.3.

As is the case with most quantities relevant to boundary
layer turbulence, there is a problem of two length scales depending
upon whether the region of interest is the inner or outer part of the
flow.

Since the pressure at a point on the wall can arise from
sources in either region, it is to be expected that no single scaling
law will be appropriate. In addition,as the Reynolds number changes
the relative strengths of the two types of source will change, so
that a ratio such as that of the root mean square pressure to the
wall shear stress will not necessarily remain independent of Reynolds
number. That the wall pressure can be thought of as being produced
by sources in either of these regions is consistent with the high and
low wave-number groupings suggested by Bull (1967) and the same idea
is implicit in Bradshaw's (1967) concepts based on Townsend's ideas
of active and inactive motioms.

With this view there is a possibility that the high frequency
region of the spectra would scale with wall variables. Whether or
not such a conclusion is correct cannot be determined directly from
the spectral data preéented, however, because of the dominance of the
transducer resolution effects discussed previously. On the other

hand, the low frequencies do not suffer from such effects, and if the
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same argument is followed, this region of the spectra might be
expected to scale on outer flow variables. However, as pointed out
by Bull (1967), self preservation of mean velocity profile occurs in
velocity defect form so that the velocity scale is UT. In addition,
as the irrotational free stream flows over the turbulent bulges in
the outer edge of the layer fluctuations will be generated with a
velocity scale of Uo' Therefore,;wo possible scaling schemes exist
and are shown in figures 4.2 and 4.3. From these curves it would
appear that the mean wall shear stress is possibly the more appropriate
scaling parameter than the free stream dynamic head 9, at least in
the frequency range 0.2<w6*/Uo<2.0, although considerable scatter is
evident in both diagrams. At much lower frequencies 9, is likely to
be more appropriate; however, the high levels of acoustic noise within
such regions make reliable measurements impossible.

It is,of course, also to be recognized that these conclusions

are based on a rather limited range of Reynolds numbers.

4.2 .Comparison Experiments Using Pinhole Devices

As noted in the previous section serious discrepancies arise
when identical measurements are made using pressure transducers based
on a pinhole principle as opposed to flush mounted piezo-electric
devices, and it is tempting to relate these to flow disturbances
as;ociated with the pinhole.

For the calibration procedures adopted, in order to determine
which device gives thé better indication of the wall pressure, a
comparison was made using a normal piezo-electric transducer and a

pinhole transducer based on a piezo-electric sensor. This is the
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same series of experiments described by Bull and Thomas (1976) and
a copy of that report is given in Appendix B. Only a brief discussion
of that work will be presented here.

As shown in figure B2 the spectral data from the pinhole
system based on the piezo-electric crystal are identical to those of
the pinholé microphone system. This suggests that the reason for
the discrepancies does not iie with the capacitor microphones them-
selves but is probably associated with either the pinhole or the
cavity or both.

A pinhole system based on a piezo-electric transducer but
without a cavity was then made and showed a normal response to shock
wave and acoustic testing. As can also be seen from figure B2 this
device yielded spectral results similar to those of the original
pinhole microphone suggesting that the spectral discrepancies are
associated with the pinhole itself.

As a final test, the pinhole and cavity of the first pinhole~-
piezo~electric crystal device were filled with soft silicone grease
to once again retore surface continuity. This device_still showed
a normal respomse to shock and acoustic testing, although its
sensitivity was considerably reduced. Referring once again to figure
B2 it can be seen that this device now yields spectral results that
are similar to those of a‘flushlmounted piézo—electric transducer.

These experiments therefore lead to the following conclusions
in relation to the power spectral density measurements of wall
pressure fluctuations.

(1) Measurements using a pinhole device based on either a
capacitor microphone or a piezo-electric element yield

significant errors, which for the values of‘dUT/v used 1n
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the present case occur at frequencies wv/UT2>O.1.

(2) The flow disturbances caused by the pinhole are localized
so that the spectra from such devices appear to scale on wall

variables at high frequencies.

Also, as pointed out by Bull and Thomas (1976), the spectral
discrepancies could be interpreted in terms of a difference in
response kernels and any flow modification by the pinhole would be
reflected in the response Rernel of that device.

The physical reason for this result is not altogether clear.
Evidently the difference is due to a change in impedance of the hole
with grazing flow past the hole. Ronneberger (1972) has demonstrated
that the acoustic impedance of a hole can change signficantly under
such circumstances.

Some uncertainty therefore exists in the interpretation of
the results taken with a pinhole device. For this reason no digital
recordings of its output were taken and all subsequent pressure
measurements weré-made with flush mounted piezo-electric transducers.

One final comment should perhaps be made concerning the
shape of the spectrum of the wall pressure fluctuations. Bradshaw
(1967) has shown by dimensional reasoning that a region of the
pressure spectrum up to a wave-number of the order of the inverse of
the sublayer thickness may vary as Twzlk, and he supports this with
some unpublished pinhole microphone data presented by Hodgson in
1967 at a meeting in Southampton. As caﬂ be seen in figure 4.1 it is
possible for such an apparent dependency to arise from the
uncertainty of the response of the pinhole microphone itself. The
piezo-electric results do not show such a variation but this may be

a consequence of inadequate transducer resolution.
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4.3 Root Mean Square Values of the Wall Pressure

The rms wall pressure value has been computed by direct
integration of the power spectral data after the corrections for the
various sources of noise have been made and are shown in figure 4.4
as a function of Reynolds number. As can be seen the results show a
slight decrease with Reynolds number when normalized by the free
stream dynamic head (in direct contrast to the findings of Bull,
(1967) despite similar values of d/G*) and when normalized by the
mean wall shear stress appear to be nearly independent of Reynolds
number. In addition, the results from the pinhole microphone are 25%
or more higher than the piezo-electric crystal data, is to be
expected from the spectral differences discussed previously.

As was also demonstrated in section 4.2, and as has been
concluded by Emmérling (1973) and Willmarth (1975b), any comparison of
the various published values of the rms wall pressure should also take
account of the transducer size. Such a conclusion was first
demonstrated by Emmerling (1973) on the basis of a curve similar to
that in figure 4.5(a) which shows values of p'/qo as a function of
transducer size expressed as dUT/v. In addition, flush mounted
transducer results from other published sources are presented, and a
similar curve which also presents pinhole microphone data is given in
Appendix B. Referring to this second curve, it can be seen that the
pinhole microphones yield higher values of p'/qo consistent with the
discussion of spectra presented previously. These differences are a
reflection of the response of the pinhole itself so that it is not,
therefore, appropriate to include them when making comparisons of
various published results. The results of figure 4.5(a), which

apply to piezo-electric devices only, indicate that there is a
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general increase in measured rms pressure as the transducer is made
smaller, but this increase is not as great as Emmerling's (1973)
original analysis or Willmarth's (1975b) discussion of it would suggest.
Furthermore it is on the basis of such a curve that Willmarth (1975b)
concludes that the smallest pressure fluctuations scale on wall
variables; however such a conclusion based on a curve such as-figure
4,5(a) alone may not necessarily be correct. The data have been
replottéd in figure 4.5(b) except that they are now presented as
p'/%; as a function of d/G*. This leads to the same conclusions
regarding the effect of transducer size except that now-there is
perhaps an indication that the small fluctuations scale on outer
layer variables. The apparent contradiction is a consequence of the
way the data are presented and the fact that Reynolds number has been
ignored. Also it_is not strictly appropriate to characterize the
resolution of the transducer by either d/G* or dUT/v alone.

1f the comments in section 4.1 regarding the possibility of
an essentially two wave-number form of the spectrum are correct, with
the inner and outer parts of the layer containing the sources for the
low.and high wave-number pressure fluctuations respectively, then it
may be possible to write for the spectrum measured by a finite
transducer:

o) = by (k/8%, A/87) + by (/U dU/V)
where, at a given Reynolds number either ¢lm or ¢2m dominates depending
on the wave-number. An overlap region would exist and ¢lm may be
expected to make a larger relative éontribution to the mean square
pressure level at a low Reynolds number than at higher Reynolds
numbers. In such circumstances the parameter d/d* may be important

at low Reynolds numbers whereas at higher Reynolds numbers dUT/v
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becomes significant.

Now figures 4.6(a) and (b) show curves of p'/qO and p'/;;: versus
Reynolds number from various published sources and only results for
flush mounted transducers are shown. Also indicated are the various
values of d/d* and dUT/v or ranges of values, the lower numbers, of
course, being the d/G* values. It can be seen that while the present
values of p'/q0 and those of Lim (1971) shcw a decrease with Reynoldé
number, the extensive results of Bull (1967) show a marked increase
despite the fact that both the Reynolds number and d/G* values are not
very different. The dUT/v values are markedly different, however, and
also these different data sets show rather similar behavior when
expressed as p'/ji; as in figure 4.6(b). These facts suggest that for
the limited data availablé p'/?;' is the relevant non-dimensional
parameter with resolution depending on dUT/v rather than d/8* for the
Reynolds numbers and values of dUT/v of the data that are presented.
In addition,the data at any one Reynolds number tend to group themselves
according to the values of dUT/v as shown by the solid lines in figure
4.6(b).

If such a grouping is indeed valid, with lines of constant
dUT/v being straight lines omn a logarithmic plot, then it is possible
to write

. @+du "
r~ L———*;—~—-} Ree , m<0,n>0 (4.2)

where d' is some very small transducer size, below which resolution
effects are unimportant. It can then be demonstrated that the same
data when presented as.curves of p'/q vs dUT/v or p'/’ﬁ; vs d/6* will
be nearly independent of Reynolds number if reasonable values of m and

n are used which is consistent with figures 4.5(a) and (b).
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The conclusions of this section are,therefore, that p'/;;-
appears to be the more appropriate non-dimensional parameter and that
at any given value of dUT/v greater than about 40, p'/;:; increases
with Reynolds number. If the Reynolds number is fixed, dramatic
increases in measured p'/:a; will occur as dUT/v is reduced below
about 100. This implies ‘that the small scale pressure fluctuations do
indeed scale on wall variables as Willmarth (1975b) suggests an& may
be related to the well documented burst-sweep cycle of events observed
near the wall and which exist on a spanwise scale of this order.

It is clear from this work that the behavior of the wall
pressure is complex and that inadequacies of measurement technique
(even with the very small transducers used in this work) add further:
difficulties. The spectral data are useful as a guide when making
engineering estimations but it is clear that they shed little light
upon the subtle structural features that exist in bodndary layer tur-—-
bulence. The work that follows in later sections represents a more
detailed study of the various signals in an attempt to determine the

character of the structures present.

4.4 Power Spectra of the Fluctuating Wall Shear Stress

The power spectra of the unlinearized signals from the hot
films have been measured using the same apparatus used for the pres-
sure spectral data and are shown for two points in each of the three
flow speeds in figures 4.7 and 4.8, using two possible scaling schemes
and a small perturbation linearized calibration law.

From figure 4.7‘which is scaled entirely on wall variables,
it is to be seen that there is quite good collapse of the data at the

high frequency end of the spectrum with mv/UT2:>O.O3, but a poorer
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collapse at the low frequency end. On the other hand as shown in
figure 4.8 the same data eollapse very well in the low frequency
region at least for frequencies 0.02<w6*/Uo<1.0 when an outer layex
scaling scheme is used.

Also shown in figure 4.7 and 4.8 are similar spectra of the
wall shear stress as were reported by Burton (1974) in a similar
boundary layer; in each case, the agreement with the present data is
quite reasonzble in view of the uncertainties involved in the
dynamic calibration of the devices, and supports the suggested scaling
schemes.

It is possible to compare wall shear stress data with
velocity measurements made in the sublayer using the assumption of a
quasi steady, instantaneously linear velocity profile in the sublayer.
This is, as Bakewell and Lumley (1967) point out, equivalent to a
Taylor series expansion of the streamwise fluctuating velocity as a
function of the distance normal to the wall with all terms except
the second ignored. Measurements made by Willmarth and Lu (1971) and
Eckelmann (1974) using hot wires in the sublayer have shown this
representation to be quite valid so that it is possible to convert a
velocity spectrum at sufficiently small y+ to a shear stress spectrum.

This has been done for the glycerine pipe flow spectra
reported by Bakewell and Lumley (1967) taken at y+ = 2,5 and 1s shown
in figure 4.7. Once again the agreement can be seen to be good at
the high frequency end of the spectrum indicating that the hot films
in the present series of experiments are correctly measuring the
dynamic shear stress.’

It should perhaps be mentioned that it would have been

+
extremely difficult to position a 5um diameter hot wire at y = 2.5
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(or 24 m) which further demonstrates the usefulness of the hot film
technique.

The power spectral data of the dynamic wall shear stress
have been integrated to find the rms wall shear. A value of the
ratio of rms wall shear to mean wall shear TW'/;; was obtained as
0.22 with no apparent Reynolds number dependency. This value may be
compared with values of the slope of the u"/UT versus y+ curves
measured near the suBlayer and various published results are
included in the.table 4.1 below. Also shown are the values of Tw'/f;

reported by Burton (1974) using hot films.

Table 4.1

Reported values of Tw'/;; and u'/UTy+ near the wall

Source Tw'/;;, u'/UTy+ Re , Re Type of Flow

‘ ) d

5
Laufer (1954) .30 5.0 x 10 Pipe Flow
Klebanoff .28 84 x 10° Boundary layer
(1954)

Mitchell & o2 4 x 10° Pipe flow, Electro-
Hanratty(1966) chemical Technique
Bakewell & .30 8.7 x 10° Glycerine Pipe Flow

Lumley (1967)

3

Eckelmann .24 8.2 x 10 0il Channel Flow
(1974)

Burton (1974) .29 5.1 x 10° Boundary Layer

Present .22 6.7-10.1 x 10° Boundary Layer
Results

These results in various flow configurations and at various
Reynolds numbers do indicate values similar to the present values. The
present value of 0.22 must be considered to be in reasonable agreement,

particularly in view of the uncertainty involved in deducing the
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dynamic calibration of the hot films.

The spectral data suggests then that the films are indeed giving
a reliable indication of the dynamic wall shear stress and that as
was suggested for the spectra of the wall pressure, the high wave-
number region appears to scale on wall variables and the low wave-
number region appears to scale on outer variables. Such scaling is
consistent with the findings of Rao, Narasimha andlBadri Narayanan
(1971) that the events near the wall can scale outer flow variables
and there is an implication of a large structure of scale § passing
the wall and giving rise to long time scale fluctuations in the wall
shear stress. Superimposed on these fluctuations are small scale
disturbances of local origin and with time scales of the order of
TUTZ/v of 10 to 100. As is the case with pressure transducers such
small scales must be somewhat attenuated by the finite size of the
hot film (QUT/v =~ 20).

From the spectral data presented in figures 4.7 and 4.8 it
can be seen that the spectral region which scales on outer layer
variables extends up to frequencies of about wé*/U° ~ 1,0 and
integration of the spectra shows that the region below this point
makes about an 85% contribution to the mean square dynamic wall shear
for the highest Reynolds number case and a 90% contribution for the
lowest Reynolds number case considered. In terms of én outer layér
influence, however, these figures represent overestimates because a
significant portion of the same region also scales quite well on wall
variables. Examination of the spectral data indicates that a better
estimation of the regions which appear to scale only on wall
variables extend to non-dimensional frequencies of the oraer of

*
wé /Uo ~ 0.50 and integrations of the spectra below this point indicate
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that these regions make a 50% contribution to the mean square wall

shear stress for the highést Reynolds number and about a 60% contribution
for the lowest Reynolds number considered. Regardless of precisely
where the changeover point is defined it would appear, however, that

a significant portion of the mean square dynamic wall shear stress

can be related to outer flow events. In subsequent work, this

changeover frequency (wG*/Uo ~ 0.§)will be used as a basis for the
selection of a low pass filter cutoff in an attempt to separate the

two scales of motion.

The spectral data presented have provided some useful
statistical information, but as was the case with the pressure spectra,
the subtle details of the flow structures remain hidden. The
remainder of this work follows a somewhat different reasoning and
was prompted in an attempt to resolve, in an unambiguous manner, thg

more detailed features of boundary layer turbulence.



84

5. STRUCTURAL FEATURES OF THE LARGE SCALE MOTIONS.

It is significant that a reglon of the spectrum of the dynamic
wall shear stress scales on outer layer variables in that there is,
perhaps, a suggestion of an influence at the wall by a large scale
structure of the kind described by Kovasznay et al (1970) . From the
flow visualization studies of Kim et al (1971) and Corino and Brodkey
(1969) however, it is apparent that a most significant feature of the
flow near the wall is the well documented burst-sweep cycle of events
which exist on a smaller scale. An essential issue that has not yet
been resolved is the connectlon between the bursting phenomenon and
the large scale motions.

As discussed in the introduction, Offen and Kline (1973) have
described a model based on flow visualization studies which suggests
that the circulatory flow, or vortex, in a burst can impose an
adverse pressure gradient on the wall as it passes downstream. It
is this pressure gradient, they maintain,which acts on a new wall streak
and stimulates the lift up of this new streak. A significant part of
this hypothesis is that the pairing of the vortices of initial bursts
leads to the origin of new bursts, In this way the processes at the
wall are regenerative and the large scale motions in the outer part of
the layer are a consequence of the repeated pairing process as the
vortices associated with bursts are convected into the outer part of
the layer, There is an implication that the large scale structures play
a passive role in the process as a whole and that the wall flow is
self-sustaining.

A shortcomiﬁg of such an idea is that the mean period between
bursts as measured by Rao, Narasimha and Badri Narayanan (1971) and
Lu and Willmarth (1973) appears to scale on outer flow variables. 1In

addition it is difficult to reconcile such a hypothesis with the
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great disparity in scales, particularly at high Reynolds number, between
the initial wall streak and the motions in the outer part of the layer.
Coles and Barker (1975) have described a significantly differ-
ent model in which it is proposed that the large scale structures are
the building blocks of the turbulent boundary layer. They suggest that
these structures have a character not unlike those of the turbulent spot
observed during transition and that the bursting phenomenon is a sig-
nature of this large scale structure. Such an idea is also implied by
the model proposed by Badri Narayanan, Rajagopalan and Narasimha (1974).
It is not clear as yet which of these two hypotheses is a
most accurate description of the boundary layer structure énd each
hypothesis makes a different statement about cause and effect.
In order to uncover more of the causal relationships and to
try and resolve which of the two hypotheses discussed above is
appropriate, a series of experiments were undertaken in which corre-
lations were computed between the flow at the wall and the outer layer.

These are described in the following sections.

5.1 Wall Shear - Velocity Correlations

For the first experiment the outputs of an array of four hot
wires at y/8 = 0.05, 0.25, 0.50 and 0.75 placed directly above a hot
film were recorded digitally. Long time averaged correlations were
computed between the velocities at various points and the wall shear

stress, the sense of the time delay being such that

i i
) 1 & Tw(t) « u(t + T)dt
RT ()= 1lim T — 5

w o
TAV-* AV w
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where Tw' and u' are the conventional rms levels of the signals. These
results are presented for the high and low Reynolds numbers in figures
5.1(a) and (b) and some features are worth noting. Firstly as the
point of measurcment is moved further from the wall, the correlations
peak at an increasing time delay. Secondly, the correlatioms, while
not large, are quite perceptible out to y/§ = 0.75. (In oxrder to
verify that the weak correlation at y/8 = 0.75 is indeed real, a data
set was taken using a large number of samples (163,840) and it is the
results from this set that are shown). Blackwelder and Kovasznay
(1972) report similar measurements but with a wire at y+ = 24 instead
of a wall shear probe; however they present correlations only to
y/§ = 0.5. The similarity in correlation is significant because theéir
experiment was performed at a considerably lower Reynolds number
(Re(S = 27,500 as opposed to 97,000 for the present case). If the flow
at the wall was indeed driving the outer flow then their correlations
might be expected to be larger and of greater extent because of the
greater parity between the two scales of motion.

Favre et al (1957) have reported similar correlation measurements
based upon a wire at y/§ = 0.06 and at a Reynolds number of Reg = 12,800.
Their correlations do extepd to the outer layer but that is perhaps
not surprising since for their flow one boundary layer thickness
corresponds to 600 wall units (600v/UT) or 6 streak spacings. In the
high Reynolds number experiment of this investigation omne boundary
layer thickness corresponds to 34 streak spacings and under these
circumstances it is significant that the present correlations can be
perceived across the entire layer. It seems unlikely that the
correlations could be generated by an event on the scale of the wall
flow being convected into the outer flow. A more appealing suggestion

is that the correlations are generated by the presence of a large
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structure lying at an oblique angle to the wall. Blackwelder and
Kovasznay (1972) suggest the former, although their correlations
give little indication of this suggestion being any more appropriate
than the latter.

To try and resolve this question the wires were moved to
various downstream distances in an attempt to find the positions at
which the correlations peak at T = 0. To do this a straightforward
iterative procedure was adopted, the initial estimation of the wire
positions being made on a basis of a convection veloecity of 0.7 Uo'
The correlations that were computed were found not to peak at exactly
zero time delay and positional adjustments were made until a peak at
zero time delay occurred on all the correlation curves. The
correlation curves that resulted are shown in figure 5.2 and the
required positions of the wires are shown in 5.3(a).

It is apparent that at the larger y/8§ values there is some
uncertainty in locating the wire position because of the broad flat
nature of the correlation curve. This is not particularly serious as
far as the present discussion is concerned and once again a very large
number of samples (163,840) was used to check the final wire positioms.

Comparison of figures 5.1 and 5.2 shows that the correlations
obtained at the downstream position are almost exactly the same shape
and amplitude as those fpund with the wires vertical except for the
translation in time, (certainly with the experimental accuracy = see€
Appendix D for further discussion). If the correlation in figure 5.1
were due to the passage of fluid from a burst event near the wall
then the correlation at T = 0 would surely be expected to be larger
because the probes are nearer to the oblique trajectory of the

bursting fluid.
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Figure 5.2

velocity at various points downstream of the hot film such
that the correlations peak at T = 0, for the high Reynolds
number case (a), and low Reynolds number case (b).

¢, x/8 =0.24, y/8§ = 0.05; O, x/6 = 0.89, y/8 = 0.25;

A, x/6=1.72, y/§ = 0.50; o, x/8 = 2.40, v/§ = 0.75.

Long time averaged correlations between the wall shear and the
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The conclusion on this evidence alome is that of the two
hypotheses discussed in this and the previous section, it is the
second that most likely accounts for the results presented here; that
is, the correlations are produced by the passage of a2 large structure
lying at an oblique angle to the wall. The points shown in figure
5.3(a) show this angle to be about 18° to the wall.

Also shown in figure 5.3(b) are the values of time delay at
which the correlations at x =0 peaked. These are compared with
similar values taken from the data of Favre et al (1957) and in each
case the temporal angles of the structures are remarkably similar.

Recently and independently of this work, Falco (1976) has
reported a series of flow visualization experiments using smoke in a
wind tunnel. He has observed the frequent appearance of a large
slowly rotating structure of width corresponding to the boundary layer
thickness. Such a structure could account for the correlations
observed in the present work. A tracing of one of Dr. Falco's smoke
pictures is presented in figure 5.3(c) (the structural features
indicated are in Falco's terminology) and superimposed on this is the
line corresponding to the wire positions for which the correlations
peak at T = 0. It can be seen that there is quite a remarkable
similarity between the angle of the depicted structure and the angle
inferred from the wall shear velocity correlations despite the large
differences in Reynolds numbers.

If, as these results suggest, a large structure is responsible
for the large scale variation in the wall shear stress then the
structure evidently exists for a large streamwise distance when
travelling downstream because the shear-velocity correlations change

so very little, even over distances as large as 28. This is also
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supported by the space ~ time correlations of streamwise fluctuating
velocity reported by Blackwelder and Kovasznay (1972) where
detectable correlation between the velocity at points separated only
in the stream direction can be found for separations as large as 208
or more.

Kovasznay, Kibens and Blackwelder (1970) have carefully mapped
out correlation contours of the streamwise velocity with a fixed
probe at y/§ = 0.5 and their correlation contours which take the form
of a large upward tilted ellipsoid are of the same form that would be
produced by a structure inclined to the wall in the manner depicted in
figure 5.3(c). The suggestion that structures are inclined to the
wall is also consistent with the findings reported by Blackwelder and
Kaplan (1976) although their study was limited to the wall region.

With regard to the curves presented in figure 5.3(a) and (b),
there is a temptation to compute a convection velocity of a large
structure on a basis of the time delays corresponding to each stream—
wise separation distance. If this is done values ranging from 0.65 U0
near the wall to 0.80 U, at y/8 = 0.75 are obtained, suggesting that
the structure is convected at a speed less than the local mean
velocity. This is, however,not necessarily so, since such a convection
velocity is accurate only if the structure is frozen. Structures of
the kind depicted in figure 5.3(c) are unlikely to be frozen but are
presumably slowly growing and rotating. Therefore the computed
convection velocities may be dominated by points near the hot film
and only approximately reflect the convection velocity of the large
scale structure. It is likely that the convection velocity of the
large structure is of the order of 0.8 U0 which as Willmarth and

Wooldridge (1962) and Bull (1967) find is the convection velocity of
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the large sczle or low frequency pressure field.

5.2 Ensemble Averaged Short Time Correlations

The conclusions in the last section regarding the presence of
a large structure in the boundary layer rest upon a set of rather weak
correlations. Therefore more stringent tests of the large structure
hypothesis were sought with the aim of showing more conclusively that
the wall shear velocity correlations are not produced by smaller scale
disturbances convected from the wall to the outer flow,

Such tests could make use of higher order correlations of the
kind described by Fulachier, Giovanangeli, Dumas and Kovasznay (1974),
but in what follows the same conclusion has.been found by a more direct
means based on conditional ensembled averaging of short time estima-
tions of the correlation., One of the shortcomings of long time corre-
lations is that the correlation is an ensemble of all events and is
averaged over all times, including those times when the event may not
be present. Clearly, if one could discriminate upon the presence of
the event of interest, then a more meaningful correlation could possibly
be generated. Unambiguous event discrimination in turbulent boundary
layer flow is notoriously difficult but in the present case there is
an implication that the large structure can be characterized by locally

large values of R, suggesting that a search should be made upon such

u,
'
a basis.

Therefore in what follows the time records of data were broken

up into a series of short time records of length T VUO/S* = 50, and

A
corresponding short time correlations computed between the wall shear

stress and velocity at those various positions in the layer found

previously to maximize the correlations at T = 0. The correlations
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are computed in the sense

TAV
1 Tw(t, x) *u(t+71, x+x", y+y')dt
RTwu = T;; Tw'lﬂ

where unlike the conventionally defined correlation, TAV may be quite
small and Tw' and u' now refer to the local short time estimations of
the rms values. A similar correlation technique has been used by
Gupta, Laufer and Kaplan (1971) to determine spatial details of the
low speed streaks known to occur near the sublayer and Simpson (1975)
used the same method to determine the time scales of events near the
wall. The choice of averaging time is not completely arbitrary; if
it is too large; the detailed events will become obscured and if too
small, there will be doubt as to the significance of any correlations
found. In the present case it should be chosen, so as to be of the
same order as the correlation extent of the events being studied -
hence the value of TAV UO/G* = 50 chosen on the basis of the results
in figure 5.2.

A conditional procedure was applied to the short time correla-
tions which selected those times when a large correlation occurred
between the wall shear stress and the velocity at y/6 = 0.25 and a
discrimination level was chosen such that this correlation should
exceed about twice the long time averaged value or, more precisely,
exceed 0.3 at t = 0. This was found to occur in 26% of £he cases
studied and when the curves were ensemble averaged the results éhown
in figure 5.4 were obtained. Naturally the ensemble averaged curve
has a level greater than 0.3 but in all other respects is similar to
the long time averaged curve.

A test of the large structure hypothesis is now evident; if

the correlations result from the presence of a large structure, then
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at those times when there is a locally large corrvelation between the
wall shear and velocity at y/§ = 0.25, the correlations between the
wall shear and velocity at other points should also be large. These
correlations were therefore computed for that subset of times when the
detection criterion was satisfied and the results are also shown in
figure 5.4. It may be seen that the amplitude of the correlations
across the entire boundary layer in both Reynolds number flows has been
simultaneously increased. Such behavior can only be reconciled with
the idea of a large structure which causes simultaneous effects at all
measuring points.

The discrimination amplitude applied to the correlation at:
.258 was changed to a correlation level of 0.45 and 0.60 which reduced
the subset of times which satisfied the criterion to 15% and 7%
respectively but in every other way only substantiated the above
result. The same technique has been used with the averaging time, both
halved and doubled, and the same behavior is observed.

Given that these correlations are a result of a large structure,
it is of interest to inspect the time records used to generate the
correlations in an attempt to identify those parts of the signals which
characterize the structures. There was little obvious indication of 3
large structure in the long time records themselves, but it is clear
that the place to look is at the times when the discrimination was
successful. Presented in figure 5.5 are some of the short time records
of the signals (for the high Reynolds number case) selected from the
subset of times when the discrimination process was successful. They
do show a strong visual correlation of events across the entire layer.

Closer examinaéion of these records shows identifiable features
which appear to characterize the large structure. In particular, the

velocity records show a relatively sharp step from a low value to a
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high value followed by a slow decrecase thereafter. Typical examples

of this effect are flagged in figure 5.5 and it can be seen that the
effect may be observed across the entire layer. Laufer (1975) has
recently reported some simultaneously recorded traces of the outputs

of a rake of temperature probes placed in a boundary layer above a
slightly heated wall, and a similar sawtooth character is evident in
that data also. Such behavior is also consistent with the findings of
Ueda and Hinze (1975) and others, that the time derivative of the
fluctuating velocity is a quantity with positive skewness. The same
event at the outer regions of the layer shows large negative excursions,
representing in broad terms a turbulent zone, and the sudden change in
velocity can be seen to occur on the upstream or trailing edge of such
zones. 1In addition to this step in the velocity, it is important to
notice a similar positive step in wall shear stress and in particular
the high frequency fluctuations following this step. If this is a
characteristic feature, then it is clearly important, as it implies
that the high frequency fluctuations are the response of the region near
the wall to the passage of the large structure. Such a finding would
also account for the scaling of the wall shear stress spectrum discussed
in section 4.4. This point will be taken up again in more detail in
section 6.1.

These typical structural signatures are not always apparent,
and while they may be present on one signal, there are times when they_
cannot be simultaneously identified at other points. Likewise the
relative phase of an event on one signal to its counterparts on other
signals varies by significant amounts, indicating a variation in the
mean angle of the structure relative to the wall. It is this randomness
in angle and length scale that apparently accounts for the weak long

time averaged correlatioms that have been presented.
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5.3 Correlations of Velocity in the Spanwise Direction

A most significant feature of boundary layer turbulence
and of turbulent flows in géneral is the complex three dimensional
nature of the phenomenon. The features discussed in the previous
section imply the existence of a structure with a width of one
boundary layer thickness in the direction ﬁormal to the wall; it is
then reasonable to expect this structure to have a significant
lateral extent. The extensive correlation data of Kovasznay, Kibens
and Blackwelder (1970) in the intermittent region of the boundary
layer suggest that the lateral width of the large scale motions is
also of the order of a boﬁndary layer thickness.

To try to resolve more details of the three dimensionality
of the motions, the array of five hot wires was placed transversely,
that ié with the wires at the same x and y positions but separated
in the lateral direction by distances of 0.15$ or about 1.16f
Simultaneous recordings of the signals from each wire were taken with
the array placed at various positions above the wall. The cross
correlations between the signals were computed and the resulting
correlations for three values of y/8 for the high and low Reynolds
number flows are shown in figures 5.6 and 5.7.

The correlations can all be seen to be symmetrical about
T = 0, a consequence of the spanwise homogeneity. At small spanwise
separations and distances far from the wall the correlation is
positive but as the separation increases the correlation becomes
zero (somewhere between Az = 0.38 and Az = 0.458 for y/8 = 0.75) and
negative thereafter. This form of correlationis precisely the same

as given by Kovasznay et al (1970) who found the zero crossing to



Fre (a)

ok
Sr
;&O (b)
L3F
o b
e T Py
o - ®

das = 2
%@%%@ﬁﬁmm
2
.5~.
ar (c)
.3..-.
2oL P
: &P O°oo
| o ® 4 %
00 © o o,
%@iﬁﬁjﬁﬁ@é o1l I Lhm‘@%%_l
BER oy o0 BTEEY
o
o T Tame” TU, /6
| | | | ] } | ]
20 -15 -0 -5 0 5 0 15 20

Figure 5.6 Correlations of the velocity at points separated only in the
spanwise direction for the high Reynolds number flow;
(a), y = 0.758, (b) y = 0.58, (c) y = 0.258; o, bz = 0.158,
A, Az = 0.308, O, Az = 0.456, {, DAz = 0.66.



TR RS (b)

A ()

Figure 5.7 Correlations of the velocity at points separated only in
the spanwise direction for the low Reynolds number case.
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occur at about Az = 0.46 at a similar y/S also. As the wall is
approached the correlations become negative at smaller spanwise
separations and the region of negative correlation is more extensive.
At y/& = 0.25 the change in sign of correlation occurs somewhere
about Az = 0.255. The time extent of the correlations is large
being of the order of 206*/Uo or nearly 36/U0 which compares
favourably with a similar value which can be seen in the curves of
Kovasznay et al (1970).

A very significant feature,however, which cannot be seen in
their data,is that the curves corresponding to Az = 0.38 at y/d = 0.5
and 0.75 show a clear indication of twin maxima with symmetry about
the axis at T = 0. This correlation effect, although of small
amplitude, is larger than the error bars on the correlations them-
selves (see Appendix D). The result seems unmistakable in this
data, but as it was not evident in previously reported work, special
studies were undertaken to prove that if was not spurious and did
not result, for example,froa the presence of the rake. Tt is noted
that the same results were obtained at other flow speeds and in
thinner and thicker regioms of the boundary layers occurriné in the
wind tunnel. The mean flow was checked for spanwise homogeneity
and found to be genuinely two dimensional. The effect was found
when any pair of wires separated by 0.38 in the rake of 5 wires were
used. All the various tests undertaken indicated that twin maxima
in the correlations are certainly real,

The possible implication of these twin maxima is that they
result from significant correlation at positive time delay for half
the time and at negative time delay for the other half of the time.
That is, the structure has a characteristic angle in the transverse

direction.
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Tn order to demonstrate this and account for this unusual
series of correlation curves, simultaneous traces of the signals from
the array of five wires are presented in figure 5.8 for the high
Reynolds number case at y/6 = 0.75. The intermittent nature of the
flow can clearly be seen by the large negative velocity excursions
which give rise to a highly skewed signal (because the mean velocity
has been subistracted out, the non-turbulent regions show a small
positive streamwise velocity). Careful examination of these signals
demonstrates the way the correlations are formed. Consider for,
example, one of the turbulent regions at z/8 = 0.0 shown by the
arrows in the figure. Once again the same steep fronts identified
in the last section can be seen; a very similar pattern can frequently
be seen on the signals of adjacent wires, except that it occurs at
a different time from the initially identified disturbance (this time
shift is quite small in relation to the time scale of figure 5.8).
Sometimes it occurs at a later time and sometimes at an earlier time,
and as the wire separation increases SO the time difference appears
to increase. A long time correlation, therefore, at small separations
will show an essentially positive correlation and at larger separations
the regions of positive correlation will occur less often at zero
time delay and more often at positive and negative time delays giving
rise to the possibility of twin maxima in the correlation. As the
separation increases further these maxima lose definition because
of the increased randomness in the time delay at which the peak
correlation occurs as a result of large variatilons present in the
structural geometry.. The most probable correlation event is then
one of turbulent zones (u < 0) and non-turbulent zones {(u > 0) (and
vice versa) giving rise to the negative and symmetrical correlation

observed.
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The implication is therefore one of an interesting three dimen-
sional structure which has regions lying laterally oblique across the
flow, and one possible structure that has such a feature is, of course,
the turbulent spot whose edges lie at an angle to the mean flow direc-
tion. As already mentioned, Coles and Barker (1975) have recently
used the spot as a model for a synthetic turbulent boundary layer.

This kind of flow structure, which was first recognized in the transi-

w

tion studies by Emmons (1951) and has been studied by Elder (1960) and
most recently by Zilbermann et al. (1977), has a broadly triangular
shape in plan view and it is plausible that a similar structure exists
in a fully turbulent boundary layer.

The positions of the time delays corresponding to the twin
maxima suggest that the structure has regions at quite an acute angle
to the mean flow and the negative correlation at large separations is
also a reflection of this angle. The included angle between the struc-—
tures and the flow direction is about 25° at y/§ = C.75 and 0.50 if it
is assumed that the structures responsible for the generation of these
curves are convected at the local mean velocity. The question of this
angle, and the correct interpretation of these correlations will be
discussed more fully in the discussion of the conditionally sampled
measurements in section 7.

Finally, in view of the large spanwise scales present and the
almost identical results at the two Reynolds numbers, it is perhaps
worth reiterating that the structures present are qui.te unlikely to
arise as a direct result of small scale events nearer the wall. It
is more plausible that the turbulent bursts, for example, represent
a small scale responée of the wall region to the passage of a larger

structure.
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In this sense these results support the earlier findings and

add further weight to this conclusion.

5.4 Spanwise Correlations of Wall Shear Stress

Given the substantial correlation between the wall shear and
the velocity in the vertical plane (section 5.1) and the transverse
velocity cross-correlation (section 5.3) it is natural to expect
some wall shear correlation over substantial transverse distances.
Of course, the wall region is dominated by the small scale bursting
phenomenon and the intensity of this activity perhaps accounts for
the apparently small scale transverse velocity correlation in this
region (Gupta, Laufer and Kaplan, 1971, Grant, 1958). Despite this
fact it seemed important to establish the extent of the transverse
wall shear cross correlation.

Digital records from two hot films, separated by various
amounts in the spanwise direction were obtained. Long time averaged
correlations have been computed from these data and are shown in
figure 5.9 (a) for the high Reynolds number case. The same data at
T = 0 are presented as a space correlation in figure 5,9(M). These
correlations are clearly very weak but do show a similar behavior to
the velocity correlations presented previously. They are symmetrical
in time, again a consequence of spanwise homogeneity. At small
separations there is positive correlation and as the separation
increases to about %8 the correlations become negative and slowly
return to zero thereafter. It is notable that the wall shear stress
may be correlated (alBeit weakly) over distances as large as 0.76
which for the high Reynolds number of this work corresponds to a

distance of 2400v/UT.
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Gupta, Laufer and Kaplan (1971) have reported some measure-
ments of the spanwise correlation of the streamwise velocity at the
edge of the sublayer and at lower Reynolds numbers than in this case.
Their correlations also decay very quickly and show nearly zero cor-~
relation beyond separations of about zUT/v = 300. However, some of
their correlations do maintain small positive values for larger separa-
tions. There is no evidence of the small nevative correlation at large
separations found here, but they did not carry their correlations far
enough for this to show up, presumably because of the weak values
encountered.

The weakness of the correlations is evidently a reflection
of the fact that the flow near the wall is dominated by the intense
small scale fluctuations of the bursting phenomenon. These make a
large contribution to the rms shear so that the normalized correla-
tions are small. (If it were possible to normalize by an rms level
arising from the large scale structure alone, a more meaningful corre-
lation amplitude could be generated. The discussion of the scaling
of the spectra of the wall shear stress has suggested that outer layer
influences account for about a 70% contribution to the mean square
wall shear. If the correlations of this section were normalized by
this component alone, their amplitudé would be doubled.)

In section 5.2 correlations were reported between the wall
shear and the velocity at various points in the layer. It was found
that these correlations were increased throughout the layer by
confining the correlation to those times when the correlation between

the wall shear and the velocity at y = 0.256 was larger than
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the long time average value. A further test of the large structure
hypothesis is that if this discrimination process does discriminate
the presence of a large structure for a certain subset of times,
then for the same subset of times, an enhanced set of spanwise wall
shear correlations should be obtained.

When the digital records of wall shear data used to generate
the information in figure 5.9 were recorded, a hot wire was also
positioned at y/§ = 0.25 and at x/8 = 1.72 relative to one of the
hot films. This position corresponds to the point at which the
wall shear - velocity correlation peaks at zero time delay. As
before, the data were broken up into a series of short records and
short time correlations computed between the wall shear and the
velocity at y/6 = 0.25. The averaging time used was once again
506*/Uo. The spanwise wall shear correlations have been re-computed
at those times when the discrimination was successful and ensemble
averaged. The results are presented in figures 5.10(a) and (b)
which may be compared direcfly with the curves in figure 5.9. It
is clear that the correlations have been nearly doubled, even at
separations as large as 0.78. This is evidence that a proportion
of the dynamic wall shear stress is a direct consequence of the
passage of a large structure. It is of significance that the
discrimination requireménts can be éatisfied by structures which are
only of the order of 0.256 in normal extent, and yet the spanwise
scale of the same events appears to be of the order of 0.78. However
since the same discrimination technique showed a significant
correlation between the wall shear and velocity at y/& = 0.75, then
the large structures would appear to have comparable spanwise and
normal extent.

In order to resolve more details of the structure which
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Figure 5.10(a)

Fnsemble average of short time spanwise wall shear correlatious

computed only at those times when the short time correlation
between the wall shear at x=0 and the velocity at x=1.726,
y =0.258 exceeded 0.3 at T =0.

Figure 5.10(b)

Cross plot of the above correlation values occurring at T =0.



111

generates the spanwise wall shear correlations, a quadrant breakdown
of the correlation at zero time delay has been determined. The
results are presented in table 5.1 for both the long time averaged
correlation and the enhanced ensemble averaged result. As before,
the short time correlations have been normalized by the short time
estimation of the rms value and then averaged. Also shown in table
5.1 are the results obtained when using two uncorrelated wall shear

signals.

Table 5.1

Quadrant Breakdown of Spanwise Wall Shear Correlations

Spanwise Long Time Average Enhanced Ensemble Average
Separation 1 5 3 A 1 > 3 i
Az /6 =20 =0 <0 | <0 >0 >0 | <0]|<0
=0 <0 =01|<0 Z0 <o | =20} <0
0.16 0.17 -0.15 |-0.15| 0.17 0.18 |-0.15 {-0.15| 0.18
0.25 0.16 |-0.17 |-0.17] 0.15 0.16 |-0.18 |-0.18| 0.16
0.38 0.15 |-0.17 |-0.17| 0.15 0.14 |[-0.19 |-0.19| 0.15
0.50 0.15 |-0.17 [-0.17} 0.15 0.15 |-0.19 |-0.18] 0.15
0.68 - 0.16 |-0.16 |-0.16| 0.15 0.16 |-0.18 |-0.17| 0.15
Uncorrelated| ¢ 35 |-.0.16 [-0.16| 0.16 || 0.16 |-0.16 |-0.16} 0.16
Signals

The long time correlations show that at a separation of
0.168, the small positive correlations result, not surprisingly, from
both an increase in contribution from the first and fourth quadrant
and a decrease in conéribution from the second and third. When
enhanced, however, the larger positive correlation obtained results

almost entirely from a further increase in contribution from the first
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and fourth guadrant with the values in the other two quadrants being
unchanged. At larger separations the situation is reversed. The nega-
tive long time correlation is generated from decreased contributions
from the first and fourth quadrants compared to the case of uncorre-
lated signals and increased contributions from the other two quadrants.
When enhanced, however, the larger negative correlation results almost
entirely from further increases in the contribution from the second
and third quadrants as opposed to decreases iﬁ the first and fourth.

The long time correlations can,of course,only result from sig-
nals which are predominantly in phase at small separations and out of
phase at larger separations. When the presence of the large structure
is discriminated upon, however, it is notable that the enhanced corre-
lations result only from the in phase components at small spanwise
separations and only from the-out of phase components at larger sepa-
rations. The contributions from the other quadrants are little different
from what might be expected through random associations of events.
Blackwelder and Kaplan (1976) have remarked that a similar in phase -
out of phase behavior can be visually observed in the signals from a
spanwise rake of hot wires placed at the edge of the sublayer.

A model of the large structure that accounts for such a behavior

will be discussed in section 8.
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6. STRUCTURAL FEATURES ASSOCIATED WITH THE SMALL SCALE MOTIONS

Up to this point the discussion has clearly been concerned
with the evidence for large scale structures in the boundary layer.
The scaling of the spectrum of the wall shear stress has, however,
indicated that one épectral region (the high frequencies) scales on
wall variables and the other region (low frequencies) scales on outer
layer variables. It was also mentioned in section 5.2, that from
visual observations of the signals there appeared to be significant
correlation between the occurrence of intense small scale shear stress
fluctuations and the passage of a large structure. This appeared to
be an important finding and the work of the following sections is a

result of an effort to quantify this conclusiom.

6.1 Correlation Between High Frequency and Low Frequency

Activity.

It is apparent from this that the wall shear stress may
consist of essentially two scales of motion. To represent a turbulent
signal in this way is a considerable simplification as many scales
are present with large overlap, however, it will shortly be demonstrated
that such a breakdown of a signal can lead to considerable information
regarding the way the large structures and small scale events are
related to ome another.

Given a time record of any turbulent signal, in order to
try to quantify any rglation between the two scales of motion it is
clearly necessary to split the signal into ome part representing, iﬁ

the present case, the large scale motions and another part
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representative of the small scale motions. A way to achieve this is
by the use of a low pass filter with the cutoff being chosen at a
point which is assumed to separate the two scales of motion reasonably
well. The effect of low pass filtering a signal is best described
by example and shown in figure 6.1(a) are time records of the wall
shear stress and velocity at y/8 = 0.25 for the high Reynolds number
case. It will be recalled that the presence of the large structure
was discriminated upon by the local short time estimations of the
correlation between these two signals. Superimposed on the unfiltered
traces are the traces obtained when the signals are low pass filtered
with a filter whose cutoff frequency is wc.é*/U0 = 0.43. A running
average summing filter was used to generate this trace and the
filter had zero phase delay. Its characteristics are described in
Appendix C.

It can be seen from this figure that this filter does
indeed give an acceptable smoothing of the signals. Figure 6.1(b)
shows the high frequency portion of the signals.that remain when the
smoothed signal is subtracted from the unfiltered records. This
high frequency record evidently represents the small scale motions
while the low frequency records clearly represent large scale
motions. One reason for the selection of this filter cutoff
frequency is that it corresponds to the region where the spectrum
of the wall shear stress appears to change from outer layer scaling
to inner layer scaling. A further reason for choosing it is that
the period at the cutoff frequency is about twice the mean time
interval between bursts (TUO/S* ~ 30) as determined by Rao,

Narasimha and Badri Narayanan (1971). As this period was found to scale
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with outer layer variables, it is perhaps a suitsble characteristic
time scale for the large structure.

Finally, further support for this choice of filter cutoff
frequency was sought in the long time averaged wall shear correla-
tions of section 5. It was felt that since these evidently resulted
from a large structure, the high frequency content of the signals
should contribute little to the correlation. That is, if the signals
are filtered and then correlated one would expect, for acceptable
filtering, to produce a negligible change in the correlation (using
the same rms values for normalizing the results). This test was
undertaken and indeed there was negligible change in either the extent
or amplitude of the long time correlatioms. (This is, by itself, per-
haps an important result and does raise the question of what role the
small scale disturbances play).

With reference to figure 6.1(b) it can be seen that when
there is small scale activity on the high frequency wall shear then
the slowly varying part of the wall shear is invariably high. It is
this result which the work of this section attempts to quantify. Any
effort to mark the large amplitude regions of the high frequency
signal and, for example, obtain some sort of intermittency function
is clearly problematical and definitions of amplitude discrimination
levels and hold times are required. It seemed more appropriate to
achieve the same end by rectifying the high frequency signal and then
placing an envelope over, or more accurately, smoothing this recti-
fied signal. Figure 6.1(c) shows the result (the non-dimensional
filter cutoff was again wcﬁ*/U0 = 0.43). Qualitatively this whole
process can be seen to achieve the original aim, namely to separate

the two scales of motion and generate a signal representative of
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high frequency activity.

The resulting low frequency shear stress signal and its
smoothed rectified high frequency component have been correlated and
the results are shown in figure 6.2 for both the high Reynolds
number and low Reynolds number cases. The sense of the time delay
is the smoothed rectified high frequency at time t and the low
frequency at time t + T. Also shown are the results obtained when
the filter cutoff is halved and when it is doubled.

There are some significant features to be seen in these

curves:

(L) The correlations are all very large, the peak value being
near 70% and this value is only very weakly dependent on
the value of the filter cutoff used. It appears that the
small scale disturbances occur mostly when the low
frequency part of the wall shear is high.

(ii) The major effect of changing the filter frequency is
simply to produce an expected change in the width of thé
correlation curves;

(iid) The correlations peak at a non-zero time delay indicating

a definite phase relationship between the low frequency
signal and the generation of small scale high frequency
wall shear stress fluctuations. The value of this positive
time delay is small and depends slightly on the filter

frequency.

Thus it appears from this and the results of section 4
that the boundary layer is dominated by a large scale structure and

the passage of this structure gives rise to small scale activity at

the wall. It seems likely that this high frequency activity in the
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wall shear stress, i.e. the small scale disturbances near the wall
are related to the burst-sweep cycle of events observed near the wall
by Kim et al. (1971) and Corino and Brodkey (1969). Bursts are
characterized by outward migrations of low momentum fluid and sweeps
are characterized by inward rushes of high momentum fluid (Willmarth
and Lu, 1971). Since the small scale shear stress fluctuations are
usually positively going disturbances on a high shear level, it would
appear that these fluctuations are related to the sweep motions in
the burst-sweep cycle of events. That their occurrence is intimately
related to the passage of a large structure is also consistent with
the findings of Lu and Willmarth (1973) that the mean period between
such sweeps scales on outer layer variables.

As the technique that has been used is novel and has no
formal mathematical basis it is important to establish that the
apparent correlation was not inherent in the technique. It was,
therefore, applied to two artificial signals, namely white noise and
white noise which had been filtered to have the same power spectra
as the high Reynolds number wall shear. The correlations that result
are shown in figure 6.3(a) and (b) and can be seen to be quite negli-
gible.

These tests are, however, not entirely satisfactory in that
these signals do not have the positive skewness of the wall shear.
Skewness can give rise to an apparent cqrrelation through the impulse
response of the filter. A more stringent test was therefore sought.

An artificial signal was generated by taking the low
frequency shear stress signal from one data run and adding to
it the high frequency signal from an entirely different rumn.

The resulting signal, however, did not have the correct
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skewness. Indeed it would have been disturbing if it had, as it
would contradict the present conclusion that small scale large
amplitude shear stress fluctuations occur mostly when the shear stress
is high. To generate the correct skewness it was found by trial and
error that all positive values had to be multiplied by a factor of
1.4. Clearly other means could be used to generate the correct
skewness, and as far as the present discussion is concerned it may
not be correct to characterize the effect of skewness by a single
parameter such as the third central moment of the signal. However,
the correct choice is unknown and some interesting results can be
found by synthesizing signals in this way.

This procedure was used to generate artificial signals
corresponding to the low and high Reynolds number flows considered,
and the technique of correlating the high and low frequencies then
applied to them. The results are shown,.for one filter cutoff only,
in figure 6.3(c); they show that skewness can indeed cause an
apparent correlation to appear. It 1s however significant that the
level is very much less than that obtained for the genuine signals
(.3 instead of almost .7); and, importantly, the curves peak at
precisely zero time delay whereas for the genuine signals a non-
zero time delay was found. Finally it is to be noted that in order
to generate a correlation level of nearly 70%, as found for the
genuine signals, all positive values of the artificial signal had to
be multiplied by a factor of 4.2; the resulting signal had skewness
and flatness factors which were more than double the real values,
and the correlation still peaked at zero time delay.

These tests confirmed that the technique does yield
meaningful results and has established quantitatively that the

correlation between the high frequency shear stress fluctuations



122

and the low frequency shear stress associated with the large

structures, is both real and large.

This result implies an intimate connection between the

two scales of motion and it is mow of interest to apply the technique

to the velocity signals that were recorded at y/§ = 0.05, 0.25, 0.50

and 0.75. An example of the generation of the smoothed rectified

velocity signal was previously given in figure 6.1. The results
obtained when the correlating technique is applied to such signals

are shown in figure 6.4(a) and (b) for the high and low Reynolds

numbers where a filter cutoff of wcé*/Uo = 0.43 has been taken as
being representative. The following features of these curves are also
particularly worth noting:

(&B) Even at small values of y/S§ (i.e. 0.05) the curves are
significantly'different from those obtained for the wall
shear stress. The region of positive correlation is
reduced and a region of negative correlation has appeared
at negative time delays. This suggests that the small
scale disturbances that occur on the wall shear only have

a limited normal extent.

(ii) As the distance from the wall is increased the region of
negative correlation begins to dominate the curves.
These changes are consistent with the change in the
skewness factors of the velocity signals themselves but
it i1s apparent that such effects cannot be produced by

skewness alone.

These curves could possibly reflect the increasing
appearance of a steep fronted positive step (in time) occurring in

the velocity signals. It will be recalled that visual inspection of
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the signals in figure 5.6 showed such a feature to be a signature of
the rear of the large structure. The same large structure gives

rise to the high levels in the slowly varying part of the wall shear.
Experimental results based on a conditional sampling technique will
be presented in section 7 which will further demonstrate the way
these correlations are formed. It will also be demonstrated that
these steep fronts in the signals, which are a signature of the large
structure, are associated with large contributions to the Reynolds
stress.

The response of the wall region to this structure consists
of small scale fluctuations and it was expected.that these disturb-
ances could perhaps be identified in the turbulent wall pressure.
Figure 6.5 presents some simultaneously recorded signals of wall
shear stress and wall pressure for the high Reynolds number flow.

The pressure transducer was placed at a distance of 1.26% upstrean
of the hot film; however, the convective delay between the two devices
is small in relation to the time scale of figure 6.5 and may be
ignored. In order to make the smaller scale disturbances stand out,
the low pass filtered signals have once again been subtracted out.
The regions of intense small scale shear stress fluctuations can be
visually identified and at the same time the wall pressure can be
seen to show small scale, large amplitude fluctuations (these are
flagged in figure 6.5). These small scale pressure fluctuations are
probably the same as those that have been identified by Emmerling
(1974) using an optical means and do not appear to have any repeatable
form. They are a signature of the small scale response of the wall
region and it is of interest to apply the correlating technique of
this section to the wall pressure in order to see if there is gimul-

P

taneously a large scale variation in the wall pressure associated
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with the passage cof the large sfructure.

The results that are obtained for the high and low Reynolds
number flows are shown in figures 6.6(a) and (b). The filter cutoff
of wc(S*/Uo = 0.43 has once again been used. For the high Reynolds
number case in figure 6.6(a) there is a positive peak at negative
time delays and a negative region at positive time delays. The
curve for the low Reynolds number case (figure 6.6(b)) is gimilar
although there is no negative region. The small amplitudes of the
correlations are a reflection of both the poor signal to noise ratio
that exists at low frequencies and the faét that a point measurement
of the pressure contains the effects of sources across the entire
layer.

The dissimilarity of the two curves in figures 6.6(a) and
6.6(b) is also apparently a result of the poorer signal to noise
ratio occurring at the lower flow speed. The sources of this noise
are acoustic, electronic and vibrational influences and occur
predominantly at low frequeﬁcies of the order of 100 Hz. If the
raw signals are low pass filtered with a cutoff at 100 Hz (which
is a factor of 5 lower than the cutoff used in the correlating
technique) the results shown in figure 6.6(c) and (d) are obtained.
In this case the results for the high Reynolds number are almost
unchanged, but the results for the low Reynolds number are now rather
similar to the high Reynolds number case.

Clearly such correlations could, although it is not the
only possibility, result from large scale pressure excursions
characterized by a steep fall in pressure (in time) from a high
value to a low and negétive value. Conditional sampling experiments

which will be presented in a later section will show that such
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behaviour can be detected in the signals.

Because the correlations for the pressure are weaker than
those obtained for the wall shear it would appear that the wall shear

is a better indicator of the presence of the large structure than

the wall pressure.

6.2 Correlations of High Frequency Activity Across the Layer

The results of the previous section have indicated that there
is a relationship between the small scale velocity fluctuations and
those fluctuations generated by larger scale motions. This behaviour
could be found to occur across the entire layer, but the results do not
necessarily imply that the occurrence is simultaneous. 1In order to see
if the occurrence was indeed simultaneous the smoothed rectified high
frequency components of the wall shear stress and the velocity at
various points in the layer have been correlated with the same
component of the velocity signal at y/6& = 0.25. The array of wires
was positioned vertically above the hot film and the results for the
high and low Reynolds number cases are shown in figure 6.7(a) and (b).

The correlations are all rather weak, but it is apparent
that when the signal at y = 0.256 is taken as reference, then'a region
of positive correlation extends from y/§ = 0.05 to 0.75. The time
delays at which the correlations peak are non-zero and reflect the way
the structures are inclined to the wall. These findings are important;
use will be made of them at a later stage when creating a streamline
pattern from conditionally sampled data.

Another feature of figure 6.7 1s that there is a negative
correlation between the smoothed rectified high frequency component of

velocity at y = 0.256 and the corresponding component of the wall shear
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and this occurs quite near the zero time delay point.

The predominance of a region of negative correlation as opposed
to a positive correlation, is due to the change in character of the
flow as the wall is approached. In physical teirms it suggests that
small scale activity near the wall is associated with quiescence
directly abcve and further from the wall. This implies, nor sur-
prisingly, that the small scale fluctuations at the wall have a
1imited normal extent. Conversely, the same correlation can arise
from small scale activity at y/6 = 0.25 being associated with quies-
cense directly below at the wall. Both this and the previous case
can be attributed to an inclined large structure causing small scale
disturbances near the wall, and with the structure being characterized
by steep velocity gradients over most of the layer. The flow is, by
comparison, rather more quiescent within the structure itself.

A more detailed discussion of this is presented in section 8.
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7% DETAILED CONDITIONAL AVERAGING EXPERIMENTS

The work presented in the previous sections has indicated the
existence of a large deterministic structure within the boundary layer
which appears to play a significant role in the dynamics of the
turbulence process and has quite detectable influences at the wall.
From visual observation of the signals some of the details of the
structure are also known. It is a highly three dimensional structure
with regions apparently lying skewed across the flow. The dominant
visual feature of the structure is a steep interface on the rear or
upstream side of the structure where steep velocity gradients occur.
Further details of the structure are, however, not yet clear. For
example, the streamline pattern of flow within the structure is éot
known. Also it would certainly be of interest to know the pressure
field that is associated with the passage of the large structure so that
the role of the pressure might be determined. Additionally, it would
be useful to know the contribution made to the Reynolds stress by the
organized motions.

In order to extract this kind of information from the digital
records a conditional signal analysis is required in which ensemble
averaged statistics of various quantities are determined only at tho;e
times when the organized large structure is known to be present. This
in turn would require the generation of some kind of detection
procedure which would discriminate reasonably well upon the presence
of a large structure. The work of the ﬁollowing sections represents
an attempt at such an énalysis.

This kind of signal analysis is not new and Townsend's

(1949) early definition of an intermittency function associated with
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intermittent turbulent flow respresents a special case of conditional
signal analysis. Extensive use has been made of conditional techniques
by Kovasznay et al (1970) to determine the statistics of the large
turbulent bulges existing at the outer edge of the boundary layer.
Similarly Lu and Willmarth (1973) have used a conditional signal analysis
to determine the relative contributions made to the Reynolds stress by
the turbulent burst and sweep motions.
Conditional signal analysis is, however,a difficult and subtle
process. There are problems associated with the generation of a
detection criterion and these will be mentioned in the next section.
Aside from this there is often some question as to whether
the ensemble average signal obtained represents genuine features in
the original flow or is a conseguence of random variations in phase
and signal amplitude in each supposed realization of the feature
being considered. The extent to which this is the case can sometimes
be judged by comparison with results obtained by applying the
technique to synthetic signals and may be assisted by a direct
visual comparison between the original signal and the ensemble
average signal obtained. This problem will be discussed in relation

to the present work in the following sectiom.

7.1. Detection of the Presence of the Large Structure

In the present context one wishes to discriminate upon the
presence of a large organized structure. It is possible that its
presence could be detected by some characteristic excursion in the
velocity, Reynolds stress or vorticity. The problem,of course, is in
the definition of a characteristic excursion. Aside from the obvious

fact that the character of the excursion is not yet known another



difficulty arises from the fact that the supposed organized motion is
in fact also partly random due to the variations in amplitude and scale
of this motion. Nevertheless it is described as organized in the
sense that apart from this randomness, there is some recognizable
similarity between one structure and the next. The problem is then
somehow to define this recognizable similarity (for example by
correlation techniques). In this way various sections of the time
history of the signals can be found which do satisfy some criterion
which measures this similarity. Evidently, however, because of the
difficulties in accurately defining either the recognizable pattern

or allowing for variation in scale or amplitude of a particular
realization of this pattern, there will be occasions when a section

of signal which should have been included is omitted, and similarly
included when it should have been omitted. The latter is termed a
false detection and results basically because of a detection criterion
which is not ideal, i.e. in practice does not discriminate against
those events which would be omitted by the “jdeal" detector. This
whole question can be better understood by a consideration of the
examples which follow.

Various detection schemes have been suggested in the literature,
and although each attempted to detect different phenomena, they are
worth considering in the present context as they may be useful in
determining the presence of the large structure. A brief review of

these schemes is perhaps appropriate.
(1 Kovasznay, Kibens and Blackwelder (1970).

This detection scheme was based upon one component of the
vorticity (or more precisely of du/dy) exceeding a given threshold level

for a certain hold time. By this means the presence or otherwise of
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turbulent flow at the outer edge of the boundary layer could be

determined.

(ii) Antonia (1972).

This scheme was also aimed at the making of turbulent/non-
turbulent decisions and was based on the square of the time derivative
of the instantaneous uv product exceeding a given level over a

suitably chosen hold time.

(iii) Willmarth and Lu (1971).

This detection scheme was aimed at detecting the turbulent
bursts and sweeps near the wall and was based upon the low pass filtered
. . + : ;
streamwise velocity component at y = 15 passing through a given level

with a given sign of slope.

(iv) Lu and Willmarth (1973).

This series of measurement was based on the instantaneous uv
product exceeding a certain level with u and v having predétermined
signs. The quadrant breakdown is clearly necessary because two quite
different structural forms can generate values of uv with the same

sign and amplitude.

(v) Blackwelder and Kaplan (1976).

This detection scheme was used to detect the presence of the
turbulent bursting phenomenon. It was based upon the short time
variance of a velocity signal exceeding a given level, where the
variance was calculated using a short time estimation of the local
mean signal level. Itlwill become apparent that this scheme is very

similar to the one that was finally adopted here.
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This brief review demonstrates a point which 1s perhaps
axiomatic in this kind of work. Having decided upon the nature of the
detection signal,two remaining variables exist. These are the setting
of a discrimination level and the application of a hold time or
alternatively the use of a filter (both are similar statements about
time scales). The settings of these two variables represent decisions
about the scale and amplitude of the structures of interest. Ideally
one would like to demonstrate that the averages that are generated
are independent of these variables. Similarly the mean time interval
between detections should, if possible,be independent of the settings
of these variables. In this way the settings of these parameters
could be objectively decided upon. In the works outlined above,however,
it appears that the latter independence could not be demonstrated.
Under these circumstances the best that can be done is to demonstrate
that the ensemble averages generated do not change significantly with
these variables.

A further shortcoming of the detection schemes that have
been outlined is that they assume prior knowledge of the character of
the structures of interest, i.e. they assume that the structures
whose presence were being detected do have large excursions in vorticity
or Reynolds stress etc. In the present context, however, the amplitude
and character of these excursions is unknown and it seems, therefore,
inappropriate to consider only large excursions in Reynolds stress or
velocity as the characteristic feature of the large structure.

In considering alternatives it was noted in section 5 after
visual inspection of Yelocity records that the large structure was
apparently characterized by a steep change in velocity on the back or
trailing surface of the structure. Furthermore in section 6 it was

demonstrated that an intimate relation exists between the large scale
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or low frequency features of a signal and the small scale or high
frequency component of the signal. Evidently a significant contribution
to the high frequency content of a signal arises from the steep

velocity gradients that are characteristic of the rear of the large
structure. This suggested that the smoothed rectified high frequency
content of a signal should be used as a basis for the detection of

the presence of the large structure.

This of course is similar to the Blackwelder and Kaplan (1976)
scheme. By using the rectified high frequency signal there is
evidently no bias toward either positive or negative going disturbances
so that any ensemble averages obtained should reflect genuine features
of a signal rather than a distortion due to the detection scheme.

In what follows therefore detection was based upon the
generation of a smoothed and rectified high frequency signal. Those
points were flagged that were at a local maximum in this signal and
at the same time exceeded a certain level. An example of the detection
signal generated from the wall shear stress was shown previously in
figure 6.2. Various signals can be sampled at those times where this
criterion is satisfied. ' Ensemble averages of segments of signals

centred at the flagged points can then be generated in the form,

1 N
<q(t)> =g §

where tj represents the times at which each detection occurs and q(t)
is the signal of interest (q(t) need not necessarily be the signal

used to generate the detection signal).

Decisions need to be made as to which filter cutoff and which
discrimination level should be used; these problems are best discussed
with regard to a particular turbulent signal. Shown in figure 7.1 are

various averages of the velocity signal at y/§ = 0.05 for the high
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Reynolds number case formed by the above means with various filter
cutoffs and various discriminator levels D (D is expressed as a frac-
tion of the rms level of the smoothed rectified high frequency sig-
nal). The filter cutoffs are the same as those used previously in the
discussion of the correlation between the high and low frequency com-
ponents of the signals.

Ignoring for the moment the nature of the average itself, it
is significant that both the amplitude of the average and its general
shape are independent of the settings of the filter cutofi and dis-
criminator level. Given a fixed discrimination level, it can be seen
that the only effect of a higher filter cutoff is to produce averages
with a rather steeper zero crossing and not surprisingly an increase
in the number of detections that occur (figure 7.1(b)). Using a rather
similar detection process Blackwelder and Kaplan (1976) found that the
amplitude of their averaged time histories near the wall depended
linearly on their discriminator setting. This finding cannot be
directly compared with the present results as theilr discriminator sig-
nal had a non-zero mean. The mean signal level generated during the
rectification process has, in the present case, been subtracted out.

Also shown in figure 7.1(b) are the actual number of detec-
tions that were found to occur at various discriminator settings and
filter cutoffs. Clearly each curve shows a monotonic decrease as the
discrimination level is increased with no indication of a plateau or
region where the detection rate becomes independent of the discrimina-
tion level. From these results which were also checked for various
other signals, any filter-discriminator combination cannot be objec—
tively favoured over any other combination. This seems to be a basic
problem in most conditional sampling of this kind. The important

point, however, is that the results themselves depend only weakly on



the filter cutoff and discrimination levels. Therefore,in some sense
the conditional average does reflect a characteristic feature of the
flow and the precise settings of these variables become less important.
The values of the parameters that were finally settled upon were a
filter cutoff of wé*/Uo = 0.43 being used to generate the smoothed
rectified high frequency detection signal and with a discrimination
level of 1.5 times the(rms level of the smoothed rectified high fre-
quency signal. (By visually comparing detection points obtained using
this choice with the original signals it did appear qualitatively to
be more successful than other combinations).

This discrimination level is comparable to the value used
by Blackwelder and Kaplan (1976) if allowance is made for the fact
that their detection signal had a non-zero mean. Their averaging time,
(comparable to the reciprocal of the filter cutoff in the present case)
however, was quite small being set at TUTZ/v = 10 or TUO/G* = 2.2.

Such a small value was found in the present case to give rise to a
significantly large number of very small scale disturbances being
detected and was therefore not used.

Finally, in order to demonstrate the behaviour of this
detection technique, it was applied to a synthetic signal created by
filtering white noise, to yield a signal with the same power spectrum
as the wall shear stress signal of the higher Reynolds number case.
The corresponding conditional average was then generated and is shown
in figure 7.2(a). Clearly except for some statistical scatter, an
essentially zero average is the result and demonstrates that for a
signal of zero skewness the detection and averaging technique does not
lead to the identificaéion of a signal pattern if none exists within
that signal.

It is apparent,however, that skewness could give rise to



Figure 7.2 (a)

Figure 7.2 (b)
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Ensemble averaged time history obtained when the detection criterion
is applied to white noise which has been filtered to have the same
power spectrum as the wall shear.
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Ensemble averaged time history obtained when the detection criterion
is applied to a synthetic wall shear signal (see text.)

Corresponding result for the real wall shear.
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detections if the high frequency content of a signal tended to lie
predominantly either in a positive or negative sense. The most severe
skewness was found to occur in the wall shear stress signals, and, as
a test, the synthetic shear stress signal used in a previous section
was examined. This signal, it will be remembered, was created by the
combination of high frequency and low frequency signals from different
data runs, the correct skewness being generated by approximately
scaling the positive values. When the detection and averaging technique
is applied to this signal the results shown in figure 7.2(b) are
obtained for the high Reynolds number case, which may be directly
compared with the corresponding results of the real shear stress signal
shown in figure 7.2(c). It is clear that skewness can indeed give

rise to non-trivial averages although the average so formed is weaker
than for the real signal. This test is really rather too severe
however, because the synthetic signal has a chafacter very like that

of the genuine signal. It does nonetheless demonstrate that the
average time histories that will be presented result not from skewness,
but from genuine patterns within the signals.

The detection criterion has not been chosen in any attempt to
detect specific events which may be called either bursts or sweeps, nor
as a basis in making turbulent - non-turbulent decisions. The aim is
to detect in an unbiased manner some specific structural feature
associated with each signal which, if non-zero averages are formed,
must have favoured occurrence within that signal. The correlations
between high and low frequency presented in section 6 have suggested

that this feature is associated with the presence of a large structure

in the boundary layer.



142

-~J
N
t=
=)
=
©
o]
)
®
=]
0
i -
ot
o)
s}
o
o)
A
[N
’—-l.
rt
e
o)
3
o
.—l
P
<
o
~
[ad]
e
)
w

Previously in figure 7.1, conditional averages of the velocity
at y/6 = 0.05 were presented all of which had amplitude levels rather
lower than the typical levels encountered within the signal itself.

It is likely that this reduced amplitude results from some randomness
in the phase of the detection point relative to the structure and
additionally from the inclusion of possible false detections (;n the
sense defined previously). The following technique was developed to
minimize these problems.

Initially the ensemble averaged time history is formed from
those points where the detection criterion is satisfied (as in figure
7.1). A time correlation is then computed between this average time
history and each individual realization which contributes to this
average. This time correlation is computed at various time delays
and with a short averaging time TAV' Each short time length of signal,
including the initial ensembled average, has its local mean over this
time removed. In addition, each correlation curve is normalized by
the relevant local rms value. As will be seen shortly it is important
to proceed in this way, otherwise large correlations may result which
are a reflection of large signal amplitudes as opposed to a genuine
correlation in the statistical sense. Next each correlation is
scanned through the time delay range to find the local maximum level
which is nearest the zero time delay point. The largest value
occurring anywhere in the time delay range is clearly not used because
that may be associated with an adjacent structure rather than the
particular realizatioﬁ of interest.

Evidently if the maximum in the correlation is negative

then that particular detection point may be regarded as being false
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and therefore rejected. Usually about 30% of the initially detected
points were rejected on this basis. If the maximum occurs at a non-
zero time delay then the detection point is moved by an amount
corresponding to this time so that the correlation peaks at zero time
delay. This will minimize the problem of phase uncertainty. With
the detection points redefined in this way a new ensemble average
may now be generated and furthermore the entire process may be
repeated until such time as no significant changes occur in either
the average itself or the points at which the average is formed. 1In
practice this was usually found to occur after the first two or three
iterations although five were generally used. This technique can be
seen to be a bootstrap operation in the sense that every iteration
sharpens the definition of the detection criterion and reduces the
set of events which now satisfy this more stringent condition.

In order to demonstrate that this technique is successful,
typical results are shown in figure 7.3 wusing, as before, the
streamwise fluctuating velocity at y/§ = 0.05 and the wall shear
stress for the high Reynolds number case. Also shown are histograms
of the time increments between the initial and final iterations used
to redefine the detection points after five iterations. The averaging
time used was TAV Uo/é* = 25 in each case and this point is discussed
further below. As can be seen there is a dramatic effect associated
with this enhancing technique, the amplitude of the averages being
nearly doubled. It can also be seen that the form of the averages
is still the same but that the increased amplitude is now typical of
actual signal levels. Furthermore the histograms demonstrate that
only very small time adjustments are required to minimize the problem
of phase uncertainty. The results will therefore be independent of

the range of time delays used when generating the short averaging
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time correlations, provided of course the range is sufficiently large.
After each iteration the point of detection will be different
from the previous iteration but, because of the inherent convergence
of the technique, these differences may be expected to become small.
Typical results for both the mean of these differences Eoo and the
root mean square of the differences trms’ are shown for each iteration
in the lower portion of figure 7.3. Thess have been computed as
differences between two successive iterations and both quantities are
clearly always small in relation to the time scales of the flow and
do not change after the first few iterations. Certainly after about
5 iteratidns further application of the technique can be seen to be
redundant and redundancy frequently occurred after only two or three
iterations.

A value for the averaging time T must be chosen and it may

AV
be expected that its effect will be small once it has been made
larger than the width of the non-zero portion of the average. Shown
in figure 7.4(a) are the results obtained using four different
averaging times on the sampling of the velocity at y/§ = 0.05 used
previously. These results clearly demonstrate that the effect,if any,
of varying the averaging time is indeed small; the precise value is,

la

therefore, somewhat arbitrary. In what follows a value of T,y UO/GA = 25
was used. Higher values were not used because of the necessary increase
in computing time associated with the process.

Finally in figure 7.4(b) are shown a few of the typical
correlation curves that are usually produced during the first
application of the process; these are presented to demonstrate that a
maximum in the correlaLion can usually be unambiguously identified.

This process has been applied to most of the velocity averages

that are presented in the following sections. Such averages will be
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seen to represent patterns of large time scales and significant coher-
ence. Under these circumstances the technique was found to be parti-
cularly useful to redefine the detection points. As will be demonstratéd
in a later section however, the ensemble averages of the wall pressure
feature a steep negative fall in pressure, but because the pressure
signal has a large high frequency content a positive correlation
between the ensemble averaged time-history and the signal itself was
found to occur even at times quite unrelated to the times when the
detection criterion was satisfied. 1In this particular case there was
considerable doubt as to the validity of the results obtained from the
technique, and it was therefore not used for this case.

In all other cases the technique was successfully used and
it is reiterated here that the technique consistently enhanced the
amplitude of the averages and never introduced any obviously spurious

behaviour in the averages themselves.

7.3 Sampling of the Streamwise Velocity in the Normal Direction

Ensemble averaged time histories of the streamwise component
of velocity at variouslpoints in the layer, have been generated using
the high frequency detection criterion and the enhancing technique
(section 7.2), with the detection signal generated from the velocity
signal being studied. The results of this test for two Reynolds num-
bers are shown in figure 7.5. Also shown are the results obtained for
the wall shear stress. -

In all cases the averages of the velocity do reflect the
trends that can be observed visually in the signals shown in figure
5.5. They indicate that a dominant structural feature is one of a
steep positive going step in velocity giving rise to the possibility

of time records that have a sawtooth character. At times far from
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Figure 7.5 Ensemble averaged time histories of the streamwise velocity at various
points in the layer, for the high Reynolds number flow (left) and the

low Reynolds number flow (right). Detection is based upon the signal
being sampled and averaged.
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the point cf detection, the ensemble averages become less and less
representative of the signal itself due simply to the cumulative
effect of the random variations in the time scales of each realization
of the structure. In principle an enhancing technique could be
developed to overcome this problem by time scaling each realization

to maximize a correlation between each realization and the ensemble
average. Although such a technique was tried, it did not prove to
give reliable results and was not pursued.

In the region of the layer where the velocity signals have
low skewness, the fact that the ensemble averaged time histories show
a sharp positive slope (in time) is evidence that regions of sudden
acceleration occur more frequently than regions of steep deceleration.
The detection criterion is unbiased toward either case and the same
behaviour can be observed across the entire layer. If these
accelerations are the feature that in broad terms comstitute a
proportion of the high frequency activity, then the present results
can be seen to be quite consistent with the correlations between
high and low frequency presented previously. It is to be noted however,
that while the same is partially true of the wall shear stresé, the
noticeable increase in high frequency activity near the wall which
generally follows the regions of acceleration (figure 5.5) is lost
within the averaging process used to generate the present results.

The scale of the events depicted in figure 7.5 is quite
large. For example the averages of the wall shear stress have a
temporal extent of tU0/6* ~ 10 which suggests a considerable stream-
wise extent in excess of typical wall scales. Further from the wall
the averaged time histories have even a larger scale and is further

evidence of a large structure with a streamwise extent of the order

of 26.
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Blackwelder and Kaplan (1976) have reported similar averages
near the wall in a boundary layer using an analogous unbiased sampling
technique. They argue that because the region of low velocity
followed by a sudden acceleration is similar to the cycle of events
observed by Corino and Brodkey (1969) and Kline et al (1967) then
such averages may represent the bursting phenomenon near the wall.
Since similar signal features can be identified across the entire
layer, however, it is probably more correct to say that these features
represent features of a large structure and that the occurrence of
bursts is related in some way to the passage of this structure.

Shown in figure 7.6 are the same kind of results that are
obtained across the layer when detection is based not upon a local
event, but upon the velocity at y/§ = 0.25. The wire positions used
were those points where the wall shear velocity correlations were
maximized at zero time delay.

A significant average is,of course,generated at y/§ = 0.25
but the averages are barely perceptible at y/§ = 0.50 and y/& = 0.05
and imperceptible at more extreme points. It will be recalled, however,
that the smoothed rectified high frequency detection signal at
y/8 = 0.25 was positively correlated with the corresponding signals
across most of the layer (sectiom 6.2). The results of figure 7.6
therefore demonstrate a shortcoming of simple averaging techniques
such as these and show that an ensemble averaged time history that is
zero does not necessarily imply the lack of presence of the structural
feature. It results from the randomness in phase (or what is some-

times called phase "jitter') between the different realizations.
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Figure 7.6 Ensemble averaged time histories of the streamwise velocity ccmponents
at various points in the layer, for the high Reynolds number flow
(left) and the low Reynolds number flow (right). Detection in all
cases is based upon the signal at y/3d =0.25 and the wire positions
correspond to those points which were found previously to maximize
the wall shear velocity correlatioms at T =0.



7.4 Sampling of Normal Component of Velocity and Reynolds Stress.

By undertaking careful recordings of the outputs of a cross
wire probe at various positions above the wall, the normal component
of velocity has been measured. The high frequency detection scheme
has been applied to the corresponding streamwise component of
velocity to generate an array of detection points which have then
been used as a basis for the sampling of the normal component of
velocity. The results of this procedure for the high Reynolds number
case only are shown in figure 7.7 where the enhancing technique has
been applied to the u signal to improve the ensemble averages. For
comparison purposes, the corresponding streamwise velocity ensemble
averages that resulted are also presented. The streamwise velocity
averages can be seen to be of precisely the same form as those
presented in figure 7.5, suggesting that the calibration methods used
with the cross wire are satisfactory. It should also be noted that
these averages are all non-dimensionalized by the local rms values
which become small far from the wall so that the averages appear to
have larger amplitude. Near the wall the averages are in fact of
larger amplitude in an absolute sense.

A significant feature of the averages of the v component is
a change in their form across the layer. Near the wall they show a
predominantly positive region with a rather weaker negative region
occurring at positive times. At that time when the strong acceleration
ocecurs on the streamwise velocity, then there is correspondingly a
strong fall in the normal component of velocity. This finding is
also consistent with-the results of Blackwelder and Kaplan (1976).

As the point of measurement is moved farther from the wall, the region

of negative velocity becomes reduced, until at about y/§ = 0.5 the
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Figure 7.7 Ensemble averged time histories of the streamwise component (left)
and normal component of velocity (right) for the high Reynolds
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averages show mostly only a positive going region. Then at still
larger y/§ values, the averages show a negative region once again,
except that now it occurs at a negative time which,for a structure
convected past a fixed measuring point, corresponds to the downstream
side of the structure. (i.e. at the front of the structure). The
very interesting streamline pattern which can be drawn from the
results will be discussed in section 8.1.

The averages of u and v at the outer edge of the layer are
broadly similar to the zone averages presented by Kovasznay et al
(1970) and Antonia (1972) except that no attempt has been made here to
define the difference between turbulent and non-turbulent zones. Both
those reports show that in the turbulent zones near the outer edge of
the layer the v component is initially low and negative at the
downstream edge of the zone and rises to a positive value within the
zone and is near zero at the upstream edge of the zone. The u
component is generally low within the turbulent region so that there
is an implication of a slowly moving and rotating structure consistent
with the averages presented in this section. Near the wall the
situation is different because the rotation implied by the averages
is of opposite sign to that in the outer layer; a model which takes
this phenomenon into account will be presented in section 8.

The form of the averages of both u and v clearly implies a
large negative correlation between u and v or large Reynolds stress
and the averaged Reynolds stress data presented in figure 7.8 show
that this is indeed the case. These curves have been generated by
determining the detection points from the u component of velocity and
the enhancing technique of section 7.2 has been used on this component

to define detection points accurately. The instantaneous signal uv
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was then sampled at these points and an ensemble average generated.

It is clear from figure 7.8 that significant contributions
are made to the Reynolds stress: the averaged values are typically an
order of magnitude greater than the mean value near the. outer edge
of the layer and two to three times greater than the local mean near
the wall. The particular results near the wall (i.e. aty = 0.058 or
y+ = 170) are similar to those reported by Blackwelder and Kaplan
(1976) whose measurements were restricted to wall region (y+ = 15).
Their results are of rather larger amplifude possibly because of their
closer proximity to the wall or the lower Reynolds number of their
experiment.

An important feature of the present Reynolds stress data and
a feature that may be observed in the data of Blackwelder and Kaplan,
is that particularly at y = .0586 the averages show twin maxima, one on
either side of the low value at the time of detection. Such an
effect is clearly a result of the steep negative to positive jump of
the streamwise velocity component and the cdrresponding sudden fall
in the normal component of velocity. The same effect cannot be
discerned in the data of Willmarth and Lu (1971) and this is a
reflection of the different sampling criterion that they used. It
was based on a fixed level of the streamwise component of velocity and
with such a scheme the detected points will not always bear the same
phase relationship to the structure of interest from one realization
to the next. Therefore the rather subtle effect that may be discerned
in the present uv averages could become lost during the averaging
process.

Despite this, the averages are not entirely inconmsistent with

the detailed and extensive set of data presented by Willmarth and Lu
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(1971) in that the large contributions to the Reynolds stress are
made by slow moving structures lifting away from the wall (bursts in
their terminology) and faster structures moving towards the wall
(sweeps). The present data show additionally that there is a clear
relation between the occurrence of these two kinds of events which
apparently arises from the presence of a large structure. Such a
conclusion is also consistent with the work of Lu and Willmarth (1973)
that the mean periods of these two kinds of events scale on outer
flow variables, and are approximately the same across the entire

layer.

7.5 Conditional Analysis of the Spanwise Geometry

Having established some of the features of the large struc-
ture in a plane normal to the wall, attention is now turned toward
the three dimensionality of the structure. The correlations of sec-
tion 5.3, between the streamwise components of velocity at points sep-
arated in the spanwise direction, have shown a characteristic feature
of twin maxima at probe separations of the order of Az = 0.38. This
is an important finding as it shows an unexpected degree of struc-
tural organization in the spamwise direction. Evidently the correlation
curves are the result of a structure which has regions lying laterally
oblique across the flow. Simultaneous measurement of the velocity at
two points will record significant correlation at positive time
‘delay for half the time and at negative time delay for the other
half of the time. This behaviour is visually evident in the velocity

time records and it is useful to follow a conditional analysis of
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the same data to quantify the degree of this spanwise inclinatiom,
Clearly, to conditionally generate an ensemble averaged time

history of one signal on a basis of excursions in the other signal

is not appropriate for this case. One must somehow discriminate

between the occurrence of the two differently inclined parts of the

structure. Since this feature of the structure was first highlighted
by correlations, it would appear that the discrimination should be
based upon short time estimations of the long time correlations, with
the short time correlations being computed at those times when the
large structure is thought to be present. Such correlations will

be likely to show maxima at either positive or negative time delays

depending upon the sense of the inclination of each realizatiom.

This kind of analysis has been undertaken and is described in more

detail below:

(1) Initially the presence of the large structure in a given
velocity record was discriminated upon using the high
frequency detection criterion described in section 7.1.

The enhancing technique was used to improve the definition

of these points in the velocity record.

(ii) Short averaging time correlations centred on the flagged
points were then computed between the first velocity time
record (at time t) and the time record from an adjacent
hot wire (at time t + T) which was separated from the
first in the spanwise direction only. The correlations
were normalized by the long time averaged rms signal levels
and the averaging time used was T,y UO/G* = 25 in each
case. This is the same averaging time that was used with
the enhancing technique and was selected because it is

comparable to the apparent temporal extent of the large
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structure whose ensemble averaged velocity time histories
were shown in figure 7.7. Longer and shorter averaging

% %
times (508 /UO and 1268 /Uo) have been used and were not

found to change the nature of the results.

(i11) Each short time correlation was then searched within some
positive and negative search time TS (i.e. from - TS to
+ TS) for the maximum peak value that occurred pearest the
zero time delay point. They were then sorted into two
cases depending upon whether this value occurred at
T<0or T=0. Ensemble averages of the short time
correlations were then computed for each case. This process
represents an attempt to discriminate upon the occurrence
of the two different structural forms which are evidently
responsible for the twim maxima in the long time

correlation.

It is apparent that because the search is based upon maxima
in the correlations, then the ensemble averaged curve will show a
maximum at some time delay. If, however, the results exhibit
behaviour that is different from what might be expected from
uncorrelated signals, then some significance may be attached to the
time delay at which the ensemble averaged curve peaks. The position
of this maximum will also depend upon the value of Ts’ so that a
range of values must be used to determine the importance of the
search time.

The typical results that are obtained from such an analysis
are shown in figure 7.9 for the high Reynolds number case. They are
presented as the time delays ITm! at which the ensemble averaged

correlation curves peak for different values of the search time TS.
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Figure 7.9(a)-(c)

Figure 7.9(d)

Absolute values of the time delay, ‘Tml, at which the

conditionally ensemble averaged velocity correlations

peak, -as a function of the search time T_. Three
positions in the boundary layer (y/6 0575, 0.50, 0.25)
and three spanwise separations (o, z 0.1568; A, z 0.30¢;
o,z = 0.458) have been used.

o

The corresponding results obtained when uncorrelated signals
from the same position in the layer are used (o, v = 0.758;
A, vy = 050650, v = 0.258). These results apply to the high
Reynolds number flow.
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Three different points in the béundary layer have been used

(y/§ = 0.75, 0.50 and 0.25) and in the lower portiom of the figure
are shown the results obtained when the same process is applied to
uncorrelated signals from the same regions of the layer. In all
cases as TS is increased from a small value, then le] increases
monotonically. Eventually however a point is reached where lel no
longer increases and becomes independent of TS. This arises because
the search time becomes large enough for the search process to
always find the same peak in each short time correlation. When

this occurs the curve corresponding to a negative time delay levels
out at the same absolute value of time delay as the curve for a
positive time delay. This is a consequence of the spanwise homogeneity.
Furthermore, these values of lel increase with the spanwise
separation which indicates that the large structure does indeed have
regions lying laterally inclined across the flow.

Comparison of these results with those for the uncorrelated
signals indicates a rather Eimilar behaviour, however the time
delays where independence of TS is exhibited are not always the same
as obtained for the correlated signals. There are occasions when
they are higher and occasions when they are lower. At y/& = 0.75
for example, the uncorrelated signals show the same time delay
plateau as that for the largest separation studied (0.458). At
y/8 = 0.25 however, they show a plateau at a time delay which is
less than that for the largest separation. For this second case it
would appear that the nature of the turbulence is such that a peak
in the correlation is found, on average, later than would be
expected through a random association of events. This lends some
credibility to the discrimination technique that is being employed.

The time delays at which the curves of figure 7.9 indicate
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a constant level are presented in non-dimensional form in figure
7.10(a) for the high Reynolds number flow. Figure 7.10(b) shows the
results that are obtained when the analysis 1is applied to the data
from the low Reynolds number flow. In both cases the various curves
for different positions above the wall show similar behaviour and
comparison with the correlations in figures 5.6 and 5.7 previously
shows that the time delays from the present analysis are the same
as those inferred from the long time correlations. The angle of
the structure with the stream direction appears to be more acute
nearer the wall but this is a reflection of differences in convection
velocity. If the same data is non-dimensionalized by the local mean
velocity Um instead of the free stream velocity Uo, the curves shown
in figures 7.10(c) and (d) are obtained. There is a tendency for
the points to group themselves more nearly on a single curve so
that it appears that different parts of the large structure are
convected with a speed near the local mean. This suggests that the
structure, which is also inclined to the wall, is slowly rotating.
The angle that the large structure apparently makes with
the stream direction can be inferred from figure 7.10(c) and (4)
and appears to be about 929 if the features of the large structure
are convected at the local mean velocity. It was suggested in
section 5.3 that the large structure responsible for these
correlations might be similar to the turbulent spot that has been
observed during transition. The photographs of the turbulent spot
taken by Elder (1960) show the angle between the leading edge of the
spot and the stream direction to be about 20°, although Schubauer

and Klebanoff (1955) have reported the somewhat lower value of

H

15°. 1t would appear perhaps, that the large structure of the

boundary layer does have some features in common with those of the
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turbulent spot. The correct interpretation of this apparent angle 1is,
however, rather mnre subtle as the results presented are an ensemble
of many realizations and may not represent only the shape of the front
or leading edge of the structure. The implied geometry could also be
representative of the rear of the structure. It is of interest to
make use of the simultaneously recorded outputs of a rake of three
hot wires to determine more of the character of the individual members
of the ensemble. If three wires are used (positioned, say at z/§ =
0.15, 0.0 and-0.15) two similar short time correlations may be com-
puted between the signal of the central wire and those of the adjacent
side wires. The time delays at which the maxima of these correlations
occur may then take four possible combinations, each representing a
different feature of the structure, and these will be referred to as
the front, back or either of two sides. A search for each combination
can be made and the relative frequency of occurrence of each structural
feature determined. If, for example, the fronts (which presumably pre-
cede the backs) can be identified either more or less frequently than
the backs, then the structure must have a definite streamwise asym-
metry leading to a bias in detection of one region over the other:
Such a search has been made for the high and low Reynolds number
data used previously and the results are summarized in Table 7.1 as |
the percentage of occurrence of each possible spanwise distribution.
Ambiguous cases (i.e. those which display short time correlations
that peak at T = 0) have been rejected. In all cases, for this
probe separation, the most frequently occurring features are
evidently the two sides of the structure. The rear surface is the
next most commonly occurring feature and is apparently detected more

frequently than the front of the structure. Such a bias is likely
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TABLE 7.1

Percentage of occurrence different spanwise

distributions determined by the short time

correlation technique applied to the signals
from a rake of 3 hot wires.

i 2 3 4
3
@]
—t [14)]
= & T <0 T >0 T >0 T <0
) - 1 1 1 1
— o
0 9 T <0 T >0 T <0 T >0
= B 2 2 2 2
n U
c O
[oF]
y/§ Back Front Side Side
0.75 0.26 0.18 0.28 0.28
& 0.50 0.26 0.14 0.28 0.32
=
20 10.25 0.22 0.18 0.27 0.33
=
0.75 0.26 0.17 0.27 0.30
[0}
= 10.50 0.25 0.18 0.30 0.27
e
S 10.25 0.24 0.12 0.31 0.33

since the detection of the presence of the large structure is based
upon what appears to be the rear of the large structure and it is
the rear surface which tends to dominate the structure. The front
of the large structure appears to be rather poorly defined in
relation to the rear surface.

If a simple model is followed in which the spanwise extent
of the large structure is L and the width of the rake of three wires
is &, then the probability of detecting the centreline of the
structure somewhere within the rake (i.e. a front or a back in table

7.1) is given by £/(L - 2). The values of table 7.1 show that this
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is generally about 407 which for % = 0.38 indicates that the spanwise
extent of the large structure is of the order of 0.86. This
represents an underestimate,however, because a proportion of the
cases that resemble a front or a back may in fact result from two
structures lying side by side and which satisfy the discrimination

requirements.

7.6. Conditional Sampling of the Wall Pressure

It has been established that the small scale shear stress
fluctuations near the wall are intimately related to the passage of
a larger scale structure. The mechanism responsible for this
relationship is,however, not clear. Offen and Kline (1973) and
Willmarth (1975a) have suggested that it is the pressure field
generated by a larger structure that gives rise to the small scale
events (bursts and sweeps) near the wall and indeed a correlatiomn
has been found between the high frequency component of the wall
pressure signal and the low frequency component (section 6.1). This
suggests that there is a relation between the occurrence of the large
scale pressure field and small scale events near the wall, but does
not indicate whether one gives rise to the other. The experiments
described below have been undertaken in an attempt to establish if
such a causal relation is present by generating conditionally
ensemble average time histories of the pressure signal. It will
become apparent, however, that the data require a rather cautious
interpretation.

The results'of such an experiment are shown for the two
Reynolds numbers in figure 7.11(a) - (d). The enhancing technique

has not been used in either this or the following work. Figures
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7.11(a) and (b) show the ensemble averaged time histories that
arise if the high frequency detection criterion is determined from
the pressure signal itself. Figures 7.11(c) and (d) show the results
obtained if the detection is based instead upon the velocity at
y+ = 30. (Care was taken when digitizing this data to ensure that
the presence of the hot wire did not give rise to spurious wall
pressure fluctuations; it was found necessary to place the wire
slightly downstream of the pressure transducer by a distance of
x+ = 60. The convective delay between the two probes is, however,
very small in relation to the scales of figure 7.11 and may be
ignored.) When the detection is based upon the velocity signal, the
amplitude of the averages is rather smaller than for the case where
the detection is based upon the pressure signal itself. In each
case, however, the shape of the averages are very similar and show
the dominant feature to be a region of steep fall of pressure (in
timé). Burton (1974) has also remarked that such regions tend to be
more significant than regiomns of rising pressure. Additionally when
the detection is based on the pressure signal itself, the time width
of the non-zero portion of the averages (figure 7.11(a) and (b)) is
quite large being of the order of 205*/U°. Evidently these time
histories are those due to structures of rather large scale and
since they are based upon the excursions of the high frequency content
of the pressure signal they reflect correctly the correlation
between the two scales of motion that was found previously.
Willmarth (1975a) and Burton (1974) have also reported
conditionally sampled and averaged wall pressure data and their
results are reproduced in figure 7.12(a) and (b). They based

. o . )
detection on the low pass filtered velocity at y = 15 being equal

to -2u' and decreasing; the basis being that this may represent the
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turbulent bursts characterized by outward migrations of low momentum
fluid. These two results both have the feature of being low at the
time of detection although Burton's result shows a more significant
region of positive pressure at negative times. Burton's result is,
therefore,very similar to the present results of figure 7.11,
however Willmarth's result is unlike the present data. Because of
the differences in detection criteria, however,direct comparison is
not strictly valid. Therefore, their experiments have been repeated
for the high Reynolds number case and the ensemble averaged time
histories that result are shown in figure 7.12(c) and (d) where in
the present case detection has been based upon the low pass filtered
velocity at y+ = 30.

Willmarth (1975a) does not state what filter cutoff he used
although it is likely to be the same as used by Willmarth and Lu
(1971) i.e. fc =0.2 UO/GT which has, therefore,been used to generate
figure 7.12(c). Burton (1974) used a filter cutoff of fC = 1.7 UO/G*
which in the present case could not be implemented directly because
it represents a frequency greater than the Nyquist frequency of the
data. The unfiltered velocity signal was, therefore, used. The
similarity of the two ensemble averaged time histories in figures
7.12(c) and (d) demonstrates that the use of filtering has little
effect upon the final results and in each case the dominant feature
of the average is now a region of pressure increase with the pressure
once again being low near the point of detection. Except for the
more dominant region of pressure increase, the present results are
very similar in character to that of Willmarth (19752). He used a
rather large transducer (d+ =~ 160, d/ﬁ* = 1.7) which may be the

reason why the reglon of pressure increase is apparently attenuated
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in his case. The present results are,however, rather different from
Burton's in that a region of positive pressure at negative times is
not apparent. The reason for this is not clear,but it may be a
reflection of the response of the pinhole microphones that Burton
used (see Appendix B).

The great dissimilarity of the results of figure 7.12 and
those of figure 7.11 and the lack of agreement with Burton's result
suggests that the conditionally sampled data needs to be examined in
more detail. The sampling of the wall pressure on a basis of
excursions in the velocity has therefore been extended to include

the following specific cases:

(1) Points where u = —u' and decreasing
(ii) " " u < -u' and local minimum
(iidi) " " y= u' and increasing
(iv) " " u> u' and local maximum.

Filtering of the velocity signal has not been used as it has
been shown to have little effect upon the final results; a lower
discrimination level has been used to reduce statistical uncertainty.
Use of these detection criteria on the veloc{ty at y+ = 30 gives
rise to the ensemble averaged time histories of wall pressure shown
in figure 7.13 for the high Reynolds number case. It can be seen
that a positive velocity is associated with a region of positive
pressure followed by a sudden fall in pressure. Conversely a negative
velocity is associated with a region of negative pressure followed
by a sudden rise in pressure. The additional requirement that the
velocity also be a local maxima or minima does not dramatically

change the curves.

These averaged time histories indicate a considerable
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relation between the velocity at y+ = 30 and the wall pressure but
they do not indicate whether the time histories result from two dif-
ferent structural forms or‘represent different portions of the same
more complex structural feature. In addition,a visual inspection of
the original signals leads to little indication of any of the aver-
ages shown being. representative of typical pressure signatures.

In section 7.3 it was demonstrated that a typical structural
feature that could be observed in the velocity signals near the wall
was characterized by a low velocity that rose steeply to a positive
value and fell to zero thereafter. Such a time record is also likely
to satisfy the four detection criteria used to generate figure 7.13
and this suggests that the curves shown in that figure represent dif-
ferent portions of the same more complex wall pressure signature. In
order to see if this was so, a double detection procedure has been
adopted which uses the four detection criteria outlined above, at
points where the velocity signal is also known to satisfy, locally,
the high frequency detection criterion. - In more detail, the procedure
that was as follows.

(i) The velocity signél at y+ = 30 was searched to find these
points where the high frequency detection criterion was sat-
isfied, that is the points where the smoothed rectified high
frequency component of the signal was a local maximum greater
than 1.5 times its rms level. The ensemble averaged time
history of the wall pressure generated at these points has
been shown in figure 7.11 previously. The resulting aver-
aged velocity time history showed the same sawtooth character
as was shown'in figure 7.5 for the velocity near the wall.

(ii) Having located the initial points, the velocity signal
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was searched within positive and negative times around

these points for the nearest positions where the four
detection criteria of figure 7.13 were satisfied. The
average of the time differences between the initial detection
points and the second set of detection points was in all

four cases quite small (lton/G* ~ 1.0 - 2.0) suggesting

that the points which satisfy the four criteria are now

associated with the same structural feature.

The ensemble averaged time histories of the wall pressure
generated at these points are shown in figure 7.14 for the high and
low Reynolds number flows. They have been displaced in time by an
amount corresponding to the average time at which the second
detection occurred relative to the first and in all cases, except
for this time shift, they can be seen to be rather similar to the
results given in figure 7.13. Evidently these represent different
portions of the same structural feature whose likely velocity and
pressure signatures are of the kind shown in figure 7.15(a) . Given
a certain amount of random variation in the phase and scale of each
realization, if the wall pressure is sampled at the points marked
A, B, C and D in that diagram, then averaged time histories of the
kind shown in figures 7.14(a), (b), (c) and (c) are likely to result.
Additionally if the pressure time history is sampled and averaged
at the points where only the high frequency detection criterion is
satisfied by the velocity signal (i.e. where the velocity is rising
steeply in time) then the averaged time histories shown in figure
7.11 (¢) and (d) are likely to result. The dissimilarity between
any one of these averages and the pressure time history propesed in
figﬁre 7.15(a) demonstrates a major shortcoming of simple averaging

techniques such as these. As mentioned in section 7.3, as the poin:
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of interest moves away from the time of detection, the amplitude of
the average becomes small because of the cumulative effect of random
variations in the phase and scale of the different realizations used
to generate the averaged time history. Therefore an averaged time
history does not necessarily reflect the true behaviour of the struc-
tural features in the signals. The same effect is present in the
velocity averages presented in sections 7.3 and 7.4, but it is far
less severe because the velocity signal is considerably more well
defined and organized than the pressure signal. Under those circum-
stances the averaged time histories do represent quite well, the
trends that can be visually observed in the signals.

If the inferred pressure signature shown in figure 7.15(a)
is correct, then it might be expected that occasions could be recog-
nized in the raw signals that have such a form. Some short time
records of the velocity and wall pressure data for the high Reynolds
number casa, that have been used in these experiments, are presented
in figure 7.15(b). Those points where the velocity signal satisfied
the high frequency detection criterion have been flagged. Visual
examination of the wall pressure signal at the corresponding times
shows a few occasions that appear to have the proposed form, but the
evidence is by no means overwhelmingly in favour of this form. This
would appear to be a result of the fact that at any given instant the
wall pressure signal represents a complex summation of the effects of
pressure sources across the entire layer. Because of the randomness of
the field, these sources are essentially uncorrelated or at best weakly
correlated with the velocity signal at y+3=30. They therefore make a
net zero contribution to the average and in this way it can be seen that

the averaging process has served to pick out only the component of the
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wall pressure signal that is generated by sources in the region
around y+'= 30. The presence of other sources and the complete
description of the pressure field is lost.

If this is the case, then in principle it becomes possible
to compute the component of the wall pressure that is associated with
sources in a region above the wall whose typical velocity signatures
resemble those given in section 7.4. (These velocity signatures it
will be recalled, represent the back or trailing surface of a large
structure). Such a computation has been undertaken and is presented
in Appendix E. The resulting computed pressure time history (figure
E1l) is very like the form proposed in figure 7.15(a) and suggests
that the averaging process does indeed pick out only the component
of the pressure field associated with sources in a region near
where the velocity signal (used as a basis for detection) is
measured.

The averaged time history of the wall pressure that was
determined on a basis of thehigh frequency activity of the pressure
signal itself (figures 7.11(¢(a) and (b)) will presumably not suffer
from such effects, and therefore will represent a more general
feature of the pressure field. It does, however, suffer from the
cumulative effects of the random variations in scale and phase that
have been shown to be present. It is, therefore, likely to be a true
representation of the wall pressure field only at times quite close
to the detection point. The result therefore suggests that when the
observed high frequency disturbances occur on the wall pressure, a
feature that is more common to all the realizations is a region of
falling pressure. A model that accounts for this feature will be

presented in section 8 where, on a basis of the work of this section,
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the role of the pressure in the turbulent bursting process will be
evaluated.

When detection is based upon the velocity at a fixed point,
the averaging process apparently gives rise to a bias toward only a
component of the pressure field. The same effect will arise if a
long time averaged correlation is computed between the wall pressure
and the velocity at some point in the layer. Such a correlation is
likely to reflect only the correlation between the source terms in
the vicinity of the point where the velocity is measured and the
component of the pressure that they produce at the wall, This
probably explains the significant finding of Willmarth and Wooldridge
(1963), that if correlations are computed between the wall pressure
and the velocity at different di;tances from the wall above the
pressure transducer, then the region of non-zero correlation occurs
at the same time delay no matter how far the hot wire is from the
wall. The correlations do not reflect the way structures are inclined
to the wall because the local source terms produce a pressure
component at the wall that is predominantly directly under the source,

and it is this component which dominates the correlatioms.

7.7. Convection of the Pressure Field

Because of the non-disruptive nature of the wall pressure
measurements it becomes possible to follow the passage of discrete
pressure disturbances downstream using simultaneous recordings from
two pressure transducers, with the second device at various fixed

distances downstream from the first. This, it will be appreciated,

is difficult to do using hot wires or hot films because the thermal
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or aerodynamic wake of the upstream probe will influence the downstream
probe.

Several data runs were recorded using two flush mounted
transducers; the output of the downstream transducer has been
conditionally sampled on the basis of the high frequency detection
criterion generated from the signal on the upstream probe. A few
typical results are shown for the high Reynolds number case in figure
7.16 (the enhancing technique has, of course,not been used). In each
case the nature of the averages is the same as has been found
previously for a single probe, except for a time shift which
increases as the probe separation increases. At larger separations,
the signature becomes progressively less clear, but only at
separations exceeding 156* or 28 can it no longer be identified.

This need not be because of a decay of the pressure signature, it is
more probably a result of the differences in convection velocity of
each realization causing the amplitude of the averages to become
small.

1f, as previously suggested, the most common feature of the
structures represented by these averages is the negative going zero
crossing, then a convection velocity may be defined for each
separation by finding the times at which this point occurs on each
trace. This has been done for the high Reynolds number case, and
in addition two other Reynolds numbers which maximize the differences
between the values of the scaling parameter UO/G*; the results are
displayed in figure 7.17(a) and (b). In all cases the convection
velocity obtained is independent of the probe separation and is about

67% of the free stream velocity.
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Burton (1974) has reported a measurement of the convection
of a discrete pressure structure similar to the present structure
and he finds a velocity of 0.67 Uo in excellent agreement with the
present value. Emmerling's (1973) measurements show discrete small
scale phenomena being convected at speeds in the same range, although
some are moving rather more slowly. If, following Bull (1967), it 1is
assumed that the dominant source of the pressure disturbances lies
at a point where the local mean velocity equals the convection
velocity, then the dominant source of these disturbances appears to
be at y/5* = 0.5 or y/§ = 0.07.

The spanwise scale of thg disturbances whose convection
velocity has been determined, is not large, although it is rather
larger than typical wall scales. In the present case the small scale
excursions on the wall pressure (which characterize the disturbance)
have frequently been simultaneously observed over spanwise separations
of the order of 0.258. This observation is supported by the fact
that the smoothed rectified high frequency component of the pressure

is positively, although only weakly correlated over such distances.
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8. A MODEL FOR THE LARGE STRUCTURE

The correlation and conditional sampling work that has been
reported support the existence of a large organized structure within
the boundary layer. In the sections that follow a model for this
structure is proposed which consolidates these findings and which
is also consistent with many of the previously reported boundary
layer studies. It will become apparent that the broad features of
this model are similar to those of the turbulent spot that has been
observed to occur during transition from laminar flow to turbulent
flow and which Coles and Barker (1975) have suggested may be the

basic building block of the turbulent boundary layer.

8.1. Results for the Large Structure Streamline Pattern

Before discussing the details of the model of the large
structure, an experimentally determined streamline pattern of the
large structure will be presented which will show how the conditionally
averaged data lead to the model that is proposed. This streamline
pattern is shown in figure 8.1 and has been determined from the
ensemble averaged time histories of the velocity components from the
high Reynolds number flow. Some examples of these were given in
figure 7.7 previously and were obtained by applying the high frequency
detection criterion to the u component of velocity at various points
in the layer. Ensemble averaged time histories of both the u and the
v components of velocity were then computed and the enhancing
technique was used to improve the averages as described in section
7.4. These averaged time histories have been computed independently
of one another; however, it was demonstrated in section 6.2 that the

smoothed rectified high frequency detection signal at y/§ = 0.25 is
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positively correlated with the corresponding component of the
velocity signal at other points in the layer. This suggests that
there are times when time histories resembling the averaged time
histories occur simultaneously across the layer. The time delays
where these correlations peak are a reflection of the way the large
structures are inclined to the wall. The line corresponding to this
angle of inclination has been shown in figure 5.3(b) and by position-
ing the independently determined ensemble averaged time histories of
u and v along this line, the streamline pattern of figure 8.1 results.

In this figure the direction of each vector has been found
from arctan (v/(Us + u)) and the length from ((US +u)? + vz)l/2 where
Us = Um - Uc’ Um is the local mean velocity, u and v are as usual the
fluctuating velocity components in the streamwise and normal direc-
tions and UC is the convection velocity of the observer's frame of
reference. The centre of each vector corresponds to the point 6f meas-
urement in each case and the structure has been presented as the view
that would be seen by an observer moving with the large structure,
that is, an observer moving with a speed, Uc’ which is of the order
of 0.8 Uo. (Changing this convection speed does not change the gen-
eral features of the streamline pattern greatly). Although the hori-
zontal coordinate on the diagram is time, the pattern has.intentionally
been presented as an equivalent spatial distribution. Since for a
fixed observer the spatial distribution of a velocity field is related
to the temporal distribution by a negative relation (x = —UC t for a
frozen distribution) it has been necessary to invert in time the
ensemble averaged velocity time histories used to generate the dia-
gram.

It is notable that the entire set of independently determined

averaged time histories when presented in this way form a picture of
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a single coherent and organized large structure. This is indicated
by the solid lines in figure 8.1 which are not intended to represent
streamlines but are presented as a visual guide only.

At distances from the wall in excess of about 0.48 the
dominant feature of the structure is a flow outward away from the
wall which turns back toward the wall at the top and front of the
structure. Nearer the wall the flow (in the convected frame of
reference) appears to be in the ﬁpstream direction and turns toward
the wall at the back of the structure. This is a consequence of the
way the averaged time histories of v change across the layer. Near
the wall, at the rear surface of the structure the streamlines show
curvature which is convex with respect to the wall. It can be seen
therefore that the large structure gives rise to warped streamlines
near the wall and the importance of this finding will become
apparent in the discussion of section 8.3 where it will be argued
that streamline curvature could give rise to a rotatiomal instability
in that region.

The most dominant feature of the entire structure is the
back or upstream surface of the structure where the steep velocity
gradients exist. In this region there is the possibility for shear
instabilities to occur which may give rise to the "typical' eddies
that have been observed by Falco (1976). Indeed the entire
structure can be seen to be very similar to the large structures
photographed by Falco at a much lower Reynolds number.

Willmarth and Wooldridge (1963) have computed a large
structure streamline pattern on a basis of pressure-velocity
correlations. While the general rotation of that structure is the

same as in the present case, it does not indicate the important way
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the structure is inclined to the wall. The reason for this is
related to the effect of the averaging process associated with the

generation of the correlations and was discussed in section 7.6.

8.2. Details of the Large Structure Model

Having established some of the broad features of the large
structure from experimentally determined data it is now possible to
define the more detailed features of the model. A schematic diagram
of the structure is shown in figure 8.2 and also shown are the
likely wall shear stress and wall pressure distributions that would
be measured near the centre line of the structure. The structure
is shown in a coordinate system fixed in the large structure, that
is a coordinate system in which the streamlines are changing only
slowly. The convection speed of this frame of reference is not
precisely kaown but it is likely to be of the order of 0.8 Uo which
is the convection velocity of the low frequency or large scale
component of the wall pressure as determined by Willmarth and
Wooldridge (1962) and Bull (1967). (The precise value of the
convection velocity of the frame of reference is not important as
far as the present discussion is concerned.)

In this convected frame of reference this structure appears
as a horseshoe vortex which gives rise to the depicted velocity
field in the centre plane of the vortex. The structure is also
inclined to the wall and the results of section 5.1 suggest the most
probable value of this angle is about 18°. From the time scales of
the wall shear velocity correlations and the time scales of the
conditionally sampled measurements, the structure has. a length of

the order of 28 at the wall. Additionally the large structure gives
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Figure 8.2 Schematic diagram of the large structure and its likely wall shear and
wall pressure distributions.
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rise to a "slowly" varying part in the wall shear stress and small
time scale, large amplitude fluctuations occur just before the maxi-
mum in the "slowly" varying part of the signal. An example of this
kind of wall shear signal is shown in figure 8.2. Evidently, the
large structure gives rise to a characteristic response in the wall
region which is observed as high frequency, large amplitude fluctua-
tions. The generation of bursts and sweeps near the wall are prob-
ably part of this characteristic response. This slowly varying part
of the wall shear is the component that also contributes to the span-
wise wall shear correlations presented in section 5.4. A region of
positive wall shear occurs along the center line of the large struc-
ture but is apparently of rather narrow extent, since the wall shear
correlations are negative at larger separations. Such a wall shear
distribution would account for the in phase - out of phase behaviour
of the‘spanwise wall shear correlations that was observed in section
5.

The unusual set of spanwise velocity correlations that were
reported in section 5 and which showed a characteristic feature of
twin maxima, result not only from the shape of the structure but
also from the nature of the flow within it. The flow at the rear
of the structure is evidently stronger and more highly correlated
than that at the front and the structure, therefore, has consider-
able streamwise asymmetry. Two hot wires at small separations will
then record the passage of a side of the structure at different times
so that an ensemble of such occasions for both sides will show a
feature of twin maxima in the correlation. (This effect would be
unlikely to occur if the structure had no streamwise asymmetry.)

A stagnation point exists on the upstream side or rear
surface of the large structure where the sharp changes in velocity,

discussed previously, occur. These local shear layers are likely to
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give rise to the "typical" eddies marked in the smoke picture
presented in figure 5.3. Along the rear part of this structure the
flow is outward away from the wall and is associated with large
positive contributions to the Reynolds stress. Nearer the wall the
flow at the rear of the structure is toward the wall and because of
the change in the mean velocity profile, this region is also
associated with positive contributions to the Reynolds stress.

At the front or downstream part of the structure and at
the outer edge of the layer there is another return flow toward the
wall. This accounts for the way the conditionally averaged time
records of v behave with increasing distance from the wall. Since
the large structure is moving with a speed less than the local mean,
such a flow implies a negative contribution to the Reynolds stress
(-puv<0). From the quadrant breakdown of Reynolds stress presented
by Lu and Willmarth (1973), however, this quadrant (u<0, v<0) is
associated with rather small values of negative stress. Therefore
it is likely that this wallward flow in the outer part of the layer
is a more diffuse and weaker flow than the outward migration occurring
at the rear of the structure. The early work of Grant (1958) has
also shown that outward migrations of fluid tend to be more highly
correlated than inward migrationms.

Having illustrated the large scale features of the structure,
the discussion is now turned toward the organized small scale motions
near the wall. In the convected frame of reference the flow near the
wall appears as a flow through the base of the structure in the
upstream direction. The turbulent bursts near the wall are known to
be characterized by é momentum deficiency and are followed by a sweep
of high speed fluid towards the wall. Since such velocity signatures

have been found at the rear base of the large structure, then it is



192

likely that the burst-sweep cycle of events occur in this region.
These have been indicated in figure 8.2 where the likely positions
of "1ift up", "break-up" and "sweep' have been shown. In this way
the sweeps are perceived as the intense small scale shear stress
fluctuations shown in the figure.

Attention is now drawn to the region marked "A" where the
streamlines are convex with respect to the wall. Here the mean flow
vorticity and circulation are of opposite sign and for a steady flow
this is the condition given by Rayleigh (1916) for an inviscid
instability. For a viscous fluid it is expected that a characteristic
Taylor number will exist for this region above which a cellular
structure of Taylor or Gortler vortices will be generated. (That is
a secondary flow similar to Taylor vortices between rotating
cylinders (Taylor, 1923) or Gortler vortices in a boundary layer on
a concave wall (Gortler, 1940)). As suggested by Brown and Thomas
(1977) this may be the origin of the longitudinal vortices or streaks
in the wall region and at higher Reynolds numbers this basic
instability may assist in the "break-up' phase of the burst cycle.
(Experimental results will be presented in section 8.4 which support
this model). As the longitudinal vorticity is convected into the
region marked "B" in figure 8.2, the longitudinal straining motion
will intensify the vorticity and return it towards the wall thereby
assisting in the formation of a new streak. This behaviour is
consistent with the behaviour of wall streaks as reported by Offen
and Kline (1973).

The wall pressure distribution shown in figure 8.2 has been
suggested on a basis of the work of section 7.6. It has been
demonstrated experimentally that the component of the wall pressure

generated by a source with a velocity signature characteristic of
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those occurring at the rear of the structure, is a short duration
region of positive pressure with smaller negative regions to either
side (figure 7.15). As the back of the structure passes a measuring
point at the wall, the perceived pressure time history will be a
result of an ensemble of many such sources which will produce larger
and larger contributions to the pressure at the wall as the distance
between the source and the wall is decreased. As the base of the
structure finally passes the measuring point the effect of these
sources will suddenly start to diminish and the time record of the
pressure will show a relatively sudden fall. 1In this way the indicated
pressure distribution might be generated and it can be seen to be very
similar to the ensemble averaged time history that was determined on

a basis of the excursions in the high frequency component of the pres-
sure signal (figure 7.11). 1In view of the work of section 7.6 the sim-
ilarity may be a little fortuitous, but there is little doubt that
regions of falling pressure can be identified in the signals at the
times of significant high frequency activity. These high frequency
fluctuations are not shown in figure 8.2, but will be present and are
associated with the same motions that give rise to the high frequency
shear stress fluctuations. The occurrence of these pressure fluctua-
tions is then associated with the sudden change in pressure which is
consistent with the correlation between the high and low frequency
content of the pressure signal that was reported in section 6.1.

It can be seen from this that the wall pressure 1s higher
upstream of the region where a burst occurs than downstream. This is
in contradiction to Willmarth's (1975a) finding based upon condition-
ally sampled data. quever,as the work of section 7.6 has indicated

conditionally sampled measurements of the wall pressure require a sub-
tle interpretation and an ensemble averaged time history need not

necessarily reflect the true behaviour of the signals.
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Offen and Kline (1973) have suggested that the turbulent
bursts are caused by a local adverse pressure gradient at the wall
with the pressure being higher downstream of the burst. They argue
that the bursts may be viewed in some sense as a convected separa-
tion phenomenon. The present results do not support this mechanism
and it is for this reason that the alternative mechanism, based upon
a rotational instability, has been suggested. (In the convected frame
of reference of figure 8.2 the flow at the wall does appear to be in
a direction of increasing pressure, however it will be shown in sec-
tion 8.4 that the pressure gradients are of little significance and

will be unlikely to give rise to a perturbed velocity profile).

8.3 Discussion of the Model in Terms of Previous Investigations

Since the features of the model of the large structure of
the boundary layer have now been presented, it is possible to compare
the model with the observations of some previous investigators.

Kovasznay et al. (1970) have extensively studied the large
structure in the outer intermittent part of the layer using both cor-
relation and conditional sampling techniques. Their streamwise
velocity correlation contours exhibit the kind of behaviour that might
be expected of a large inclined structure that has the form depicted
in figure 8.2. The conditional point averages of u and v they pre-
sent, show that the front of the large structure is characterized by
a flow toward the wall. At the back of the structure it is away
from the wall for y > 0.68 but toward the wall at smaller distances
from the wall. Precisely the same kind of behaviour is evident in
the schematic diagram given in figure 8.2 although the changeover

point for the present data is rather closer to the wall,
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The general rotation within the outer part of the large structure is
also consistent with the turbulent zone averages of the normal
component of velocity presented by Antonia (1972) for both smooth
and rough walls. The present model predicts that the broad features
of the large scale structure should be independent of the wall
roughness, because in this model tﬁe events at the wall ;re simply a
response of that region to the passage of the large structure so that
changing the nature of the wall will not drastically change the
nature of the large structure. The work of Grass (1971) has also
shown that the structures responsible for the large contributions to
the Reynolds stress have some similar characteristics for different
types of surface roughness.

On smooth walls the characteristic response of the wall
region to the passage of the large structure is the burst-sweep
cycle of events. Offen and Kline (1973) have shown that the initial
part of this sequence, namely the 1lift up of a low speed streak, is
preceded by a disturbance which is moving toward the wall from the
logarithmic region. In their experiments this is observed as a saw-
tooth character being developed in a filament of dye introduced
further upstream. The inclined rear surface of the large structure,
characterized by steep velocity gradients, could possibly distort
a dye filament in this way. Indeed the passage of the rear surface
above a burst could also give rise to an instantanecusly inflexional
velocity profile being observed. The occurrence of such profiles
has been reported by Kim et al (1971) and Corino and Brodkey (1969) .
The same rear surface is probably the interface between regions of
acceleration and deceleration that is described by Nychas et al

(1973) . Along this interface they have observed the frequent
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occurrence of a large transverse vortex whose presence is closely
associated with the occurrence of bursts or ejections. The rotation
of this vortex is usually in the direction of the mean vorticity,
although occasionally opposite. This vortex is evidently the

result of a shear instability and is likely to be similar to the
"typical" eddies of Falco (1976) .

The inclined rear surface of the structure can therefore
be seen to be an important feature of the flow. It is characterized
by large excursions in Reynolds stress and steep velocity gradients.
A bandpass filtered velocity signal will be likely to show large
excursions at the times when the interface passes the measuring
point because of the step response of the filter. It seems probable
therefore that the burst rate count data of Rao et al (1971) based
on such excursions, was in fact detecting the presence of this
large structural feature. This would explain why they find similar
results for the burst rate across the entire layer. Likewise the
counts of Lu and Willmarth (1973), taken in the outer region of the
layer, of the mean period between bursts and the mean period between
sweeps (based on excursions in Reynolds stress) are also probably
detecting the presence of this feature.

The bursts and sweeps exist near the wall and are of small
scale relative to the scale of the layer itself. In this work it
has been suggested that the§ result from a rotational instability
occurring near the wall which initially gives rise to the streaks
of longitudinal vorticity that have been observed in that region.
This will be discussed again in the next section. Since a vortex
line cannot end suddenly, it is likely that these streaks take the

form of long loops or hairpin geometries. This is consistent with
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the work of Offen and Kline (1973), who have suggested that such a
flow pattern is fundamental to the occurrence of bursts. As Willmarth
(1975a) also suggests and as was suggested in section 8.2, it is the
stretching of this vorticity that gives rise to the sequence of events
(1ift up, oscillation and bursting) near the wall. This kind of
distribution of vorticity has also been used by Willmarth and Tu
(1967). to explain the generation of their extensive set of pressure-
velocit& correlations.

Lastly it is interesting to note that the present model of
these wall events could account for the sensitivity of the turbulent
boundary layer to wall curvature, particularly concave surfaces,
although care is required in making the Galilean transformatiomn. It
is also interesting to speculate whether the effect of drag reducing
polymers is due to the ability of the polymer to resist the formation
of the longitudinal vorticity in the unstable region. Small
concentrations of the polymer would have little effect upon the
large structure but the response of the wall region could be greatly

modified.

8.4. Origin of the Turbulent Bursts

One of the significant features of the model that is being
proposed is that it can account for the occurrence of wall streaks
and their associated lift-up and bursting. The model implies that
there should be an intimate relation between these events and the
presence of a large sFructure. Experimental evidence which supports
this relation has been presented in section 6 in the form of a

correlation between the high and low frequency components of the

wall shear stress signal.
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It has been suggested that the mechanism behind this rela-
tion was in the form of a rotational instability resulting from the
streamline curvature near the wall. The experimentally determined
streamline pattern of figure 8.1 demonstrates this curvature and
further experimental evidence will now be presented to support this
feature of the model.

Shown in figure 8.3 is a view of the lower portion of the
large structure that would be observed in the convected frame of
reference moving at a speed of Uc = 0.8 Uo' In this frame of ref-
erence the streamline pattern is steady and the streamlines are
curved convex with respect to the wall which, as has already been
discussed, could lead to a rotational instability in that region,
giving rise to a pattern of cellular vortices in the form of wall
streaks. These longitudinal vortices will then become stretched
during the liftup phase (see figure 8.3). Willmarth (1975a) has dis-
cussed the behaviour of two stretched, contra-rotating vortices near
a wall and has indicated that they tend to 1ift upward away from the
wall along hyperbolic trajectorieé. Therefore, turbulent bursts are
modelled as being a consequence of vortex stretching with the initial
vorticity resulting from a rotational instability near the wall.

Brown and Thomas (1977) have also presented some computations
based on the flow near the wall which allow estimates to be made of
the position at which such a rotational instability might be
expected to occur. It is assumed that the velocity near the wall
depends on the local wall shear so that for a given spatial dis-
tribution of shear stress, a stream function at some height above
the wall may be determined. The reader is referred to that report

for the details of the analysis; the computations show that the wall
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Figure 8.3 Schematic diagram of the flow at the wall beneath the large structure
and the associated distributions of wall shear stress, streamline
radius of curvature, and reciprocal of radius of curvature.
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region is unstable by a Rayleigh criterion and that this instability
will occur at about y+ = 50. Thus a mean spacing of 100 wall units
between streaks is not inconsistent with the model.

In the present series of experiments it would not have been
possible to position a cross wire pair as close to the wall as
y+ = 50, however some crossed wire data was recorded at y+ = 170
(y/8 = 0.05) in the high Reynolds number flow and it is of interest
to correlate activity at the wall (as recorded by the high frequency
activity on a hot film) with the curvature of the flow further from
the wall.

For a streamline, the stream function P is a constant and
the curvature of the streamline is measured by its local radius of
curvature R where

1_ -d% (8.1)

R ax? B )

Y = const

The minus sign ensures that positive values of R are associated with
convex ‘curvature above the wall. Shown in figure 8.3 is the kind of
spatial distribution of R and of 1/R that might be expected for the
indicated streamline pattern. It is apparent that R can vary from
—» to 4% and it is therefore more useful to characterize curvature
instead by 1/R which also has large excursions, but of only very
narrow extent.

Estimations of 1/R can now be made on the basis of crossed-
wire measurements near the wall. Along a streamline with Y = constant,

there is by definition

dy . _8
u

= (8.2)

3
S

where v and u, are the values of the normal and streamwise components
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of velocity in the convected frame of reference.

8.2 yields

i = const.

Combining 8.1 and

(8.3)

Now the crossed-wire measurements have been taken at points

characterized by y = constant as opposed to y = constant. These two

variables are related through the von Mises transformation,

1

Y
Yy =y") = - u dy

0

(8.4)

If the mean velocity with respect to the wall is Um’ then in the

convected frame of reference ug = Um - Uc + u and %= = v, Therefore

8.4 becomes

Yy =Uy'- Um(y)dy - u(x, y)dy

(8.5)

In this equation the third term will be small in relation to the first

and second terms, and therefore lines of constant § can be approximated

by lines of constant y. The implication is that the radius of

curvature of the streamline pattern is quite large near the wall so

that time records of u and v at a fixed height above the wall can be

interpreted in terms of changes in the streamline curvature. For

this case equation 8.3 becomes

1 _-d ["s]

R dx [us

(8.6)
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where the spatial relationship has been converted to a temporal one
by use of the convective relation x = —Uct. Temporal records of
crossed-wire data may therefore be used to estimate a temporal
record of 1/R.

This has been done for the high Reynolds number flow at
y+ = 170 where Um = 0.62 Uo and as before Uc = 0.8 Uo' Because of
the difficulty of accurately differentiating a signal of significant
high frequency content, it is useful first to smooth the records of
u and v. This has been done by low pass filtering the time records
with the same filter cutoff that has been used in most of this work
(wccS*/U0 = 0.43). Such a process restricts the.behaviour of the
curvature so that the small scale streamline curvature is lost. It
is only the curvature generated by the large scale structures that
will remain.

The rms level of 1/R that was obtained was 8.2 m ! which
for = 0.04 m suggests typical values of R in excess of 3§. Nearer
the wall the values are likely to be much larger and will be
infinite at the wall. Although the resulting time record of 1/R
was also found to have some large positive and negative excursions
(see figure 8.3) it was not found necessary to truncate the signal
in any way as they made a negligible contribution to the rms level
of the record.

Cross correlations have been computed between the time
records of 1/R and both the wall shear stress and the smoothed
rectified high frequency component of wall shear. The hot film was
positioned directly ?eneath the cross wire pair and the results are
shown in figures 8.4(a) and (b). The correlation with the original

wall shear signal is dominated by a negative region at negative
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streamlines at yt = 170.
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time delays and conversely a positive region at positive time
delays. The distributions of wall shear and reciprocal of radius
of curvature shown in figure 8.3 could account for this correlation
with positive values of wall shear being éssociated with positive
values of 1/R at a time delay.which is a reflection of the way the
structures are inclined to the wall.

The correlation with the smoothed rectified high frequency
component of wall shear is dominated by a positive peak only. This
is important and indicates that small scale wall shear fluctuations
occur most often when the streamline curvature is positive, that is,
convex with respect to the wall. This curvature is a consequence of
the passage of the large structure which warps the streamlines near
the wall.

If is of interest to speculate as to the role the stream-
wise wall pressure gradient due to the large structure might play in
this process and in the turbulent bursting process. From figure 8.2
it can be seen that, in the convected view, the wall flow is into a
region o% increasing pressure which may change the velocity profile
and thereby affect the stability of that region. By considering a
similar case in Couette flow, however, inflexional velocity profiles
will not develop and the flow should, in fact, become more stable.
In any case, the pressure forces (characterized in Couette flow by
the parameter P =’h/fﬂ;. dp/dx for small pressure gradients) due
to the large scale motions, are very small near the wall (P < 0.01
at y+ = 50). Therefore, the initial vorticity distribution that
becomes stretched giving rise to the turbulent bursts (section 8.3),
would not appear to arise from the effects of a streamwise pressure

gradient., The pressure field depicted in figure 8.2 could possibly
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assist in the generation of the streamlime curvature discussed
above, but by carrying the Couette flow analogy further, it can be
shown that this has an exceedingly weak and negligible effect. The
streamline curvature must evidently result from the vertical pres-
sure gradient of the large structure as opposed to the streamwise

gradient.

8.5 Origin of the Large Structure

A question of some interest that arises is the origin of
the large structure and rélated to this is the questioﬁ of the role
of the events at the wall in relation to the large structure itself.
In view of the earlier findings based on the wall shear velocity
correlations and in view of the previous discussion, the model being
presented is that bursts near the wall do not lead directly to a
new large structure. As has been demonstrated by the work of Kline
et al. (1971) and Willmarth and Lu (1971) and others, however, the
wall events are associated with large values in Reynolds stress and
turbulence production.

Therefore, not surprisingly, the burst-sweep cycle of events
must play a role in the dynamics of the process as a whole in order
that an energy balance is maintained. Therefore,while they do not
appear to directly generate the large structure, they must supply the
existing large structure with smaller scale turbulent energy because
even a moderate aﬁount of wall suction (to suppress the wall events)
leads to the suppression of the entire turbulent field. This still
leaves unanswered the question of the origins of the large structure.
From the correlations of the streamwise component of velocity at

various streamwise positions presented by Kovasznay (1967) it is
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clear that the life times of the structures are very large indeed
and they can be correlated over distances of 206 or more. Therefore,
local measurements of the kind presented here are unlikely to
provide answers to the question of origin.

It is possible to speculate, however, by drawing an analogy
with the plane turbulent mixing layer where the large structures
observed by Brown and Roshko (1974) can be seen to have their
origins near the start of the layer. As the layer grows these
structures amalgamate to form larger and larger structures which
thereby maintain the linear growth rate. Furthermore, this
amalgamation process as described by Brown and Roshko (1974) is
quite a sudden and abrupt process in relation to the lifetimes of
the structures. If an analogous process occurs in the boundary
layer, the large structures may be thought of as originating at the
time of transition. As they are convected downstream they grow and
start to become crowded together and are likely to amalgamate. If
such an amalgamation is also sudden, it is possible that a new
large structure may be suddenly perceived at a given point and the
sequence of events from that time onwards will probably be as
described by Kovasznay et al (1970). The new structure (which it
should be remembered is three dimensional) would have a momentum
defect and there would be a strong upwelling of fluid from within
it because of the induced flow of the vortex line of the structure.
The mean flow would accelerate it, so that it extracts energy from
the mean flow, and it may become stretched in the mean flow
direction. As the layer grows further this process will repeat
itself. An evolving process such as this could then give rise to

the asymmetrical behaviour of the correlations between intermittency
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and normal velocity component that has been reported by Kovasznay
et al. (1970).

At points just downstream of the transition region where
the Reynolds number is low, the scale of wall events (streaks and
bursts) is comparable to the scale of the boundary layer and it is
possible that in that region the bursts help to generate the large
structures in a direct sense, whereas they may play a more indirect
role at higher Reynolds numbers.

It is clear that the same large structure is not the build-
ing block of fully developed pipe flow and yet the flow near the wall
in a pipe is similar to that in a boundary layer (wall similarity).
This is, however, quite likely if a rotatiomal instability is the
mechanism behind the events at the wall as this region requires only
an impressed streamline curvature due to the passage of a large
structure to give rise to the instability described. It is not dif-
ficult to imagine such a large scale motion as occurring in a pipe or

channel flow.
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9, SUMMARY AND CONCLUSIONS

This research has lead to the development of some new experi-
mental and data analysis techniques which have shed considerable light
upon an organized large structure that appears to be the basic build-
ing block of the turbulent boundary layer. A model of this structure
has been developed which is consistent with previously reported
findings.

In what follows the techniques that have been used are
briefly reviewed and the results that they have yielded are also

summarized.

(i) A method for the manufacture of hot film shear stress gauges
has been developed which allows a number of films to be produced
simultaneously and all of which have very well matched geomet-
rical and electrical properties. As a consequence these films
have almost identical responses and sensitivities to wall
shear stress fluctuations. The dynamic wall shear signal
from these devices has a character very like that of a hot
wire signal recorded near the wall and has a power spectrum
which appears to display a mixed scaling. The low frequency
region (wG*/UO<0.5) scales on outer layer variables while the
remaining high frequency region scales on inner layer vari-
ables. Integration of the spectral data indicate a mean square
wall shear value which is 22% of the mean shear at all the
Reynolds numbers studied. The spectral region which scales on
outer layer variables makes about a 70% contribution to the
mean square wall shear, suggesting a strong outer layer
influence. Further direct evidence for this influence lies in
the finding that the dynamic wall shear can be correlated in

the spanwise direction over a distance of about 0.78, or more
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than 2000 v/UT. This is a scale typical of the outer layer

and very much greater than characteristic wall scales.

The fluctuating wall pressure has been measured with both
flush mounted transducers and pinhole orifice microphones.
Discrepancies between the results from each transducer type
have been demonstrated; these appear to result from the surface
discontinuity of the pinhole microphone. From an analysis of
the recordings from the flush mounted transducers and compar-
ison with previously reported data, it would appear that the
measured rms wall pressure scales on the mean wall shear for a
given transducer size expressed as dUT/v. Although the
Reynolds number dependency of the rms pressure that would be
measured by an infinitely small transducer can not yet be
determined, the present data suggest that it too would scale
on the mean wall shear. Additionally the spectrum of the wall
pressure signal appears to show a scaling similar to that of
the wall shear spectrum with the low frequencies scaling on
outer layer variables and the high frequencies scaling on wall
variables. These statements can not, however, be considered
as definite conclusions because of both the severe resolution

effects and the limited Reynolds number range of the data.

Use has been made of the simultaneous recordings taken from an
array of hot wires spaced out in both the normal and transverse
directions. The use of arrays is not new, although this is
possibly the first attempt to find a three-dimensional struc-
ture throughouF the layer by simultaneous measurements from an
array of anemometers spaced in the transverse direction.

The data from the rake of wires in the normal direction

have indicated significant correlation between the wall shear
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and the outer flow even at a high Reynolds number. By a
conditional analysis based upon short time correlation
techniques, it appears that this correlation is the result
of a large organized structure existing on the scale of the
boundary layer thickness, as opposed to smaller scale motions
migrating away from the wall. At those times when the corre-
lation across the layer is particularly large, then the wall
shear stress has been shown to also have enhanced correlation
in the spanwise direction, which further verifies the large
structure concept. This large structure is inclined to the
wall at an angle of about 18°-which is in close agreement with
features observed in recent flow visualization experiments.

The data from the spanwise rake of wires have indicated
a remarkable degree of structural organization in that direction.
The long time correlation between any two recordings of the
streamwise component of velocity at points separated only in the
spanwise direction, shows, at certain separations, a character-
istic feature of twin maxima with symmetry about the axis at
zero time delay. This is postulated to arise from a structure
which has regions that lie oblique across the flow and a
conditional analysis of the data, based once again upon condi-
tionally ensembled averaged short time correlations, has shown
this to be so, It appears from this work that the structure
has considerable streamwise asymmetry and that the flow at the
rear of the structure dominates over and is more correlated than
the flow at the front of the structure. Furthermore, this work
has shown the structure to have a spanwise scale of the order
of §, and that its sides make an angle with the stream direction

of between 20 and 25°. There is some indication that the organized
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large scale motion in the turbulent boundary layer may have

features not unlike those of the turbulent spot.

(iv) Having established the existence of the large scale organized
structure, attention was turned toward the small scale features
of the various signals. A novel technique was developed to
correlate between the occurrence of small scale, high frequency
excursions on a signal and the large scale or low frequency
content of the signal. This technique has been based upon the
generation of the smoothed, rectified high frequency component
of the signal which is then correlated with the low frequency
component of the signal. For the shear stress the resulting
correlation is very large and peaks at a non-zero time delay.
This indicates that high frequency disturbances occur most
often when the slowly varying part of the wall shear is high
and that there is a definite phase relation between the two
scales of motion. Since the slowly varying part of the wall
shear is also the part which is correlated with the flow
across the entire layer, then it appears that the passage of
the large structure gives rise to a characteristic small
scale response in the wall region. The turbulent bursts and
sweeps are evidently part of this response.

The correlations between the high and low frequency
components of the velocity signals at increasing distances from
the wall, show a different behavior from that of the wall shear.
They reflect a change in the nature of the high frequency
content of thg signals and indicate the increasing appearance
of a steep positive step in velocity (in time) from a negative
value to a positive value. This feature can be simultaneously
observed across the entire layer and appears to be a signature

of the back or upstream side of the large eddy.
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The same technique, when applied to the wall pressure
signal, indicates that small scale pressure fluctuations occur
predominately when the slowly varying part of the pressure is
falling, in time, from a positive value to a negative value.
On a basis of the conditional sampling and avéraging results,
it is demonstrated that such a pressure field could arise
from the large structure. The small scale pressure excursions
associated with this feature are then a signature of the small
scale response of the wall region to the passage of this

structure.

In order to resolve more of the details of the large structure,
crossed wire measurements were undertaken at various pcints in
the layer. Ensemble averaged time histories of various quan-
tities were then generated at those times when the large
structure was thought to be present. These times were deter-
mined from an unbiased detection criterion based upon the high
frequency excursions which were known to be associated with
the presence of the large structure. This work has shown that
the organized structure makes very large contributions to the
Reynolds stress with the conditionally averaged contributions
being typically twice the mean value near the wall and nearly
sixteeﬁ times the mean in the outer part of the layer. The
corresponding ensemble averaged time histories of u and v
have been used to construct a streamline pattern which shows

a large rotating structure characterized by steep velocity
changes at its rear or upstream surface. The flow along this
interface is outward away from the wall with a more diffuse

return flow at the front of the structure.
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Conditional ensemble averaged time histories of the wall
pressure have also been generated on a basis of the excursions
of a velocity signal recorded just above the point where the
pressure is measured. This work was found to require a rather
cautious interpretation for two reasons. Firstly, an averaged
time history need not necessarily represent the character of
the individual realizations used to generate the average.

This is because of the cumulative effects of the random
variations in the phase and scale of each realization.
Secondly, because of the randomness of the field, when detec-
tion is based upon the velocity at a given point, evidently
only the component of the total pressure field, that is
associaged with sources in the vicinity of that point, remains
after the averaging process. If allowance is made for these
effects then some of the averaged pressure time histories

have a character that is similar to what might be expected
from measured velocity fluctuations if there is dominance of
the turbulence-mean shear source term.

On a basis of this work in conjunction with the known
streamline pattern of the large structure, the pressure signa-
ture of the large structure could be determined as being
characterized by a slow rise in time, followed by a sudden
fall in pressure. Such features have been observed to occur
and have been tracked downstream at a convection velocity of .

0.67 U .
o

The small scale distrubances near the wall (i.e. bursts and
sweeps) are evidently the result of a vortex stretching pro-—
cess (Willmarth, 1975a) and in view of the strong correlation

between the small scale and large scale features of the



214

signals near the wall, it would appear that the large
structure is responsible for the generation of the initial
vorticity distribution that becomes stretched. It does not
appear, however, that the pressure field of the large
structure plays a airect role in this generation process as
the pressure field of the large eddy 1is of neither the correct
character nor of sufficient intensity to significantly perturd
the velocity profile in the way suggested by other workers.

For this reason an alternative concept based upon a
rotational instability has been suggested, in which a Taylor-
G8rtler mechanism near the wall gives rise to the well docu~-
mented streaks of longitudinal vorticity in that region. The
stretching of this vorticity leads to the small scale turbulent
bursts which are in turn followed by sweep motions as the
vorticity is swept back toward the wall. This second process
gives rise to the positive going, small scale wall shear
stress excursions that have been observed. Experimental
evidence to support the description of the entire process
lies in the finding that, in a frame of reference moving with
the large structure, these shear stress fluctuations are
associated with a flow near the wall whose streamlines are
in opposition to the mean vorticity. This is a necessary
(although not sufficient): condition for a rotational
instability to occur. This, it is suggested, provides the
1ink between the small scale events at the wall and the large
structure in the boundary layer.

In view of the great disparity in scale between these
two types of motioms, and in view of the nature of the reported

wall shear-velocity correlaticns, it would appear that the
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large structure does not arise as a direct consequence of
the repeated pairing of the small scale disturbances origi-
nating from the wall. These events must play a role in the
process as a whole, but although only speculative, the large
structure probably has its origins much further upstreanm,

possibly even at the time of tramsition.

¥ % % k& % k * * % %k
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AEEenQix A

The Time Response of Hot Films

The following presents an analysis of the dynamic behaviour
of a small hot film element in a constant temperature feedback
operating mode. It was originally derived by G.L. Brown of the
University of Adelaide, and the author is grateful for allowing it
to be presented here. Only the important points of the analysis will
be discussed.

The film is mounted on glass and shown schematically in
figgre A.l. It is subjected to a step change in convective heat
transfer q, by an amount Q. These give rise to current and resistance
perturbations if and re but since second order terms are small, the
perturbation in power dissipation from the film is 2 If Rf if, so that

an energy balance gives

2 I_R, i, (t)
- f°f °f _
g A, Q (A.1)

Now conduction into the substrate of the film may be assumed

one dimensional so that the equation for the temperature is

3T _ 3T _ . o
T K-§§7 (k = thermal diffusivity of glass)

or in terms of Laplace transforms

.= d?T(y,

S - Wy, = LI99)
dy

1

A%

which has a solution fid ='f(y=0,s) e ‘K
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Figure A.1l. A thin film subjected to a sudden change in convective heat transfer
and the associated feedback bridge.
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But the Laplace transform of the heat flux per area q (y=0)

is

A |
i

-A dT A = thermal conductivity of

glass.

— — =L
so that T(y=0) = q(y=0) () 2% .

In order to find the inverse transform of this relation, the

convolution theorem is used which yields the following relation for

T(y=0, t),
t
1 K. %
T(o,t) =5 . (° q (t-1 . L
g 3
T
0
and substitution from equation A.l for q yields
t
2 R K%
£ £ . dT _ 20 . K . %
T(o,t) Af.k T 1f(t - T I 5 5t (A.2)
0
where Rf = Ro 1+ ocATf) ~ o« = temperature coefficient

of resistivity of film.
f o

and r.=R_ ., Tg(o,t)
This result is important because it relates temperature

variations to current changes within the film. It is however also

clear that some account needs to be taken of the way the bridge circuit

itself operates.

Under steady d.c. conditions it may easily be shown that

E, R R +R
1 2

1
T 1 = (eaa— - (A.3)
E, R+R R+ Ry

;
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Under transient conditions however, Ei and EO are perturbed

by some small amount Qi and 20 where

and 1

to current changes i £
1

simple application of Ohms Law it is

2
)

and since 20

i =

. £ - i (R1 + Rf) -

and a film resistance change r

20 = —Ali and this gives rise

£ By

possible to write

i R4+4R)=41i. (R +R.) +1I_r
1 1 2 f 1 f

f °f

—Ali it is possible to further write

AR
1

After some manipulation and

making use of the result in

equation A.3, if is finally obtained as
i
-I_ R R R
i = £ L 1+—2=% | r
f (R+R_)(R ¥R ) E, AR f
D A S A S 1
E A
o
Now for A>>1 and Rf = R2
I, R
. _ £ 1
1f = Crf where C = (R 4R y2 TE.
lf[_l_,_l
E A
o

—C.Ro.m.Tg(o,t)

By this means it has been possible to relate the current

perturbations in the film to the electrical parameters of the bridge

as well as the temperature of the film.

By combining this result with

equation A.2 we get the following integral equation for the temperature

6f the film
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1
-2 1. R,_K? d

Tg(o,t) = £ C.R0 o Tg(o, t-T)

N\"l =

(A.4)

WX Hh
3

Clearly any attempt to determine the response time of the
film in the feedback loop requires a solution of A.4 and this is a
complex problem. Some simplification is possible by introducing a

function f(t) where

Tg = AT (1 + £(t)),
-Q A E. (R +R,)?
where AT = £ [¥£ +-l .
2 E A RR =
2 If Rf o] 1 0

and we are now interested in finding the time for f£(t) to become
small. By choosing AT in this way the second term on the right hand
side of equation A.4 can be used to cancel out a term generated by

taking the integral of 1 + f(t-T) so that one obtains after some

manipulation
t
dt (A.5)
1+ £(t) = =S £(t-1) . J
0
2
~ 2 If Rf e L 1 RlRO“
where S = Ik © (E . 2 .
£ . i L1 (R +Rf)
E A !

Now in order to write equation A.5 in a form that is more

easily soluble three changes in variable should be made.

o E-T
Firstly rewrite it in terms of r = & 3

1

1
-3

f(t) = -1 - Stl/2 (1 -~ 1) f(r,t) dr,
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1
]

and suppose f(t) - g(St = g(7)
1
L L
g(z) =-1-¢ (1 - 1) " g(zr?) dr.
0

Now if a second change in variable is made by putting

5
gr® = ¢ one obtains

g
2 2 L

g(C)=—l—-C~ ¢(l-E§) g(¢) do, (A.6)

0

and ifn= 1-¢/Z then
1
-4 n = =

1+g(@) =-20g() | A-n) .27% X+ .07 dn.

If it is further assumed that the major contribution occurs

as ¢/; approaches unity then we get

1
-4

1 +g(g) = - 2z g(g) 2 2.

Since we are interested in the response time, then this is
the same as asking at what time does g(Z) become small. Since we can

write for g(T)

-1

g(C) = wmr——————
1+ 2. 2%

1
then g(g) is down by 90% say, if ¢ = 3.2 and this occurs if t? = 3.2/5.
Therefore the response time of the film TF may be approximated as
2
Eoff (R1+ Rf)

L 2
T? = o T e g (A.7)
K ) 1 o
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Eots
o)

el

>l

i
—=—.—.+
where F

E and E = offset voltage.

off

o

This result clearly demonstrates the need for small films
operating at high overheat ratios. It is clear also that the material
for the substrate should be chosen carefully.

The importance of having the correct offset voltage is
apparent and the system will becgme unstable if this is too low.

Perry and Morrison (1971) have similarly demonstrated that offset control
is important when using hot wires and behaves in some respects like a

damping term.
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High frequency wall-pressure fluctuations in turbulent

boundary layers
M. K. Bull and A. S. W. Thomas

Department of Mechanical Engineering, University of Adelaide, South Australia
(Received 2 June 1975; final manuscript received 29 December 1975)

Directly comparable spectral measurements with piezoelectric and pinhole-microphone transducers show
pinhole measurements to be significantly in error. The increase in measured rms pressure with reduction of
transducer size is not nearly as dramatic as previous work has suggested.

The transducer used to measure wall-pressure fluc-
tuations in a turbulent boundary layer should form an
integral part of the boundary surface and be smaller
than the smallest length scale of the fluctuations.
Piezoelectric transducers meet the first criterion, but
in most experiments they appear to have suffered
limited high-frequency resolution, even for ratios of
diameter 4 to boundary-layer displacement thickness
6* approaching 0.1. A small capacitor microphone in
conjunction with a pinhole allows still smaller 4/5%,

but continuity of the boundary surface is not preserved.

Pinhole microphone measurements by Blake,!
Emmerling? and others have indicated significant high-
frequency contributions to the pressure spectrum, not
detected by earlier piezoelectric measurements (such
as those of Willmarth and Roos,?® Schloemer, * and

697 The Physics of Fluids, Vol. 19, No. 4, April 1976

Bull®). Ina recent review, Willmarth® concludes, on
the basis of optical measurements by Emmerling, * that
these contributions are not produced just by the flow
disturbance due to the pinhole. However, this leaves
unanswered the question of whether the pinhole mea-
surements contain any or no contribution resulting from
flow disturbance caused by the pinhole itself, We have
therefore made measurements with piezoelectric and
pinhole transducers of the same diameter in the same
flow.

The boundary layer was that one flat wall of an open-
circuit wind tunnel (see Lim”) with a working section
nominally 230x 230 mm and 5 m long. One wall of the
working section is flexible and allows accurate setting
of the pressure gradient in-the flcw. There is a sonic
choke downstream of the working section. The tests

Copyright © 1976 American Institute of Physics 537



reported are for zero-pressure gradient.

Power spectral densities ¢ were measured for two
values of 6* (in the ratio ®1.4:1) at each of three flow
speeds (range 1.5:1) with the 0. 75 mmdiameter trans-
ducers detailed in Fig, 1. All transducers were cali-
brated in a shock tube and the calibration checked in an
acoustic coupler (for frequencies up to 12 kHz) before
and after each run, The resonance frequency of the
pinhole and cavity was about 30 kHz. Measurements
covered the range 200 =f£=12500 Hz.

The results, nondimensionalized by wall variables
(Fig. 2), form two distinct setsaccording totransducer
type; the pinhole results agree closely with those of
Blake! and the piezoelectric results (considering dU,/v
differences) are consistent with those of Lim,? Bull,?®
and Willmarth and Roos.® They indicate that for
wr/U2>=0,1 the pinhole does produce a spurious con-
tribution to ¢. Figure 2 also shows ratios of measured
values. In the extreme case the pinhole result is
larger by a factor of about 4.

Measurements were then made with the piezoelectric
transducer converted to a pinhole transducer by fitting
a cap to it (see Fig. 1). The pinhole diameter was ex-
actly the same as that used with the capacitor micro-
phone. The instrument had a resonance frequency the
same as that of the pinhole capcacitor microphone (30
kHz). Further measurements were made with a second
cap having a pinhole of the same diameter and length
but no cavity. Spectral densities from both devices are
shown in Fig. 3; they lie precisely on the mean curve
of the pinhole capacitor microphone data given in Fig. 2.

The measurements were then repeated with the pin-
hole and cavity of the first cap filled with silicone
grease to again produce a continuous boundary surface.
This transducer still showed a normal response to
shock and acoustic testing, but with sensitivity con-
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FIG. 1. Details of (a) pinhole microphone, and (b) piezoelec-
tric transducer and modifying cap. Dimensions in mm.
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FIG. 2. Power spectrum of wall-pressure fluctuations. Pi-
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Roos dashed curve Bull5 curve broken by plus signs, Lim'
open symbols present data. Pinhole data: solid curve
Blake‘; solid symbols, present data. ¢p and oy are spectral
densities measured by pinhole and piezoelectric transducers,
respectively.

siderably below that of the original transducer (by a
factor of about 2). The results (Fig. 3) lie on the mean
curve of the direct piezoelectric measurements.
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FIG. 3. Spectral data from pinhole microphone (black solid

curve); pinhole piezoelectric transducer (® v pinhole with
cavity, + = pinhole only); ov grease-filled pinaole-piezoeiec~
tric transducer; and flush-mounted piezoelectric transducer
(dashed curve).
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The experiments described clearly lead to the follow-
ing conclusions in relation to the power spectral deusity
of wall pressure fluctuations.

(1) When a piezoelectric pressure transducer and a
capacitor microphone are used with identical pinhole
configurations, they will yield identical results.

(2) Measurements made with a pinhole transducer will
be significantly in error for wv/U%>=0.1.

(3) The flow disturbances created by a pinhole are
localized so that the incorrect spectra obtained from
pinhole measurements and genuine boundary layer
spectra both scale with wall variables at high frequen-
cies.
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Finally, in Fig. 4, we prosent measured rms pres-
sures (as p’/q.) as a function of transducer size (4L, v},
The plot is as given by Emmerling® except that we have
recalculated Blake’s! data (by integrating individual
curves of oU./¢% 5% against w6*/U.) and included addi-
tional data. This figure does not alter the conclusion
that transducers used in earlier measurements were
too large to detect a significant part of the high-fre-
quency fluctuations; but it does show that the increase
in measured p’/q., at small 4U./v is not nearly as
dramatic as Emmerling’s? original analysis and Will-
marth’s® discussion of it would suggest.

The conclusions in this note rest on the assumption
that for a given diameter uncorrected data obtained
by a transducer which does not alter the flow and which
has a response kernel fairly uniform over its area are
essentially “correct”; deviations from such values are
regarded as “errors.” As the referee has pointed cut,
our results could be interpreted in terms of differences
in response kernels, The extent of flow modification
by the pinhole (fundamentally necessary for its function)
is then reflected in the “error” or difference in re-
sponse kernels, depending on the viewpoint taken,

'w. K. Blake, J. Fluid Mech. 44, 637 (1970).

’R. Emmerling, Max-Planck-Institut fir Strdmungsforschung
Report No. 9 (1973).
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Sw. w. Willmarth, in Annual Review of Fluid Mechanics, edit-
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Appendix C

Nature of Digital Filters Used.

Much of the data analysis presented in this report has
relied upon the use of digital filters with zero phase delay. Many
such filters have been reported in the literature and usually
represent attempts to synthesize digitally certain well known kinds
of analogue filters. The filters described by Genesio et al (1972)
represent digital realizations of Butterworth and Chebyshev filters
and were used frequently in the earlier stages of this work. Such
filters can be made to have steep cutoffs and are very nearly linear
in phase response over the pass band. Their greatest shortcoming
is that an array of many filter coefficients must be known for each
desired cutoff frequency and these coefficients must be specified
with a high degree of precision in order to prevent instabilities
arising from quantization effects.

The filter type described by Lynn (1972) does not suffer from
such shortcomings and is precisely linear in phase respomnse at all
frequencies. The roll off of the filter is not as well shaped as
for a Butterworth filter but this can be to some extent overcome by
successive applications of the filter.

In broad ﬁerms the filtering process takes an average of a
number of points centred upon each sample and the width of the
averaging window determines the filter cutoff.

In more precise terms the filter transfer function can be

be expressed as (for the low pass realization),
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n
(l - zk
l -2z

b

= H(z) =

order of the filter

where k

n = number of applications of the filter

= eij

T = sample period.

w = circular frequency.

Y = 7 transform of the output.

X = Z transform of the input.
Z transform representation has been used which represents the digital
equivalent of Laplace transform theory and under those circumstances
the imaginary axis on the s-plane maps into a unit radius circle on
the Z~-plane. This allows for the repetition of the filter character-
istics at frequencies which are multiples of 1/2T.

The transfer function therefore consists of k zeroeé

equally spaced around the unit circle with one of them (at w = O)
being precisely cancelled by a pole yielding a pass band centred upon
that frequency. The difference equation of this filter (which is

equivalent to the differential equation of an analogue filter) may

be written from the above equation as:

Vi = Vi1 T %1 T Fiwwe

or by a simple change of subscripts as
yi+l = y., + x, - X.,

where x and y are the input and output respectively. Thus the filter

is recursive in that thé new output represents the sum of the

previous output plus fhe difference of two inputs. In addition the

n . ]
gain of the filter can be seen to be k and careful consideration of

this equation shows that the transmission delay through the filter
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is n(k - 1)/2 samples. By appropriate choice of n and k this is an
integer and phase correction may be made by simply time shifting
each sample by the correct amount. It is clear also that this time
shift is the same at all frequencies so the filter is free from
phase distortion and can be made, therefore, to have precisely zero
phase shift.

The great usefulness of this filter type is that any desired
cutoff frequency can be obtained by the specification of only two
in£egers n and k and because of the simplicity of the difference
equation used to implement the filter, processing times are very low.

In all the work presented in this report n was 2 and k was
usually of the order of 9 or 10 depending on the cutoff required.

A typical frequency response for this kind of filter is shown in
figure Cl where the 3dB point corresponds to about 450 Hz for

T = 80 usecs, k = 9 and n = 2. The response of the filter to a step
input is also presented.

In order to ensure that the programming of this filter
was correct and free from phase uncertainties, a low pass filtered
signal was correlated with the originél unfiltered version and the
resulting correlation was found to be symmetrical in time and peaked

at precisely zero time delay.
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Appendix D.

Statistical Uncertainty of Correlaticon Estimates

Since some of the long time averaged correlations presented
in this report are of rather small amplitudes, it is worthwhile
presenting a brief discussion of the significance of the error bars
on the correlations.

Following Bandat and Piersol (1966) if N independent
estimations of a mean autocorrelatiom point R(T) are made, then these
estimations will be normally distributed about the true mean
autocorrelation point determined from an infinite number of independent

samples. The standard deviation of this distribution is simply

‘\/1
O=§,

where the standard deviation has been normalized by the rms value of
the signal. Therefore, approximately 95% of the time measured values
will be within + 20 of the actual value.

However, when an analogue signal is sampled at a sampling
frequency which is more than twice the highest frequency of interest
(i.e. to prevent Nyquist folding), this relation no longer applies
because the successive estimations of the correlation are no longer
independent. Under these circumstances one is interested in the
equivalent number of independent samples Ne that would constitute
the same level of uncertainty in the correlation estimate.

This number is clearly unknown but may be estimated on a
basis of the time ext;nt of the autocorrelation function relative
to the total record length T. For example, if this correlation

decays to l/e of its initial value at a time delay Te then Ne might
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be estimated as N_ = T/Te.

For the experiments outlined in sections 5 and 6 of this
report T = 3.3 seconds and the most severe errors will occur when
T, is large. This occurs in ;he outer part of the low Reynolds
number boundary layer for which To ~]lms. This yields Ne ~ 3,300
which may be compared with the actual value of N = 82,000. This
suggests that for the present computations, 0 lies between one and
two percent although this is probably a rather pessimistic estimate.

The characteristic twin maxima reported in section 5.3 for
the spanwise veclocity correlations can therefore be seen to be

larger than the likely correlation error bars.
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Appendix E

Computation of a Wall Pressure Time History on a Basis of a Velocity

Time History.

The work of this appendix represents an attempt to compute
a typical wall pressure signature that might be associated with the
velocity signatures that have been found to be representative of the
organized motions. To compute the total pressure field associated
with an organized structure would require a great deal of detailed
knowledge of the velocity field associated with that structure. In
section 7 however it was suggested that the conditional averaging
procedure served to pick out only the component of the wall pressure
that was generated by sources in the immediate vicinity of the
point at which the velocity signature was detected. Under these
circumstances it is possible to use the conditionally averaged
velocity data to determine this corresponding component of the wall
pressure. The resulting pressure signature may then be compared with .
the averaged time history that was proposed in section 7.

The Poisson equation for the turbulent pressure fluctuations

may be found by taking the divergence of the momentum equation

(Townsend, 1976) and is

V2 p = -pq (¥ E.1
where the source term q is (using conventional tensor notation)

alli ou, 32 .
XYy = Deem —1 + u g -
13 Zij ) Bxi 3xi xj ( ij uiuj)' E.2

By use of the appropriate Green's function the following equation
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is obtained for the instantaneous pressure

0 av
X o —_— X
P(X) 5 q(®x) . N E.3

~ ~
s

y>o
where X is the point of interest on the wall and zs is the position
of the source term of interest.

The pressure represents, therefore,a volume integral over the
entire half space occupied by the boundarv layer of all the source
terms, with each being weighted by the reciprocal of the distance
from the source to the point of measurement. It is clear, however, that
the source term as given by equation E.2 would be rather difficult
to measure accurately but this problem can be circumvented by taking
the first term of equation E.2 only as the dominant contribution.

This assumption of the dominance of turbulence-mean shear interaction
was first proposed by Kraichnan (1956) and use made of it by Lilley
and Hodgson (1960). Willmarth and Wooldridge (1963) have demonstrated
that their pressure velocity correlations display the features that
might be expected if a large proportion of the wall pressure was
produced by this term alone and the detailed computations of Lim (1971)
have demonstrated that this term makes about an 807 contribution to
the mean square wall pressure. In what follows, therefore, use will

be made of this assumption although it should be appreciated that

the reports mentioned above demonstrate that the assumption is valid
when the discussion is restricted to time averaged quantities. The
possibility still exists that the other terms (turbulence - turbulence
interactions) do make significant contributions to the instantaneous

wall pressure signal at certain times.
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Under this assumption equation E.3 becomes

yZ
. p W @
p(x) 2T ) By ox lx“ x.l 7.4
~ ~s
y

where only the mean gradient in the normal direction is significant.

The range of the integration has been restricted since the present

discussion is concerned only with the component of pressure generated

by sources for which y1<y<y2. The computations that follow are based

on the ensemble averaged v component of velocity at y = 0.056

(y+ = 170) for the high Reynolds number case. This was presented

previously in section 7.4 and is shown again in figure E.1 (a). The

following assumptions are also necessary:

(i) The local velocity field is convected at the local mean
speed (Uc = 0.64 Uo). The precise choice is unknown but

different values were found to have little effect on the

temporal pressure history that finally results.

(ii) The source term is uniformly distributed over the range
0.025<y/8<0.075. Changing this range has no effect on the
shape of the computed pressure signature, but merely alters

its amplitude.

(iii) The spanwise distribution of the source term is unknown and
has therefore been assumed two dimensional. Computations
have also been undertaken in which it is assumed two

] . ; —-Az .
dimensional but weighted by a term such as e which
reflects the behaviour of the velocity correlations in this
region. This was found to change the amplitude of the
computed pressure signature but not its shape. For the pres-

ent case such assumptions are justifiable since an averaged
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Figure El(a) Ensemble averaged time history of the normal component of velocity
at yt =170 for the high Reynolds number case (see section 7.4).

Figure El(b) Computed time history of wall pressure arising from sources
characterized by the velocity distribution in figure El(a).
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velocity field is being used to compute an averaged

pressure signature.
Under these circumstances an estimation of a pressure signature
that is associated with a velocity signature may be made. The
results that were obtained are shown in figure E.1(b) where the
velocity signature in figure E.1(a) has been used. The pressure
signature shows a large positive region occurring at the time cor-
responding to the steep fall of velocity, and there are small negative
regions to either side of this region. This computed pressure
signature can therefore be seen to be very similar to that shown
previously in figure 7.15 which was suggested on a basis of the
conditional sampling experiments. Evidently the assumption of the
dominance of the.turbulence - mean shear is acceptable and the con-
ditional averages do appear to represent only a component of the
pressure field associated with sources at the point where the detection

velocity signal is measured.
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