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A fully developed turbulent boundary layer with a zero pressure gradient was explored
by using temperature as a passive contaminant in order to study the large-scale
structure. The temperature tracer was introduced into the flow field by heating the
entire wall to approximately 12°C above the free-stream temperature. The most
interesting observation was the existence of a sharp internal temperature front,
characterized by a rapid decrease in temperature, that extended throughout the entire
boundary layer. In the outer, intermittent region, the internal temperature front was
always associated with the upstream side of the turbulent bulges, i.e. the ‘backs’. It
extended across the entire logarithmic region and was related to the sharp acceleration
associated with the bursting phenomenon near the wall. Conditional averages of the
velocities measured with the temperature front revealed that it was associated with
an internal shear layer. The results suggest that this shear layer provides a dynamical
relationship between the large structures in the outer, intermittent region and the
bursting phenomenon near the wall.

1. Introduction

In the past decade, quasi-ordered structures have been found to play an important
role in the dynamics of nearly all turbulent shear flows, as discussed by Laufer (1975).
Large-scale eddy motions have been observed in many basic free turbulent flows. Some
examples include the observations in mixing layers by Brown & Roshko (1974) and
Winant & Browand (1974), in wakes by Papailiou & Lykoudis (1974) and in jets by
Rockwell & Niccols (1972). The associated sharp turbulent/non-turbulent interface
has been the object of many investigations since it was first reported by Corrsin (1943)
in a turbulent jet. Kaplan & Laufer (1969) and Kovasznay, Kibens & Blackwelder
(1970) made extensive use of conditional sampling techniques to study the large-scale
structure in the intermittent region of a boundary layer and its relationship to the
turbulent /non-turbulent interface.

In a bounded turbulent shear flow, a coherent structure known as the ‘bursting’
phenomenon has been found to dominate the dynamics of the wall region. Its first
observable manifestation is the occurrence of streamwise streaks of low speed fluid
near the wall that were initially noticed by Hama (see Corrsin 1957). The lift-up and
subsequent interaction of these streaks with the outer flow were first studied by Kline
et al. (1967) in a boundary layer and by Corino & Brodkey (1969) in a pipe flow. These
and other authors agree that the bursting process is responsible for most of the energy
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production in the wall region. For a more complete review of these coherent structures,
the reader is referred to the articles by Kovasznay (1970), Laufer (1975) and Willmarth
(1975).

Both of these two different types of ordered motion are present in a turbulent
boundary layer, which has promoted some speculation about a possible relationship
between them. On the basis of the findings of Kim, Kline & Reynolds (1971) and
Rao, Narasimha & Badri Narayanan (1971), Laufer & Badri Narayanan (1971)
showed that the normalized frequencies of occurrence Fé/U,, of these two different
eddy structures are of the same order of magnitude and speculated that a deterministic
relationship may exist between them. Kovasznay (1970) indicated that there may be
a reverse cascade of eddies beginning with the small-scale ‘bursts’ near the wall. He
suggested that they may either grow or coalesce into 'arger ones as they move away
from the wall. These intermediate-size eddies could possibly produce large-scale
eruptions owing to some instability mechanism and eventually reach the intermittent
region and become visible as the turbulent bulges. The visualization studies of Nychas,
Hershey & Brodkey (1973) and Offen & Kline (1974) showed that there are transverse
vortices at intermediate distances from the wall. These vortices were observed to be
related to some type of instability mechanism acting between the high speed fluid
from the outer region and the low speed fluid from the wall layer.

The purpose of the present study was to clarify the fluid-mechanical process that
relates the outer large-scale motion and the organized motion in the wall layer, and to
provide quantitative measurements of this process. Thus it was decided at the outset
to slightly heat the wall in order to use the temperature of the fluid as a passive con-
taminant. Then the fluid parcels originating near the wall had a slightly higher tempera-
ture and the fluid entrained from the free stream had a lower temperature than the
average. Blackwelder & Kaplan (1976) have shown that the study of the spatial
structures in turbulent shear flows is greatly facilitated by using several probes
simultaneously. Therefore a rake of ten temperature-sensing probes was used. The
rake had a span of 0-68 and could be positioned either parallel or perpendicular to the
wall. In this manner, simultaneous data could be obtained essentially along a line in
space.

2. Experimental facilities and procedures
2.1. Wind tunnel

The experiments were all performed in the USC low speed wind tunnel at a nominal
free-stream velocity U, = 4-57m/s. The tunnel is of an open-return type which has
a free-stream velocity range of 2:4-12:2m/s. The air entered a 3:04 x 3-04 m stilling
chamber, passed through four fine mesh screens, went through a 16:1 contraction
into the 0:61 x 0-91m test section and exited through a centrifugal fan to the atmo-
sphere. The test section is 6:10 m long and has an aerodynamically smooth wall, which
was used as the flat plate. The first 4-88 m of the flat plate used by Gupta, Laufer &
Kaplan (1971) was replaced by two smooth aluminium plates 2-44 m long and 6-:35 mm
thick. The plates were carefully mated at their junction to ensure an aerodynamically
smooth surface throughout. The remaining 1-22m of the test surface consisted of
a Plexiglas section, where the supporting stings of the probes were mounted. Six heat-
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F1cUrE 1. (a) Streamwise distribution of the mean temperature downstream from the boundary-
layer trip. (b) Spanwise distribution of the mean temperature at the measuring station. The
nominal temperature difference (7', — T}, was 12-8°C.

ing pads, each 81-3 x 61:0 cm, were glued onto the top of the aluminium plate, outside
the tunnel. They extended from the entrance of the test section to slightly beyond the
point of measurement, so that the entire boundary layer was heated along the stream-
wise direction. When energized by a 220V a.c. power supply, these heating pads
delivered a uniform heat flux at 98 W/m?2. The heating was from the top with the
boundary layer on the underside of the flat plate, so that the mean flow field was stably
stratified. The dynamical effects of the weak stratification were found to be negligible
and thus the temperature served merely as a passive contaminant. Iron-—-constantan
thermocouples were embedded in the exterior surface of the aluminium plate along the
centre-line and in the spanwise direction at the downstream end to monitor the wall
temperature. Approximately 100 min of operating time were required for the plate to
reach an equilibrium temperature. Figure 1 shows the equilibrium temperature
distributions on the wall in the streamwise and spanwise directions. The temperature
of the flat plate was practically uniform, with nominal values of 7!, — T, = 12-:8 °C.

To ensure a zero pressure gradient through the test section, the side walls of the
tunnel were slightly flared to compensate for the boundary-layer growth. The measure-
ments were taken on the centre-line at a position 4:72m downstream from the
boundary-layer trip, which was approximately 15cm after the entrance to the test
section. The co-ordinate system is as follows: the « axis is parallel to the free stream,
the y axis is perpendicular to the plate and the z axis is perpendicular to both the x and
the y axis according to the conventional right-hand rule.
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2.2. Hot-unre instrumentation

The temperature was measured by platinum resistance thermometers which consisted
essentially of a conventional constant-current anemometer operated at a very low
overheat. The wires were 2-5 #m in diameter and had an aspect ratio greater than 300.
When heated by 1 mA, the wire had an overheat ratio (R, — R,)/R, of approximately
0-005. The frequency response of the system was approximately 350 Hz as determined
by the square-wave test. No compensation for the thermal lag at higher frequencies
was undertaken since only the large-scale motion associated with the lower frequencies
was of primary interest. Velocity contamination of the temperature signal was found
to be minimal, and hence no correction was made.

A rake of resistance thermometers was used to study the coherent temperature
fluctuations in the normal direction. The rake consisted of 10 identical probes spaced
6-4 mm apart. Calibration of the probes was accomplished by using a commercial hair
dryer that was modified to give an air flow with a variable temperature and speed.
The flow entered a styrofoam box and passed through two fine mesh screens that
damped the temperature fluctuations to an imperceptible level of approximately
0-02°C. The temperature probes were placed downstream of the screens. The flow
exited through a series of holes in the styrofoam box downstream of the probes. The
temperature of air in the box was monitored by an iron—constantan thermocouple
with a reference junction at 0°C. In the temperature range 20-40 °C, the resistance-
thermometer responses were linear and the calibration data were digitally fitted by
a least-squares method. After calibration, the temperature probes were placed in the
free stream at the centre of the wind tunnel and the temperature there was recorded
and used as the reference temperature 7. Other constants measured in the free stream
will also be denoted by the subscript co.

A single linearized constant-temperature hot-wire probe was used to measure the
mean and fluctuation velocities in the unheated boundary layer. A triple probe, used
to measure the instantaneous temperature and velocity signals, was constructed from
a conventional X-probe operated in the constant-temperature mode and a resistance
thermometer. The sensing element of the thermometer was directly in front of the
centre of the X-probe and was perpendicular to the plane of the X-wires. The
separation distance between them was lessthan 1 mm; hence the time delay between
the temperature and velocity signals was negligible.

Each wire of the X-probe was calibrated independently by yawing the probe in the
free stream to determine the coefficients 4 and B of King’s law:

E? = A+ B(U,cosa)t, (1)

where ¥ is the output voltage of the anemometer, U, is the free-stream velocity and «
is the angle between the normal to the wire and the free-stream direction. All three of
these variables were recorded for various angles and velocities. It is well known that
the cosine law introduces regular deviations from (1) for large angles, as discussed by
Blackwelder (1979). Since these deviations are systematic, it was found that they could
be incorporated in the coefficients 4 and B of (1). This was accomplished by calibrating
each wire about its mean angular position (@ = + 45°). A least-squares fit of the cali-
bration data obtained by varying U, and « yielded coefficients that gave negligible
error over the range of velocities and flow angles of interest.
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The maximum error introduced into the velocity signal by the temperature field
was found to be 209, in the worst possible case. Since the fluid temperature was
measured simultaneously with the triple probe, its effect on the velocity could be
removed. Each instantaneous data point was corrected by using the following relation-
ships from Corrsin (1949):

A T,+125(T\}T,-T @)
A, T+125 T;) T-T,

B [T.+125(T\}PT,-T @
B, |[T+125 Tw) T-T. )

where A, and B, are the calibration constants in the free stream and 7, is the
temperature of the wire.

2.3. Tape recorder and digital systems

A Hewlett-Packard model 3955A fourteen-channel magnetic tape recorder was used
to record the output voltages of the resistance thermometers and anemometers during
calibration and the data gathering process. During recording, the tape speed was
38-1em/s and model 3535A FM recording amplifiers were used. When playing the
signal back for digitizing, model 3537A FM output amplifiers were used and the tape
speed was decreased to 4:76 cm /s to increase the digital sampling rate.

The analog outputs from the playback amplifiers were digitized at a sampling rate
corresponding to 1kHz in real time and stored on a nine-track magnetic tape for
further processing. The digitizing system consisted of sixteen Datel SHM-2 sample-
and-hold modules, two eight-channel Datel MM-8 analog multiplexer modules and
a Datel ADC-L analog-to-digital converter. The maximum aperture and acquisition
times for the sample-and-hold module were 10ns and 100ns, respectively, and the
decay rate was 504V /us. The input range was + 5V and the output consisted of
11 significant bits plus one sign bit; thus the system had a quantization error of 2-5mV,
which was negligible for the type of measurement made in this study. After receiving
an external timing pulse from a INTERDATA 5 minicomputer, the sample-and-hold
modules sampled all the channels simultaneously. The analog signals were then multi-
plexed to the analog-to-digital converter. Although the converter needed only 20 us
per channel, the sampling rate was ultimately limited by the speed of the digital tape
drive, which allowed a minimum sampling interval of 150 us per channel.

The digital data were processed using FORTRAN IV programs by an IBM 360-44
digital computer with 256 K bytes of core. The raw data and the results were stored on
magnetic disc packs and plotted on a Tektronics graphic terminal model 4010 or
a CALCOMP digital incremental plotter.

3. Data evaluation techniques
3.1. Conditional averaging in the intermittent region

Several distinctive features were found in the temperature signals and it was deemed
desirable to use conditional averaging techniques to study them. Conditional sampling
requires a trigger probe whose signalis processed and used to select the members for the
ensemble average. The signals to be conditionally averaged can be obtained from the
trigger probe itself and /or from other probes with time delays and different spatial
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locations. Following Kovasznay et al. (1970), the trigger signal may be a random square
wayve as used for zone averaging or it may be a pulse train that marks the time reference
of specific events as used for point averaging.

In the outer, intermittent region, the definitions used by Kovasznay et al. (1970)
were adopted and are briefly restated here for clarity . An intermittency function I(x, ¢)
was defined by

1 for turbulent flow,
~ 10 for non-turbulent flow.

I(x,t)

This signal was generated by comparing the temperature signal with a threshold level.
The temperature signal in the ambient, non-turbulent fluid had an r.m.s. value of
approximately 0-04 °C owing to residual thermal fluctuations and electronic noise.
After thoroughly studying the effect of the threshold level on the resulting statistics,
it was found that a threshold of only 0-02°C above the local non-turbulent mean
temperature could be used. This low threshold did introduce some error into the
results; however by using the general properties of the temperature probability density
functions as explained in the appendix, the intermittency factor and the conditional
averages could easily be corrected for this effect.

It is well known that intermittency functions I(x,¢) are plagued by ‘drop-outs’,
i.e. data points within the turbulent zone that fall below the threshold level. This
problem is often alleviated by introducing a non-zero hold time, as used by Kovasznay
& Ali (1974), LaRue & Libby (1974) and others. In the present study, a dual-level
technique was used. This method assumed that the fluid in the turbulent zones always
had a greater temperature than the local non-turbulent fluid. Once a turbulent region
had been found, the intermittency function did not return to zero until the temperature
was equal to or less than the local ambient temperature 7,. Hence the threshold level
for detecting the turbulent regions was 0-02°C above 7T, and was 0°C above the
ambient temperature for detecting the non-turbulent regions. The small statistical
errors stemming from the 0-04 °C fluctuations in the ambient fluid were removed by
the techniques described in the appendix.

The time average of 1(x, ) yields the intermittency factor y, which gives the fraction
of the time that the probe spends in the turbulent region:

- 1 [u+7T
vy=1=lim ~ 1(t)dt. (4)

T—w t
The conventional time average of any function @(t), denoted by @, is given by
_ 1 T
Q = lim — Q1) dt. (5)
I'— T i,
The zone averages in the turbulent and non-turbulent regions, (:2 and @, are defined as

i o+ T

¢=tim 7 [ I e (6)
and =~ 1 6+ T
Qz}lﬂmff, (1-1)Qu)dt. (1)

A different type of average may be found by first defining a time sequence
t, by, ts, ..., ty in which every point £, denotes the temporal reference point of the event
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of interest. Then the ensemble average of the quantity ¢ related to the events is
given by
1N
<Q(X,T)>:t’ = —nEIQ(x,tn-l_T)’ (8)
where x and 2z’ denote the positions of the sampling probe and the trigger probe,
respectively. The point averages Q and Q used by Kovasznay et al. (1970) are the

special cases of (8) in which 7 = 0 and £, is the time when the trigger probe either enters
or leaves the turbulent region.

3.2. Conditional averaging in the turbulent region

In the fully turbulent region, an initial exploration indicated that a strong temperature
decrease (called an ‘internal temperature front’) was the most obvious manifestation
of a coherent structure. This rapid change in the temperature signal is quite similar
to the rapid change in the velocity signals associated with the bursting phenomenon
near the wall, as reported by Blackwelder & Kaplan (1976). This similarity suggested
that the detection criteria of Blackwelder & Kaplan could easily be adapted to the
present study with minor modifications.
The variable-interval time average (VITA) of the quantity ¢(f) is defined as

t+37

oo =5 e ©)

Essentially, this is a moving average which gives a local measure of the mean value
of the quantity Q. It can be thought of as a low-pass filter which passes frequencies
below 1/(27") and strongly attenuates those above. The localized VITA variance of ¢
is defined as

[var ()] = [€*] - (@], (10)

which is a positive-definite quantity that emphasizes the higher frequency components
of the signal Q. Asin the method used to determine the intermittency in the outer layer,
a detection function D(t) can be defined as

1 if [var] > KQ'?, d[Q]/dt <0,

D) = 0 otherwise,

(11)
where K is the threshold level. Note that @’ is the r.m.s. fluctuation of the quantity ¢
at the detection location and is given by (lim [var])?. Blackwelder & Kaplan (1976)

T~

have shown that this criterion detects very rapid and strong changes in the quantity Q.

In the present investigation, the temperature signal was always used for the detec-
tion parameter Q. Using this technique, it was determined that there were approxi-
mately four times as many cold fronts (i.e. rapid coolings) as there were warm fronts.
By observing the simultaneous temperature traces (such as that shown in figure 12) it
was found that the warm fronts had very little spatial coherence and they were
assumed to be associated with the random background turbulence and not with any
coherent structure. Thus in order to concentrate only on the coherent structure, the
additional criterion d[Q]/d¢ < 0 was added to the definition (11). The signals associated
with this detection scheme are shown in figure 2.
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Fiaurg 2. Sketch of the variable-interval time-averaging technique
used for detecting the internal temperature fronts.

With the above definition, a strong temperature decrease was detected whenever
D(t) was 1, say from time t, to time ¢,. The reference time ¢, for this event was set at
the midpoint ¢, = (¢, +¢,). For each probe, a sequence of reference times was generated
and used as a basis for the conditional average described by (8).

There are two free parameters in this detection scheme that must be determined:
T and K. Blackwelder & Kaplan (1976) observed that their results were rather insensi-
tive to the averaging time 7' over a range in which 7' varied by a factor of two. In the
present study 7' was taken to be 5 ms, which was the average width of the cold front.
A limited amount of data (2s) was used to determine the effect of variation of K. It
was found that K = 0-9 gave the best detection of the spatial pattern by a visual
comparison with the simultaneous temporal record. Both of these values are similar
to those studied and used by Blackwelder & Kaplan and consequently they were
used to generate the reference time series {t,}.

3.3. Concident correlation measurement

It was found that the internal temperature fronts were highly correlated in the
z,y plane. However they were skewed in space, so that the temperature front arrived
later in time at the lower positions. In order to find the most probable time delay, a new
technique, called coincident correlation, was developed. A sequence of time pulses £,
corresponding to the passage of the fronts at the position y was generated. A pulse
train P(y,t,) was constructed with each pulse centred about the time ¢, and having
a width of 5 ms, which was equal to the average width of the cold fronts. The cross-
correlation between pulse trains generated at two different locations gave the average
time delay between the temperature fronts at these positions. The coincident correla-
tions are thus defined by

1N e
R(yO’Ay,T) = Z—V gl Op(yo:tn+s) P(y0+Ay’tn+s+7)d‘97 (12)
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where N is the number of pulses in the signal P(y,,t,) and £ is the average period be-
tween pulses. Typically, N was approximately 300 and £ was 50ms. The time delay
corresponding to the peak of the correlation function gave the most probable phase
lag between the temperature fronts at y, and y,+ Ay. The width of the pulses did
affect the general shape of the correlation curve, however the locations of the peaks
remained unchanged. The coincident correlation coefficient is defined as

R(y,, Ay, 1) — Ply,) Py, + Ay) (13)
P'(y,) Pl(yo‘*'A?/) ’

where the overbars and primes indicate conventional time average and root-mean-
square values, respectively.

O(yo: A?/, T) =

4. Results
4.1. Mean velocity and temperature field
All the measurements of temperature and velocity were performed 4-72 m downstream
from the trip. At this location the pressure gradient normalized by the momentum
thickness §** and the wall shear 7,, was
3*+dp

= 2-7%x10°2,
x

Tw

The mean flow parameters are given in table 1. The friction velocity on the unheated
wall was obtained by plotting U/U,, vs.log(y/8) as shown in figure 3 and using the
universal constant suggested by Clauser (1956).

The mean and fluctuation levels of the temperature measured by a single wire are
shown in figure 4. The skewness and flatness of the temperature are shown in figure 5.
The temperature fluctuations have skewness and flatness factors of approximately
0 and 3 respectively in the logarithmic region, which agrees with Zaric (1974) and
Fulachier (1972). The large change in these two parameters at y/é > 0-5 indicates the
existence of the intermittent region.

4.2. Intermittency and bulge crossing frequency

Figure 6 shows a typical example of the simultaneous temperature signals from the
rake when it is situated in the intermittent region. The locations of the probes are
shown to the left of each trace. The non-turbulent fluid is clearly characterized by its
quiescent nature and the turbulent bulges are readily apparent in this region. The
‘backs’ of the bulges, i.e. the portions of the bulges that occur later in time, generally
have a temperature gradient 07 /dx ~ — U-19T /ot that is larger in magnitude than the
gradient associated with the fronts. By examination of this and similar data, the
strong temperature decrease on the ‘backs’ was found to be more coherent and pene-
trated further into the fully turbulent region.

Five different time records of the simultaneous intermittency function I(x,t) are
shown in figure 7. Each record is shown as one strip and has a non-dimensional length
of U, At/d = 4-4. The data points denote where I(x, ¢) is 1, and are plotted at successive
time steps. In general, the temperature technique indicates that there are not as many
non-turbulent holes within the turbulent region nor detached turbulent patches of
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Free-stream velocity U, =457m/s
Boundary-layer thickness 0 =y0]U, = 0:99) = 942cm
® —
Displacement thickness o* = f ( 1 —1) dy = 1-34cm
0 Uco
. © T U
Momentum thickness o** = —|1—=—])dy=092cm
0Ux Uuo
Shape factor H = 6%[6** = 1-46
Friction velocity uy = 0:041U
Reynolds number U, 8fv = 29000
Temperature difference 11-7°C for rapid cooling
between the wall and T,—-Te= { measurements
the free stream 12-8°C for measurements in
the intermittent region

TasLE 1. Kinematic and thermal parameters.

10 ———rrr7 e s et

0-8 1 . ]

0-6 -

I~ 04+ -

| 1 N e L [ S

0
0-003 0-01 01 |
vid

F1aure 3. Velocity distribution in the turbulent boundary layer without heating.

fluid in the irrotational parts as were reported by Kaplan & Laufer (1969) and Paizis &
Schwarz (1974). The remaining isolated regions shown in figure 7 are believed to be
due to the three-dimensionality; i.e. they are either turbulent regions connected to
bulges at the side or ‘eyes’ within the turbulent region. The figure clearly shows that
the interface position is not a single-valued function. Also the slope of the interface is
steeper on the ‘fronts’ than on the ‘backs’, which agrees with the results of Kaplan &
Laufer (1969) and others.

The intermittency y(y) is the probability that the fluid at that location will be
turbulent. Corrsin & Kistler (1955) established that y(y) can be approximated by the
complementary error function: '

Yo = #[1-ert (257 (14

where erf(z) = —2; zexp(—uz) du,
m=J 0
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Fiacure 5. Distribution of the temperature skewness and flatness factors:
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Y is the position at which y = 0-5 and ¢ is the standard deviation of the interface
position, which gives a measure of the width of the intermittent region. These two
parameters were obtained by plotting the experimental data on Gaussian probability
paper and were found to be

Y/6=082 o/6=013, o/Y =0-17.
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F1GUurE 6. Simultaneous temperature signals from the ten-wire rake in the
intermittent region. The horizontal time span is 6-28/U .

FiGcUre 7. Simultaneous records of the intermittency function.

A comparison with the results of other researchers is shown in table 2. Figure 8 shows
the experimentally determined intermittency factor. The solid curve in the figure is
the complementary error function with the above values of ¥ and o.

Thomas (1973) suggested that the bulge crossing frequency F(y), defined as the
number of bulges crossing the probe per unit time, was proportional to the exponential

function: _
1 y— T\ dy
70~ iz | (5w | -5 e

Figure 8 shows this exponential function along with the experimental values of the
bulge crossing frequency at each probe location. The constant of proportionality was
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Kovasznay Corrsin & Hedley &
Chen Fulachier et al. Kistler Keffer
o/ 0-17 — 0-18 020 0-32
ald 013 014 014 0-16 0-24
Y/e 0-82 08 0-78 0-80 075
alé* 091 — 0-98 0-89 2-62
Y/o* 577 — 533 4-54 8-20

TasLE 2. Comparison of mean position and width of
the turbulent/non-turbulent interface.
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Ficure 8. The measured intermittency and bulge crossing frequency. A.v; V. Fé/U; @,
crossing frequencies of Kovasznay et al. The curve for the intermittency 7y is from (14) and that
for the bulge crossing frequency F is given by (15).

chosen such that the exponential function had the same value as the experimental
data at Y. The crossing frequency data of Kovasznay ef al. (1970) are also shown in
figure 8. The agreement is quite good except deep in the boundary layer.

4.3. Zone averages of temperature

The turbulent conditional average T—T,, and the non-turbulent conditional average
T—T,,.together with T are plotted vs. /8 in figure 9. The difference between the
turbulent and non-turbulent conditional averagesis about 3%, of 7, — T, at y /8 = 1-15
and increases towards the wall, reaching a value of 8:39%, of 7, — T, at y/& = 0-54.
It is seen that the non-turbulent zone averages vary across the layer, possibly
indicating a stratification in the non-turbulent fluid. This has been observed also by
Fulachier (1977, private communication), who has suggested that this effect may be
due to thermal conduection. The distance over which heat diffuses in a time £ is given
by (tk)}, where k is the thermal diffusivity. Since the boundary layer required roughly
1stotraverse the tunnel to the test station, the diffusion length scale is approximately
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0-5 cm. Although this is much smaller than the distance between the bulges, it is of the
same order of magnitude as the experimentally observed thickness of the interface.
Since the Prandtl number is approximately unity in air, the same argument is valid
for the vorticity diffusion. This possibly explains why the interface is normally
observed to be considerably thicker than the Kolmogorov microscale, as was griginally
proposed by Corrsin & Kistler (1955). On the other hand, the variation of 7' may be
due to heat conduction to and from the prongs of the temperature probes as they
enter and leave the warmer turbulent bulges.

Figure 10 shows the r.m.s. fluctuation level of the temperature for each separate
zone. Thisis achieved by sampling the mean-square fluctuation about the conditionally
averaged mean temperature. The instantaneous fluctuation around the conditionally
averaged mean temperature is defined as 6,(t) = T'(t) = Tin the turbulent zone and
On(t) =T)— T in the non-turbulent zone, so that 0T =0y = 0. Then the corre-
sponding r.m.s. values are b = (02 )# and 0' (02 )3, The conventional r.m.s. value
is denoted by &’. The relation between 6’, 6 and §’ can be derived and is

T2+0" = y{T2+ 0%+ (1 =) {T*+ ('} 1 (16)
t This equation was derived first by Kovasznay et al. and corrected by Paizis & Schwarz

(1975) for velocity. Both derivations were erroneous. Equation (16) is equivalent to the equation
used by Hedley & Keffer (1974b).
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which was experimentally verified for all the data. In the non-turbulent region, the
fluctuations were approximately constant and equal to 0-04 °C. In the turbulent zones,
the fluctuations were roughly an order of magnitude greater and increased in magni-
tude closer to the wall. The ratio 6’ / g’ is also shown in figure 10. It has a value of 10 or
larger everywhere except in the extreme outer region. At y/8 = 1-15, it decreases to 6
and is expected to decrease further as y increases since the turbulent fluctuation within
the bulge is seen to decrease faster than the fluctuation level in the ambient fluid.

The effectiveness of a detection function depends on the contrast between the signals
in the two zones as discussed in the appendix. The signal-to-noise ratio for the interface
detection can be defined as the ratio of the fluctuation level of the detection signal in the
turbulent zone to that in the non-turbulent zone. In the present study, & /0’ is approxi-
mately 10 throughout the intermittent region. Kovasznay et al. (1970) found that,
because of the irrotational velocity fluctuations outside the boundary layer, their
signal-to-noise value varied from approximately 4 for /8 < 0-9 to 9:7 for y/& = 1-1.
This indicates that it is easier to formulate a detection function based upon the tem-
perature signal than one based upon 92u/oy d¢, throughout most of the intermittent
region.

4.4. Point averages of temperature

The distributions of point averages of temperature for the ‘fronts’ and ‘backs’ are
shown in figure 11. The detector probe was chosen to be one sensor from the rake and
the other probes were sampled simultaneously whenever an interface crossed the
detector location. Data were analysed for five different detector positions which were
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Freure 11. Point averages of temperature as a function of the distance from the interface;
T,-T,=12-8°C. y(y,): @, 0-84; H, 0-65; ¢, 0-56; A, 0-37; ¥, 0-18.

characterized by the corresponding values of the intermitteney factor:
Y(yp) = 0-18,0-37,0-56, 0-65, 0-84.

Data were taken with the rake at two different and overlapping locations in order to
check the statistical repeatability and to provide sufficient resolution beneath the
interface. Each curve gives the ensemble average of the difference between the
sampled temperature at the time at which the interface crossed the detector probe
and the local mean value of the temperature. Since the interface position is multi-
valued, as seen in figure 7, the point averages in figure 11 contain data from both the
turbulent and the non-turbulent regions.

Away from the interface the point averages all converge to zero as they must. For
v = 0-18, the point averages are higher than the mean temperature beneath the
interface, i.e. ¥ < yp, the ‘backs’ being warmer than the ‘fronts’. Wheny > 0-18, the
point averages beneath the interfaces on the ‘fronts’ and the ‘backs’ are quite
different. On the fronts, the point averages T— 7T are always negative and approxi-
mately constant for the first 0-26 inside the interface, whereas the point averages
T — T on the backs have an abrupt change in slope at the interface and approach zero
deeper in the layer.

Temperature measurements alone cannot reveal the large-scale motion in the inter-
mittent region. However, when these measurements are considered with the point
averages of the streamwise and normal velocity components obtained by Kovasznay
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FiGUurE 12. Simultaneous temperature signals from the ten-wire rake in the turbulent region.
The horizontal time span is 187U At/é. One particular temperature front is denoted by the
arrows.

et al. (1970) and Blackwelder & Kovasznay (1972), a clearer picture of the flow field
seems to emerge. For y < 0-3 and relative to the local mean velocity and temperature
field, warm fluid with a streamwise momentum deficit is moving upwards near the
‘backs’ and downwards near the ‘fronts’ inside the interface. For y > 0-7 cool fluid
with a streamwise momentum excess is moving into the turbulent region in the
valleys of the interface and riding over the turbulent bulge otherwise.

4.5. Internal temperature fronts

The most interesting result of this investigation was the observation of large-scale
temperature fronts that often extended over the entire boundary layer. Several
examples of these fronts can be seen in figure 12, which displays the simultaneous
temperature traces for 0-03 < y/8 < 0-63. Thus the outermost trace is in the inter-
mittent region and the lowermost trace is in the wall region (y = 0-038 corresponds to
yt = 35). Usually a particular temperature front was not observed at all ten probe loca-
tions. This was expected because the probes can obtain only a quasi-two-dimensional
sample from the front, which is presumably a three-dimensional structure. Figure 12
does however show some temperature fronts which seem to span the entire distance
covered by the probes.

It is readily seen that the temperature front is skewed in the y direction. This is
characterized by a definite time delay between the front passage at any two different
probe locations. The temperature fronts were always associated with strong tempera-
ture decreases. This is what provides the striking visual correlation in figure 12.
Although a few sharp temperature increases can be observed locally, they are not
correlated in the normal direction and hence seem to be only random statistical
fluctuations unassociated with any structure. Also the structure characterized by the
temperature front is not associated with any particular part of the boundary layer,
but occurs at all locations. Indeed, this is one of its most significant properties because
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Fi1qurkg 13. Frequency of detection of the internal temperature front.

it seems to provide a dynamical relationship between the large-scale structure in the
intermittent region and the eddy structure near the wall, as will be discussed later.

4.6. Crossing frequency of the temperature fronts

The detection of the internal temperature fronts was accomplished by using the
technique described in § 3.2. Figure 13 shows the average number of temperature fronts
that crossed the detector probe per unit time normalized with the outer variables U,
and ¢. Since figure 12 and similar data indicated that not all the internal temperature
fronts extended across the fully turbulent region, it is somewhat surprising to see
that F8/U, has essentially a constant value of 0-38 over the entire region. These
values are quite similar to the average crossing rate of the interface in the intermittent
region as shown in figure 8. Examination of the simultaneous data, such as those
shown in figures 6 and 12, indicated that whenever a cold temperature front appeared
in the upper fully turbulent region it often extended into the intermittent region and
coincided with one of the ‘backs’. However, not all of the ‘backs’ could be associated
with a strong temperature front that extended into the fully turbulent region. This may
be due to the three-dimensional nature of the structure as explained earlier. The inverse
of the crossing frequency gives the average time between the temperature fronts. When
multiplied by U/, the average distance between the fronts is approximately three
boundary-layer thicknesses.

4.7. Coincident correlation measurements

The coincident correlation technique and Taylor’s hypothesis were used to determine
the most probable shape of the internal temperature in the «,  plane. This was accom-
plished by finding the average phase lag of the fronts between the relative locations
of the probes. Examination of the simultaneous temperature traces indicated that the
front almost always crossed the outermost position first. The coincident correlation
coefficients were computed using (13) and some typical results are shown in figure 14.
The time delay corresponding to the maximum correlation represents the most
probable phase lag between the front crossing at y, and its neighbour at y,—Ay. As
can be seen, it is positive and varies from U, 7/8 = 0-025 in the outer region to approxi-
mately 0-2 near the wall.
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Ficure 14. Coincidence correlation coefficients obtained from adjacent probes.

Aithough the lengths of the pulses were always the same and their mean frequency
was approximately constant, the shapes of the coincident correlation curves vary
considerably, i.e. the maximum decreases and the curves become broader as the wall
is approached. By comparison, one can show that, if the fronts extended across the
entire boundary layer and had a constant convection velocity and shape in the z,y
plane, then the correlations would all be triangular-shaped functions with a maximum
normalized magnitude of unity and the time delay at the maximum would be propor-
tional to the local angle of the front. Figure 12 shows that the temperature fronts do
not extend across the entire boundary layer as they cross the rake of probes. This
effect by itself would not account for the variation in the shape of the normalized
correlations shown in figure 14. However, the simultaneous data also show that at any
two fixed y locations the temperature fronts did not cross the inner probe at a constant
time delay after crossing the outer probe. Thus the shape of the front isnot constant and
this effect adds a random phase lag between the two positions as discussed by Black-
welder (1977). This decreases the maximum value of the correlation curves and
broadens them. Figure 14 indicates that this effect is stronger in the fully turbulent
region near the wall, as one would expect because the fluctuations are stronger there,
and milder in the outer, intermittent regions. ,

The accumulated phase lag across the boundary layer with respect to the probe at
y/6 = 0-63 is shown in figure 15. This curve was obtained by using the coincident
correlations between adjacent probe locations and also the most probable phase lag
corresponding to the maximum of each curve. The cumulative phase lag at each
position was found by summing all the individual lags between y/é = 0-63 and the
position of interest. In principle, one would prefer to obtain directly the coincident
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Ficurr 15. The most probable time delay of the temperature front
crossing relative to its crossing at y/d = 0-63.

correlation between the signal at y/8 = 0-63 and the other positions and use the
maximum. In practice, the random phase lag was so great that no well-defined peaks
could be established at large spatial separations, i.e. |Ay/8| > 0-27. Some correlations
were computed directly between locations with |{Ay /8| > 0-06. The result agreed well
with the data in figure 15 and helped to verify the technique. In view of the velocity
gradient across the boundary layer, a direct comparison cannot be made between the
temporal and spatial shapes of the front. However the curve in figure 15 can be con-
sidered as a qualitative description of the mean shape of the temperature front as seen
by an observer riding at % /8 = 0-63. In this frame of reference, the front extends over
approximately one boundary-layer thickness in the upstream direction.

4.8. Simultaneous temperature and velocity measurements

The triple probe was capable of measuring the temperature and two velocity com-
ponents and was used to study the motion about the internal front. The conventional
transport coefficients between u, v and 0, defined as R,, = uv/u'v’, R,y = uf/w'6’ and
R, = v0/v'0’, are shown in figure 16. As reported by Johnson (1959) and Fulachier
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(1972), R, is very large and strongly negative near the wall, which is indicative of
the strong coupling between the streamwise velocity and the temperature fluctuations.
Together with the negative values of the skewness of temperature, this suggests that
the wall region is constantly disturbed by cold fluid with a high streamwise velocity.
The transport coefficients are fairly constant in the interval 0-2 < y/& < 0-7 and are
within 209, of Fulachier’s (1972) results. Outside this region the ceefficients follow
the same trend as was reported by Fulachier.

Figure 17 shows the conditional averages of 8, u and v associated with the internal
temperature front. All the data are normalized by the local r.m.s. level. It was found
that the normalized time derivative of the conditionally averaged temperature was
constant for all the curves and was

8 d¢6)

U.6 dt = 22.

However, the fluctuation level of temperature at y/8 = 0-03 was 2-4 times as large as
that at y/& = 0-63, indicating that the temperature gradient steepens across the front
as the wall is approached. If the temporal locations of the negative and positive peaks
of the conditionally averaged temperature are used to define the width of the tempera-
ture front, it is readily seen that its passage time is approximately constant and is
0-18/U,, across the layer. If the front is convected with the local mean velocity, its
corresponding width in the streamwise direction varies from 0-058 to 0-15. Both (u)
and {v) change sign everywhere across the internal front, which indicates that the
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temperature front has a deterministic velocity. A negative {u) and positive (v) are
found downstream of the front.

The above results suggest that the temperature front is associated with an internal
shear layer that also extends across the boundary layer. The conditional averages
show that in general the warmer fluid downstream of the front is associated with low
streamwise momentum and is moving away from the wall. Upstream of the front,
cooler fluid with higher streamwise momentum is moving towards the wall. Compared
with the local fluctuation levels, the relative strength of these two counteracting
motions varies across the layer. In the outer intermittent region the conditional
averages of figure 17 show that the outward movement on the downstream side of the
front is stronger. This motion is associated with the turbulent core of the bulges directly
inside the back interface and thus is a reflexion of the fact that there is more coherent
motion inside the bulge than there is in the non-turbulent regions.

As the wall is approached, the results in figure 17 cannot be interpreted so easily. It
can be seen that the zero crossings of the conditional averages of « and v advance
forwards in time relative to the zero crossings of the temperature. Since this difference
is very important in analysing the associated turbulent eddy structure, its validity
was thoroughly checked for errors. The temperature sensor and the X-probe used to
measure the velocity components have a small spatial separation. However, since the
temperature sensor was upstream of the X-probe, the resulting phase shift would be in
the opposite direction of that observed in figure 17. The effect of the temperature
contamination on the velocity probes was carefully studied and it was concluded that
it could not be responsible for the observed phase shift. No other errors were found
that could explain the observed phase differences and since the results were repeatable,
they were accepted as presented.

This indicates that the flow field in the wall region is more complicated than that
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further out. For example, these results may indicate that the shear layer and tempera-
ture front are not coincident. A more probable explanation is that there is another type
of eddy structure associated with the temperature front in the lower region of the
boundary layer such as the streamwise vortices described by Kim et al. (1971). Since
only two velocity components were measured, the motion associated with the third
velocity component may be responsible for the phase shift.

A composite picture of the two-dimensional velocity field associated with the
temperature front is shown in figure 18. This figure uses the mean location of the
temperature front found in figure 15. Then the velocity data of figure 17 are replotted
using the position of the front as the reference time at each y position. The local mean
values of the two velocity components have been subtracted and the difference plotted
as a vector with a magnitude and direction. Thus at each normal position the relative
velocity is shown for time delays before and after the crossing of the temperature front.
Directly before the internal front, there is an outward motion of warmer fluid away
from the wall. After the front has passed, the cooler fluid with an excess of streamwise
momentum is seen moving towards the wall. The phase difference between the zero
crossings of the temperature and momentum is clearly evident near the wall. It seems
that there are small temporal zones in which warm high speed fluid is moving towards
the wall, although such a strict Lagrangian interpretation of the present data is not
possible.
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5. Discussion and conclusions

The use of a small amount of heat as a passive contaminant was found to be a very
valuable technique for studying the large-scale motion in the turbulent boundary
layer. By uniformly heating the boundary layer from its beginning, the heat served as
a tracer for the turbulence. With low heat flux, the dynamical structures in the shear
layer were virtually unchanged. Thus in the outer, intermittent regions the tempera-
ture signals were accurately able to identify the turbulent/non-turbulent interface.
The conditional averages of the temperature and velocitiesin thisregion readily verified
the motion described by Kaplan & Laufer (1969), Kovasznay et al. (1970), and others.

The predominant structure illustrated by the heat contamination was the sharp
internal temperature front that existed throughout all regions of the flow field. This
temperature front was characterized by a rapid temporal change from warmer to
cooler fluid. In the outer, intermittent region, the fronts were readily associated with
the backs of the bulges, such that the warmer fluid was inside the bulges and the
cooler fluid was associated with the non-turbulent region between the bulges. The
strongest temperature changes in time were always associated with the backs. The
point averages also showed sharper spatial gradients near the backs and rather homo-
geneous temperatures below the fronts. Hedley & Keffer (1974b) found also that the
strongest changes in the point averages of the Reynolds stress were near the backs.
Thus the structure associated with the backs seems to be more dynamical while the
fluid near the fronts is more homogeneous and better mixed. This supports a model
proposed by Kovasznay (1970) in which a parcel of fluid of low streamwise momentum
moves into the intermittent region from below. The ‘back’ of the bulge coincides with
this fluid parcel. The ‘front’ is the boundary of the wake formed by the high speed
irrotational fluid moving around it.

The simultaneous temperature signals showed that the temperature fronts extended
down into the fully turbulent region as clearly identifiable structures. The fronts were
highly three-dimensional, and thus a single front only rarely passed over the entire
rake of sensors, which formed a straight line perpendicular to the wall. However, the
conditional averages associated with the front were similar across the entire boundary
layer and the mean frequency of occurrence was approximately constant everywhere.
Whenever a sharp temperature decrease occurred at one spatial location, one could
also observe it at two or more neighbouring locations with a slight time shift. Thus it
was felt that this structure usually extended across the entire boundary layer. How-
ever since it was of finite width in the spanwise direction, part of it was out of the plane
of the sensors.

The streamwise and normal velocity components also experienced very sharp and
rapid changes in the vicinity of the temperature front. Although the magnitudes of the
velocity changes normalized by the local r.m.s. values were usually not as large as the
temperature change, they do suggest that an internal shear layer was associated with
the temperature front. In the outer, intermittent region, both the temperature front
and the shear layer were clearly associated with the backs of the turbulent bulges.
As the wall was approached, the conditional averages of velocity and temperature
indicated that the front and the shear layer were not coincident in time, as seen in
figure 18. This was manifested by a phase shift between the zero crossings of the
averaged velocity and temperature signals. This phase shift may have been due to
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some aspect of the eddy structure that was not measurable with the available probes
and experimental configurations, e.g. streamwise vortices.

In the present study, the location closest to the wall was y/§ = 0-03, which corre-
sponded to y* = 35. Both the detection of the temperature front and the sampling of
the data occurred there. Blackwelder & Kaplan (1976) detected the bursting pheno-
menon at yt = 15 and then sampled data at positions throughout the wall region. The
ensemble averages found in figure 17 are very similar to those reported by Blackwelder
& Kaplan: i.e. a sequence of regions of low streamwise momentum moving away from
the wall followed by a very sharp streamwise acceleration and high velocity fluid
moving towards the wall. Furthermore, this sequence shown in figures 17 and 18 has
also been found by Wallace, Brodkey & Eckelmann (1977) at several points in space
extending from y*+ = 3-4 to y* = 195. Although they did not make simultaneous mea-
surements at more than one point in space, their results suggest that a structure similar
to the temperature front occurs throughout the entire layer. In addition, the detection
scheme of Blackwelder & Kaplan was applied to the velocity data at y+ = 35. The
conditional averages were quite similar to those at y /8 = 0-03 in figure 17, which again
strongly suggests that the bursting phenomenon is indeed closely related to the
temperature front. Also supporting this relationship is the fact that the frequency of
occurrence of the temperature front in figure 13 is approximately the same as the mean
frequency of the bursts reported by Rao et al. (1971), Laufer & Badri Narayanan (1971)
and others.

The internal shear layer separates a region of relatively low speed fluid downstream
from the high speed fluid on the upstream side. Thus it may well represent the de-
marcation line between the accelerated and decelerated fluid regions observed by
Nychas et al. (1973). They found that these two regions were often in close proximity;
however they were not able to observe a sharp and distinct interface between the two
regions. This may possibly have been due to their visualization technique or to their
convected frame of reference. Below y+ = 70, their observed interface was sharper and
the incoming high speed fluid interacted with the ejected fluid associated with the
bursting phenomenon near the wall. They reported that the burst occurred first and
then moved into the oncoming accelerated region. This may be related to the con-
ditional averages in figures 17 and 18, which show that the velocity signals associated
with the bursting phenomenon occurred slightly earlier than the internal temperature
front.

The internal shear layer is definitely important in the transport processes in the
turbulent boundary layer as can be seen from its relationship to the temperature front.
The evidence also suggests that it provides a possible mechanism by which the large-
scale structure in the outer, intermittent region is related to the bursting phenomenon
near the wall. A physical mechanism linking these two structures has been suggested
by several authors, as discussed in the review articles by Kovasznay (1970), Laufer
(1975) and Willmarth (1975). Although the present data are not conclusive, they do
indicate that the internal shear layer does tie these two eddy structures together in
a deterministic manner and hence is of considerable importance in the dynamics of the
turbulent boundary layer.
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Appendix

In order to study the intermittent region of free turbulent shear flows, it is highly
desirable to be able to separate the flow field into two classes; one being characterized
by turbulence and the other by the lack of it. With such a separation, the two classes
can be studied independently and consequently better models of the interface and
intermittent region can be constructed. This is especially desirable when one attempts
to model the entrainment of non-turbulent fluid into the vortical regions.

The separation process is usually accomplished by a detection scheme based upon
some signal @(¢) derived in the intermittent region of the shear flow. The results of the
detection process crucially depend upon the initial choice of @(¢). It is difficult to
prescribe rigid rules for choosing @. However some guidelines can be formulated by
examining the probability density of @, which may be written as

p(Q) = (1—vy)p™Q) +ypt(Q), (A1)

where 7y is the intermittency factor and p*(Q) and pt(Q) are the probability densities
of @ in the non-turbulent and turbulent classes. These probability densities are plotted
schematically in figure 19. If Q and @ are the average values of @ in the turbulent and
non-turbulent zones respectively, then it is apparent that the inter-class distance,
represented by the difference between @and ¢ should be as large as possible, as pointed
out by Hedley & Keffer (1974a). An additional criterion is that the intra-class distance
should be as small as possible; i.e. the width of the probability density of each class as
measured by its r.m.s. value, for example, should be small.

Such signals are rarely found in nature. Hence the usual laboratory technique is to
choose a signal @,(?) initially and then process it by a circuit or algorithm that is
often nonlinear to derive a signal @,(¢). The properties of Q,(t) are then tested by
some criteria to determine if it is suitable for detecting the two different classes. If
it is not, further iteration is performed until an acceptable signal is derived.

Obviously one desires to choose initially a signal whose features have the greatest
contrast between the two classes. Since turbulence is defined as that fluid which
possesses three-dimensional random vorticity, the rectified vorticity signals, or some
combination thereof, would be a likely candidate for the signal @(¢). Kibens, Kovasznay
& Oswald (1974) used a vorticity -meter sensitive to the streamwise vorticity in
order to form a detection scheme. Since a vortiticy meter is difficult to construct, other
authors have used more simply derived signals. Examples include the use of the
streamwise velocity component by Kaplan & Laufer (1969), Paizis & Schwarz (1974)
and others, the use of 2u/dy &t by Kovasznay et al. (1970), the use of a combination
of the time derivatives of « and v by Hedley & Keffor (1974b), etc.
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Q)

o

Fieure 19. Probability densities of @ in the turbulent and non-turbulent regions.

Qi
Q-

Several recent investigations, including this one, have used a temperature signal
for Q(t); examples include the work by LaRue & Libby (1974), Kovasznay & Ali (1974)
and Antonia, Prabhu & Stephenson (1975). This technique is popular because it
provides a relatively large inter-class distance; i.e. the turbulent fluid is hot and
the non-turbulent fluid is cold or vice versa. Thus it often eliminates the need for
additional processing of the signal.

All of the previously used signals and techniques involve some subjectivity in
designing the filtering function, choosing a threshold value, etc. However by using
the underlying probability densities associated with @(¢), a more objective technique
can be developed. Bilger, Antonia & Sreenivasan (1976) used this technique to deter-
mine the intermittency factor. The present analysis was developed in order also to
determine the conditional averages and the crossing frequency.

Using the probability distribution given by (A 1), one can easily define the average
values in the turbulent and non-turbulent zones or classes as

G={" orm@de (A 2)

-— 0

=" or@ae. (43)

Hence the first moment of (A 1) yields

Q=(1-7)0+79. (A 4)

Experimentally one defines an intermittency function as

10 ={y oot (4 5)

0 otherwise,
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where Qs the threshold value. The estimated value y, of the intermittency factor is
defined as the probability that @ is greater than the threshold. Hence

7Qa) = Pr{Q > Qg = f (@) 0. (A 6)

Similarly the estimated value 68 of the conditional average in the turbulent region is
the conditional probability of @ given that @ > @, i.e.

~

30.(Qa) = B(Q|Q > Q) = f C o @dQ / f (@0,

or

7@, = f : (@) dQ, A7)

where the implicit dependence of @, is assumed. Similar expressions can be obtained
for the non-turbulent class and higher-order moments, e.g. @2 in the turbulent and
non-turbulent regions, ete.

It is useful to examine the derivatives of the last two equations, which are

dy, _ dQ, _p@Q) 5
de - _p(Qd)’ TQd - '}’ed (Qe—Qd)- (A 8): (A 9)

Using the definition of Q;, one can see that, within the range of interest, the sign of
these derivatives can never change because p(Q) can approach or equal zero only if
the two classes are widely removed from each other. Such conditions are physically
unrealizable in a continuum, although they could be found asymptotically if a dis-
continuity, such as a shock wave, were being studied. The consequence is that y, and Q,
will be monotonic functions and there will not be any region where the intermittency
or conditional averages of Q will be independent of the threshold. This is quite im-
portant because in the past considerable effort has often been expended (unsuccess-
fully) looking for just such a region. Hence some other criteria must be used in order
to determine a threshold value.

The technique used in this research is described by Chen (1975). Essentially it con-
sisted of varying the threshold level over a large range of @ that included the region
where p™(¢)) ~ 0. In this region (A 8) and (A 9) become

dye dq, Q) 5
0. ~7p"(Qa), a0, ~—;,—d (@~ @Qa)- (A 10), (A 11)

The estimated values (with subscript e) could then be determined experimentally and
this information used to find the correct values with the aid of the above equations.

The temperature signal T(t) was used for @(t) in the present study. The variation
of the parameters at a particular value of y /8 in the boundary layer are seen in figure 20.
It is apparent that there is no plateau in y or the conditional averaged temperatures
as discussed above. The estimated intermittency factor was linear over a broad range
of the thresholds tested. As the threshold level approached the ambient temperature
in the non-turbulent region, the slopes of all of the quantities changed dramatically.
This was presumably due to the non-zero value of p*(T') in this region.
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Figure 20. Variation of parameters as a function of the threshold level: i, bulge crossing fre-

quency, F; @, intermittency factor, y; ¥, non-turbulent zone average, T—Tw; A, turbulent

zone average, T'— 7T . T, is the local ambient non-turbulent temperature.

Since the probability distributions do not contain any temporal information,
alternative methods must be examined in order to determine the effect of the threshold
level on the crossing frequency. Using (A 5), the estimated intermittency factor can

be written as
T

Yel@q) = lim 0I Q4. t) dt.

Differentiating yields
dy, .. 1(7
30, "~ }LH;; 0—3(Qd~Q(t))dt
= —F(Qq) 8(Qa),T (A 12)
where F(Q,) is the bulge crossing frequency, given by
P(Q,) = lim 1
and
2 N dQ(t) l“l
S == —
@0 =5 Z|7d |-

N
v _f@a)

2 m , where g¢g(z,)=0.

b
t Using f i) 8(g(z)) dzx =
a
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The total number of interface crossings is N, which is also a function of the threshold
level. Similar expressions can be written down for the conditional averages. In order
to have any physical significance, F must be non-negative, as can be verified by using
(A 8). However, no general criteria governing the variation of #(¢;) can be found.
Since F(Q,) is a measure of the slope of ¢(¢) at the threshold level, F(¢);) depends
strongly upon the temporal form of ¢(t) and upon the threshold level. Hence #(¢,) is
not necessarily a monotonic function as has been observed by Kibens et al. (1974) and
will in general be more sensitive to the threshold level.

REFERENCES

AnToNia, R. A., PraBHU, A. & STEPHENSON, S. E. 1975 J. Fluid Mech. 72, 455.

BiLgeER, R. W., ANTONIA, R. A. & SREENIVASAN, K. R. 1976 Phys. Fluids 19, 1471.

BrLackwELDER, R. F. 1977 Phys. Fluids Suppl. 20, § 222.

BLAcKWELDER, R. F. 1979 To appear in Methods of Experimental Physics (ed R. Emrich).
Academic Press.

BLACKWELDER, R. F. & Karran, R. E. 1976 J. Fluid Mech. 76, 89.

BLACKWELDER, R. F. & Kovasznay, L. 8. G. 1972 Phys. Fluids 15, 1545.

BrowN, G. & Rosuko, A. 1974 J. Fluid Mech. 64, 775.

CHeN, C. P. 1975 Ph.D. dissertation, University of Southern California.

CLAUSER, F. H. 1956 Adv. Appl. Mech. 4, 1.

Corivo, E. R. & BrobpgEey, R. 8. 1969 J. Fluid Mech. 37, 1.

CormsiN, S. 1943 N.A.C.A. Wartime Rep. W-94.

CORRSIN, 8. 1949 N.A.C.A. Tech. Note no. 1864.

CoRrrsIN, 8. 1957 Proc. 1st Naval Hydr. Symp. p. 373. Nat. Acad. Sci. Publ. SIS.

CORRsIN, S. & KISTLER, A. L. 1955 N.A.C.A. Rep. no. 1244.

FuracuIER, L. 1972 D. Phys. Sci. thesis, Université de Provence.

GupTa, A. K. 1970 Ph.D. dissertation, University of Southern California.

Gurra, A. K., LAUFER, J. & KarraN, R. E. 1971 J. Fluid Mech. 50, 493.

Heprey, T. B. & KEFFER, J. F. 1974a J. Fluid Mech. 64, 625.

Heprey, T. B. & KEFFER, J. F. 1974b J. Fluid Mech. 64, 645.

Jounson, D. 8. 1959 J. Appl. Mech. 26, 325.

KarLaN, R. E. & LAUFER, J. 1969 Proc. 12th Int. Cong. Appl. Mech., Stanford Univ., p. 236.
Springer.

KiBens, V., Kovasznay, L. 8. G. & OswaLp, L. 1974 Rev. Sci. Instrum. 45, 1138.

Kim, H. T., Kring, S. J. & Rey~NoLps, W. C. 1971 J. Fluid Mech. 50, 133.

KuLINE, 8. J., REy~voLps, W. C., SCHRAUB, F. A. & RuUNDSTADLER, P. W. 1967 J. Fluid Mech.
30, 741.

Kovasznay, L. S. G. 1970 Ann. Rev. Fluid Mech. 2, 95.

Kovaszynay, L. S. G. & Avrt, 8. F. 1974 Proc. 5th Int. Heat Transfer Conf., Tokyo, vol. 2, p. 99.
KovaszNnay, L. 8. G., KiBens, V. & BLACKWELDER, R. F. 1970 J. Fluid Mech. 41, 283.
LaRue, J. C. & LisBy, P. A. 1974 Phys. Fluids 17, 1956.

LAUFER, J. 1975 Ann. Rev. Fluid Mech. 7, 307.

LAUFER, J. & BADRI NARAYVANAN, M. A. 1971 Phys. Fluids 14, 182,

Nvycuas, S. G., HErsHEY, H. C. & BroDpXEY, R. S. 1973 J. Fluid Mech. 61, 513.
OFFEN, G. R. & KuINE, 8. J. 1974 J. Fluid Mech. 62, 223.

Parzis, S. T. & Scuwarz, W. H. 1974 J. Fluid Mech. 63, 315.

Paizis, S. T. & Scawarz, W. H. 1975. J. Fluid Mech. 68, 297.

Pararriou, D. D. & Lykoupis, P. 8. 1974 J. Fluid Mech. 62, 11.

Rao, N. K., NarasIMHA, R. & BADRI NARAYANAN, M. A. 1971 J. Flwid Mech. 48, 339.



Large-scale motion in a turbulent boundary layer 31

RocwELL, D. O. & NiccorLs, W. O. 1972 J. Basic Engng 94, 720.

TrOMAS, R. M. 1973 J. Fluid Mech. 57, 549.

Wavrracg, J. M., BRopxEyY, R. S. & EckELMaNN, H. 1977 J. Fluid Mech. 83, 673.
WiLLMARTH, W. W. 1975 Adv. Appl. Mech. 15, 159.

WinanT, C. O. & Browanp, F. K. 1974 J. Fluid Mech. 63, 237.

Zaric, Z. 1974 Etude statistique de la turbulence pariétale. Rep. Boris Kidric Inst., Belgrade.



