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On the structure of turbulent channel flow 
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Hot-film measurements of the streamwise velocity component were carried out in a 
fully developed turbulent water-channel flow for three different Reynolds numbers 
(13 800, 34 600 and 48 900). The results for the first four statistical moments comple- 
ment and extend the results from previous studies of turbulent channel flow. The 
VITA variance technique waa employed to detect deterministic events in the stream- 
wise velocity. It waa demonstrated that the VITA technique has a band-pass-filter 
character. The number of events detected was found to decrerrae exponentially with 
the threshold level and the events occupy a wide range of timescales. This makes it 
impossible to define one unique frequency of occurrence or one unique duration of the 
events. However, by using this technique information was obtained on the amplitude 
and timescale distributions of the events. The chmacteristic features of the con- 
ditional iverages were found to be related to the skewness and flatness factors. 

1. Introduction 
Fully developed turbulent channel flow has been studied by several investigators 

during the last three decades (e.g. Clark 1968; Comte-Bellot 1965; Eckelmann 1974; 
Kreplin 1976; Laufer 1961; ZariiE 1975). In  the present study measurements are 
presented for three different Reynolds numbers with a ratio of nearly 4 to 1. Water 
was used as the working fluid, and the streamwise velocity component wrra measured 
with the use of a single hot-film probe. Water hrts the advantage over air in that 
effects of heat conduction from the probe to the wall are small. 

Several methods have been devised to sort out organized structures from turbulent 
signals measured at one or more fixed points in the flow. When referring to  such 
structures, the term event, instead of for example burst, will be used in the following. 
Rao, Narasimha t Badri Narayanan (1971) employed a complex scheme to identify 
events from the band-pass-filtered streamwise velocity signal, while the method of 
Willmarth t Lu (1972) detects events when the low-pass-filtered u-signal at y+ = 16; 
is below a pre-set value. The scheme of Blackwelder t Kaplan (1976), usually referred 
to as the VITA technique, utilizes the short-time variance of the streamwise velocity 
signal at y+ = 15. The short-time variance is a localized (in time) measure of the 
turbulent activity, and when it exceeds a given threshold level an event is said to 
occur. The uu-signal (as well &B the short-time variance of u) has an intermittent 
character, which is made use of by Sabot BE Comte-Bellot (1976) to detect events. 
Wallace, Brodkey t Eckelmann (1977) devised a pattern-recognition scheme and 
found events characterized by a relatively weak deceleration of the flow followed by 
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a strong acceleration. These u-signal patterns were found at all positions throughout 
the flow field. For a more detailed description of the above-mentioned and other 
related investigations the reader is referred to the review articles of Willmarth (1975) 
and Antonia (1981). 

In J 3.1 are presented measurements of mean velocity, turbulence intensity, skew- 
ness and flatness that complement and extend the results of previous channel-flow 
studies. The main portion of this study is, however, devoted to the detection of events 
in the streamwise velocity signal with the use of the VITA technique. The detection 
of events was carried out a t  various distances from the wall and for a wide range of 
values of the parameters involved in the detection criterion. The results, presented 
in $3.2, show for example that the VITA technique has a band-pass-filter character 
and that the features of the conditional averages of u are related to the skewness and 
flatness factors. 

2. Experimental arrangement 
2.1. Experimental facility and measurement technique 

The experiments were carried out in the water tunnel (see figure 1)  a t  the Department 
of Mechanics of the Royal Institute of Technology, Stockholm. The tunnel is of a 
continuous-flow type and has a velocity range of about 0-15-5 m/s. The meamre- 
ments were carried out 63 channel heights from the inlet of the 6 m long test section, 
which is made of Plexiglas and has a width of 400 mm and a height of 80 mm. The 
DISA M01 anemometer system and boundary-layer-type fibre film probes (DISA 
model R15) were used for the measurements of the streamwise velocity component. 
The probes were run at constant temperature with an overheat of 16 "C. The diameter 
and length of the sensing element of the probe are 0.070 and 1-25 mm respectively. 
In  the present study the maximum centreline velocity was 0.61 m/s, which is low 
enough to avoid vortex shedding from these probes. A traversing mechanism with a 
resolution of 5pm was used to position the probe. The position closest to the wall 
waa determined by a microscope technique with an accuracy of 0.05 mm. A more 
detailed description of the water tunnel is given by Johansson & Alfredsson (1981). 

The hot-film probes were calibrated in a submerged water jet. The calibration 
apparatus and procedure are described in detail by Fahlgren, Johansson & Alfredsson 
(1981). The transformation from voltage to velocity was done digitally with the use 
of a calibration curve consisting of two parts, with a condition of continuity at the 
matchpoint located at about 10 cm/s. The maximum error (in the velocity) could 
thereby be kept to less than 2 %. A King's law expression was used in the upper velo- 
city range. In the lower range an expression of the form 

U = k,(E2 - E;)'," + k2(E - Eo)i (1) 

waa used, where E and E,  are the anemometer output voltages a t  the velocities U and 
zero respectively, and k,, k, and n are constants to be adjusted for best fit of (1) to 
the calibration data. The second term in (1) is related to the effects of natural con- 
vection, which become important at low velocities.. 

For hot-film measurements in water i t  is of utmost importance to use clean water 
of constant temperature. A filtering and temperature control system was used to 
remove particles larger than 5>m and to keep the water temperature constant to 
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FIGURE 1. The water tunnel: (a) pump, (a) test section, (c) water reservoir. 

within & 0.03 "C. The anemometer voltage was compensated for small temperature 
variations by the method used by Fahlgren et al. (1981). However, this compensation 
was always less than 0.4 yo of the velocity. 

For each measurement point 230000 samples of the anemometer output signal 
were collected (after subtracting a d.c. voltage using the DISA D26 signal conditioner) 
through the 12-bit A/D converter of a DEC MINC system (PDP11/23), and stored 
on floppy disk. The time between consecutive samples was chosen as about half the 
viscous timescale. For the lowest velocity this corresponds to a sampling time of 
about 20 min at each measuring point. The probability density distributions of the 
anemometer signal were computed from the time series and transformed to the 
probability density distributions of the streamwise velocity by using the calibration 
curve. The different moments, i.e. mean velocity, r.m.8. velocity, skewness and 
flatness factors, were then calculated from these distributions. Assembler programs 
were used for most of the numerical work. 

2.2. The VITA technique 
Blackwelder & Kaplan (1976) developed the VITA technique to detect the occurrence 
of events associated with the turbulence production. This method uses the inter- 
mittent character of the short-time variance of the streamwise velocity. It is assumed 
that peaks in the short-time variance signal correspond to such events. The short- 
time variance (or the VITA variance) of the fluctuating streamwise velocity com- 
ponent u is defined as 

When T becomes large the second term on the right-hand side of (2) tends to zero, 
and twice the long-time average of the turbulent energy from the u-component (per 
unit mass), i.e. u k s ,  is obtained. As T approaches zero the two terms on the right- 
hand side of (2) become identical, so that the short-time variance vanishes. As can be 
seen from a simple example there is a close relation between the timescales con- 
tributing to the short-time variance and the integration time. In  figure 2 the short-time 
variance for a single period of a sine wave is plotted versus the integration time. A 
type of band-pass-filter character is observed, with the maximum of the short-time 
variance located at an integration time of 72 Yo of the period. To examine the influence 
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FIQURE 2. The short-time variance (at t = 0) of u(t) = sin ot ( - w / w  < 1 c n/w) ,  0 (otherwise). 
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FIQTJRE 3. Velocity signal and corresponding short time variance functions for three different 
integration times; Re = 13800, yf = 12.9. 

of the test-signal shape, a triangle wave was substituted for the sine wave. A slightly 
modified short-time variance was obtained, and the maximum was instead found for 
an integration time of 78 yo of the period. 

The detection criterion used by Blackwelder & Kaplan (henceforth referred to as 
the VITA technique) states that an event occurs when the short-time variance exceeds 
ku-, where k is the chosen threshold level. The reference time is taken as the mid- 
point of the event. Once the reference times have been determined, a conditional 
average of the u-signal can be calculated as 

where N is the number of events and 7 is a time relative to the reference time t j .  
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Reynolds number U, 2b/v 13 800 34 600 48 900 

VCL (m/s) 0.174 0.461 0.816 
VCL/U, 20.6 23.0 23.7 
Viscous lengthscale Z* = v/u, (mm) 0.119 0.053 0.039 
Viscous timescale t* = v/u: (ms) 14.1 2-66; 1.48 
Outer timescale to = b / U ,  (ms) 230 86.7 66.0 
Additive constant in the logarithmic velocity law 6.8 6.6 6.0 

TABLE 1. Characteristics of the channel flows 
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Figure 3 shows a portion of the u-signal and the corresponding variance functions 
calculated for three Merent  integration times (corresponding to 6, lO and 20 viscous 
time units). The variance functions have a rather intermittent appearance, especially 
for short integration times. The band-pass-filter character of the VITA technique is 
well illustrated in this figure. For instance at A the variance function has a peak, which 
increases with increasing integration time. It corresponds to a rather slow decrease 
of the u-velocity. However, this deceleration is followed by a rapid acceleration at B, 
which gives the variance function its highest value for the shortest integration time. 
At C the acceleration of the flow haa a timescale somewhere in between the other two, 
and the variance function has its highest value for an intermediate integration time. 

3. Results 
3.1. Long-time-average results 

Measurements were carried out at three different Reynolds numbers, namely 13 800, 
34600 and 48900, based on centreline velocity UcL, channel height 2b and fluid 
viscosity v. Some characteristic parameters of these flows are given in table 1. 

The question as to whether the flow is fully developed or not will first be addressed. 
Comte-Bellot (1965;) carried out extensive experiments, studying the downstream 
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development of turbulent channel flow. Her experiments showed that a good charac- 
terization of the stage of development could be made, based on the values of the 
skewness and flatness factors on the channel centreline. A channel flow that is not 
fully developed will show a large negative value of the skewness and a large positive 
value of the flatness factor. Comte-Bellot found that the fully developed regime, 
where all statistical moments are independent of the downstream distance, was 
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FIGURE 5. Distributions of the streamwise turbulence intemity, skewness and flatness: (a) inner 
region, (a) outer region. 0, Re = 13800; A, 34600; 0, 48900; +, Kreplin (1976), Re = 7700. 

y lb  

established about 60 channel heights downstream of the inlet. The present measure- 
ments were carried out 63 channel heights from the inlet, and as reported by Johansson 
& Alfredsson (1981) the variation of the skewness and flatness factors on the centreline 
is negligible beyond x /2b  = 67. 

In figure 4 the mean-velocity distribution for the lowest Reynolds number (13 800) 
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FIGURE 6. Frequency spectra of the streamwise velocity component; y+ = 13. 
- -, Re = 13800; -, 34600; - - - -, 48900. 

is presented in the standard form of u+ vs. y+ (u+ = U/u,, y+ = y/Z*). For this Rey- 
nolds number the friction velocity could be determined from the slope of the mean- 
velocity profile in the viscous sublayer. For the higher Reynolds numbers the friction 
velocities were determined from the condition of best fit to the logarithmic velocity 
law with von KBrm6n's constant equal to 0.41. The results show a slight reduction, 
with increasing Reynolds number, of the additive constant in the logarithmic velocity 
law (table 1). Also included in figure 4 are the maximum and minimum velocities 
measured a t  each point, showing the large span of velocities present. 

The turbulence intensity has its maximum value at about y+ = 12 (figure 5) where 
also the span of measured velocities is largest as seen in figure 4. The highest velocity 
at  this point is about as large as the mean velocity a t  the centreline, and the lowest 
is about u+ = 2. The maximum in turbulence intensity, however, becomes less pro- 
nounced and is also shifted to slightly higher y+ values with increasing Reynolds 
number. This trend is consistent with the data of Laufer (1951) and Comte-Bellot 
(1965). As shown by Zarii: (1972) large differences between various studies are at hand 
for measurements of urms/u+ in the near-wall region (yf < 50), which cannot be 
attributed solely to Reynolds-number effects. In  most studies prior to 1970 non- 
linearized anemometer signals were used, and various corrections to the mectsured 
quantities were applied. This is of course more questionable than to use analog or 
digital linearization of the anemometer signal. It is also worth mentioning that 
measurements close to the wall seem to be more influenced by cooling from the wall 
for hot wires in air than for hot films in liquids. For measurements in air the thermal 
conductivity of the test-section wall is usually much higher than that of air. The wall 
will hence act as a heat sink. This effect will also be enhanced by the high overheat 
temperatures usually employed in air ( z 200 "C). The effects of this additional cooling 
on measurements of mean and fluctuating quantities are rather uncertain. 

The skewness and flatness factors, presented in figure 5, show a slight Reynolds- 
number dependence in the near-wall region. The data of Kreplin (1976) (Be = 7700), 
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FIGURE 7. Total number of events (0) and number of events with positive slope (0) detected 
per unit time aa function of the threshold level; Re = 13800, T+ = 10.7, y+ = 12.9. 

also included in figure 5, are consistent with the present data close to the wall. In  the 
outer region, however, there are differences that may be due to Reynolds-number 
effects. They may also be due to for example the different development lengths of the 
two channels ( x / 2 b  = 32 for Kreplin and x / 2 b  = 63 for the present study). 

Frequency spectra were calculated by means of standard FFT routines. The data 
are presented as fE, i.e. the frequency times the energy density function, in a linear 
scale, versusfin a logarithmic scale. The ordinate is normalized so that the total non- 
dimensional energy is unity. Spectra for the three Reynolds numbers at y+ 2: 50 and 
further out collapse when the frequency is scaled with the outer timescale. This scaling 
was also found by Perry & Abell(l975) to be appropriate in the outer region of turbu- 
lent pipe flow. However, the outer scaling works less well with decreasing distance 
from the wall. At y+ = 13 neither outer (figure 6) nor inner scaling works satisfac- 
torily. In  figure 6 a clear Reynolds-number trend is seen in the high-frequency range. 
Not even at the edge of the viscous sublayer (y+ = 5) do the spectra for all three Rey- 
nolds numbers collapse with inner scaling. 

3.2. Short-time average results 

Data from the measurements presented in 5 3.1 were also analysed using the VITA 
technique. As will be shown in the following, the number of events n detected per unit 
time varies strongly with the threshold level k and the integration time T. When 
scaled with outer or inner flow variables the integration time will be denoted by To 
and T+ respectively. Two distinctly Werent types of events can be distinguished, 
corresponding to accelerations and retardations. Those with increasing velocity at 
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FIGURE 8. Number of events with positive slope (0) and with negative slope ( x ) detected per 

unit time as function of the integration time; Re = 13800, y+ = 12.9. 

the reference time will also be referred to as having positive slope. The number of such 
events detected per unit time will be denoted by npos. The corresponding quantity 
for the events with negative slope is denoted by nneg.  A large portion of the results 
presented in the following were obtained for y+ positions of about 13, where the 
turbulence production and intensity are largest. 

The number of events detected decreases exponentially with increasing threshold 
level for the cme in figure 7 (y+ = 12.9). An increase in k from 0.5 to 2.0 results in a 
decrease of n by a factor of more than 40. Also plotted is the number of events corres- 
ponding to accelerations. The two lines, representing n and npos, merge at high 
threshold levels. This indicates that nearly all events with very large amplitudes, 
typically several times the long-time r.m.8. value, correspond to acceleration of the 
flow. As the mean amplitude of all detected events is approximately proportional to 
the square root of the threshold level used (as will be supported by results presented 
later) information about the amplitude distribution of the events is acquired from 
plots such as those in figure 7. The exponential decrease of n with increasing k was 
found for all yf values, integration times and Reynolds numbers studied. The rate of 
decrease, however, varies with for example the distance from the wall. Using the 
uv-quadrant method, Sabot & Comte-Bellot (1976) also found that the number of 
events detected decreases exponentially with the threshold level. 

The predominance of events corresponding to acceleration over those corres- 
ponding to retardation of the flow was found in all cases studied for large k-values. 
The same predominance is also found for small integration times, which is illustrated 
in figure 8. Thus the most rapid events nearly always correspond to accelerations. For 
no values of T and k investigated do the events with negative slope dominate. The 
curvcs npos(T) (or nncg(?')) are similar in shape for different k-values, and the maxima 
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FIQIIRE 9. Number of events with positive slope veraus the integration time, with outer scding; 
k = 1.0, y+ = 13. 0 , R e  = 13800; A, 34900; 0, 48900. 

are not very distinct, which implies that the events occupy a wide range of timescales 
for all threshold levels. The relation between T and the duration of the events will 
become evident from the conditional averages presented later. Information is thus 
obtained on the timescale distribution of the events from plots ~ E I  those in figure 8. 
For this case (y+ = 13) the T-value for which npoe has its maximum corresponds to 
about 16 viscous time units or about 1.0 in outer units and is only about one-third of 
that for which nneg has its maximum. This means that the timescale for the retarda- 
tions is typically several times as large as the timescale for the accelerations. This is 
probably related to the large positive values of the skewness factor of du/dt ~ E I  mea- 
sured by Comte-Bellot (1966;) and also to the shape of the u-signal patterns found by 
Wallace et al. (1977). These patterns are characterized by a relatively slow retardation 
followed by a rapid acceleration. A comparison between the curves in figure 8 and the 
corresponding power spectrum in figure 6 reveals that most of the turbulent energy is 
found in a frequency range that corresponds to timescales for which many events are 
detected. 

In figure 9, curves representing npoe(T) (at y+ = 13) are plotted for the three 
different Reynolds numbers specified in $3.1. For integration times longer than about 
one outer time unit the curves collapse when outer scaling is applied. This was found 
to be true also at  other y+ positions examined (i.e. y+ > 5). This indicates that both 
the duration and the frequency of occurrence of events with a typical timescale larger 
than roughly one outer time unit may be governed by outer flow variables. The curves 
npoe(T) collapse better with increasing distance from the wall when outer scaling is 
used. However, neither outer nor inner scaling makes the curves collapse over the 
whole range of integration times for positions close to the wall (e.g. at  y+ = 5 and 
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FIQURE 11. Conditional averages constructed from all events detected for three different threshold 
levels; Re = 13800, T+ = 10.7, y+ = 12.9. Data from Blackwelder & Kaplan (1976) are in- 
cluded with T+ = 10, y+ = 15. 0, k = 1.0; 0, 2.0. 

y+ = 13). This situation should be compared with the one encountered for the scaling 
of frequency spectra (see $3.1). For the low Reynolds number, with T+ = 10, npos 
varies with a factor of about two across the channel (figure 10). For longer integration 
times, however, npos becomes more evenly distributed. This may be related to the 
findings of Bullock, Cooper t Abernathy (1978) from measurements in a turbulent 
pipe flow. They showed that the low-frequency components (corresponding to several 
outer time units) of the u-signal are highly correlated over large distances normal to 
the wall. 
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FIUURE 12. The data of figure 11 separated into events with (a) positive slope, (b)  negative slope. 

The conditional average of u is computed as the ensemble average of portions of the 
u-signal centred around their respective reference times (see 8 2.2). Following Black- 
welder & Kaplan (1976), the conditional averages of u are made non-dimensional with 
(k&)i and are denoted by (u)* (the time co-ordinate is scaled with the viscous 
timescale). The three curves in figure 11 represent the conditional averages of all 
events for threshold levels 0.6, 1-0 and 2.0 (for Re = 13800 at y+ = 12.9). Also in- 
cluded are results from Blackwelder & Kaplan (1976) for k-values 1.0 and 2.0. The 
agreement between the two sets of results is fairly good. The conditional averages 



308 A .  V .  Johunsson and P. H .  Alfredssm 

2 

1 

0 

-1 

-2 

-30 0 30 
T+ 

FIGURE 13. 17 single events for the case in figure 12 (a) with k = 2.0. 

show an increasing velocity at the reference time, which implies that the events with 
positive slope dominate. This is especially pronounced for large k-values. The con- 
ditional averages (for the present study) in figure 11 are based on 1637, 432 and 37 
events for the threshold levels 0.5, 1.0 and 2.0, respectively. The velocity scaling 
applied does not make the curves for different k-values collapse when k is vaned over 
this range. As already noted, however, there are two distinctly different types of 
events, corresponding to accelerations and retardations. Construction of the ensemble 
averages from all events as in figure 11 then gives a somewhat misleading picture, 
because the events with negative slope have an attenuating effect on the amplitude 
of the ensemble averages. Since the distribution between events with positive and 
negative slopes changes with k (as seen in figures 7 and 8) the velocity scaling of the 
conditional averages of all events can only be expected to have limited success. An 
alternative approach, near at hand, is to treat the two types of events separately. The 
conditional averages of all events with positive slope are shown in figure 12 (a). The 
corresponding averages for negative slopes are found in figure 12(b), where, however, 
the highest threshold level has been excluded because of the small number of events 
(only three) detected. The averages are now seen to collapse well for both types of 
events, with the same scaling as used in figure 11. For this reason the curves for dif- 
ferent k-values are not labelled. All events with amplitudes corresponding to higher 
k-values than the threshold level used are included in the ensemble average. However, 
as the number of events decreases exponentially with k (figure 7) only a small interval 
of amplitudes (and timescales related to the integration time) will contribute sig- 
nificantly to the ensemble average. This explains why the data collapse with the 
above-mentioned scaling. The amplitudes of the conditional averages also become 
larger when the two types of events are treated separately. The collapse of the con- 
ditional averages indicates that the mean amplitude of the detected events is propor- 
tional to the square root of the threshold level, which indeed is to be expected from 
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FIQWBE 14. Conditional averages for events with (a) positivo slope and (a) negative slope; 
Re = 13800, T+ = 10.7, k = 0.6. 1.0 and 2.0. 
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FIUTJRE 15. Conditional averages at y+ = 13 for three different Reynolds numbers; 
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FIQ- 16. Conditional averages for events having positive slope for different integration times; 
Re = 13800, y+ = 12.9, k = 1.0. 

the definitions of the short time variance and the threshold level. The amplitude 
('peak to peak') for k = 2.0 is found in figure 12 (a) to be nearly four times the long- 
time r.m.8. value of u. To give a picture of the appearance of single events figure 13 
shows 17 different realizations that are included in the ensemble average for k = 2.0 
in figure 12 (u).' 



Structure of turbulent channel Jlow 311 

In  figures 14(a, b) the conditional u-averages are shown for y+ values of 2.8, 46.7 
and 220 for events with positive and negative slope. The events are detected at the 
respective position. In  the viscous sublayer the ensemble averages are clearly shifted 
towards positive values, whereas they are approximately symmetric (around the 
long-time mean value) s t y +  = 12.9 (see figure 124 .  Further out they become shifted 
towards the negative side. This is in close correspondence with the behaviour of the 
skewness factor, which is positive close to the wall, changes sign a t  about yf = 10, 
and becomes negative further out (see figure 5). There also seems to be a correspon- 
dence between the maximum deviation of the ensemble average from the long-time 
mean value, and the flatness factor. The highest value of the flatness factor is obtained 
in the viscous sublayer, where the maximum deviation (from the long-time mean 
value) of the ensemble averages is also greatest. As would also be expected from the 
conditional averages (with the same reasoning) the flatness factor at y+ = 220 
( y / b  = 0.65) is greater than at  y+ = 46.7. Furthermore, it is observed that the velocity 
scaling used collapses the conditional averages well a t  all positions. Conditional 
averages of u for the other Reynolds numbers were found to be similar to those for 
the low Reynolds number. In figure 15 the conditional averages at  y+ values of about 
13 are compared for different Reynolds numbers. They are similar in shape, but 
shifted to the positive side with increasing Reynolds number in accordance with the 
positive trend of the skewness factor (figure 5). 

Conditional averages calculated for three different integration times are shown in 
figure 16. The influence of the integration time on the curves is clear, which again 
demonstrates the close relation between the integration time used and the timescales 
filtered out. 

4. Discussion 
Several studies have been carried out in order to investigate the structure of turbu- 

lent channel flow. However, measurements of higher statistical moments are scarce. 
Data for the skewness and flatness factors over a fairly wide Reynolds-number range 
are presented by Comte-Bellot (1965) and in the present paper. Our data exhibit a 
Reynolds-number trend in the near-wall region that is in contrast with the data of 
Comte-Bellot. However, our low-Reynolds-number caae shows good agreement with 
the data of Kreplin (1976) (Re = 7700) in this region. The differences may be due partly 
to different measurement techniques (analog versus digital). Spatial averaging over 
the probe may also affect the measurements if the probe length is of the same size or 
larger than the smallest spanwise turbulence scales. To avoid this problem the probe 
needs to be of smaller physical dimensions at  higher Reynolds numbers. In order to 
verify (or test) the apparent Reynolds-number trend in the data, measurements 
should be taken with probes of various sizes. Such measurements are currently under 
way. 

The interpretation of results obtained with the various detection schemes men- 
tioned in $1, is a non-trivial matter, and the relation between the parameters 
involved and the physical properties of the events detected is not always clear. Almost 
all methods use a threshold level of some sort to identify events. In  the VITA technique 
an integration time is also involved in the detection criterion. The relation between 
the integration time and the typical timescale (or duration) of the events is illustrated 
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in for example figures 12 and 16. The slope (du/dt a t  the reference time) of the con- 
ditional averages in figure 16 is approximately inversely proportional to the integra- 
tion time. Interpreting the time between the minimum and the maximum of the 
conditional averages in figure 12(a) a.a half a period, the integration time then is 
approximately 76 % of the period. For this and other moderate integration times the 
results are comparable with the result from the sine-wave example in 52.2. *The 
quantity npos(T) can thus be interpreted as a frequency of occurrence of events (to be 
compared with the concept of bursting frequency) with timescales about 30 yo 
larger than T. The timescale distribution of the events is obtained from plots as those 
in figures 8 and 9, where events are seen to be found for a wide range of integration 
times. The pattern-recognition technique, used by Wallace et al. (1977), also identifies 
events with time scales varying over a wide range. There is a factor of about 25 between 
the smallest and the largest timescale contributing to their ensemble averages. 
Kim, Kline & Reynolds (1971) have already pointed out that one should think of a 
dominant band of length- or time-scales (for the events) rather than a single sharply 
defined value. 

It has long been debated whether the mean time between bursts (or events) scales 
with inner or outer variables (see e.g. Laufer & Badri Narayan 1971). All definitions 
of the mean time between events contain a good deal of subjectivity. One might even 
question the value of this concept owing to the difficulty of finding an objective 
definition. For both the VITA technique (as shown in this study) and for the uv- 
quadrant method (as shown by Sabot & Comte-Bellot 1976) the number of events 
detected decreases rapidly with increasing threshold level. The frequency of occurrence 
of (or mean time between) events is therefore a strong function of the threshold level, 
and for the VITA technique it is also a function of the integration time. Also for visual 
studies related problems exist. A method to investigate which timescales are the 
governing ones for the duration and frequency of occurrence of the events is to examine 
which timescales should be used for normalization to make the curves npo,(T) (or 
nner(T)) collapse for different Reynolds numbers (for the same threshold level). In  
figure 9 (y+ = 13) outer scaling has been used. This type of scaling was found to be 
appropriate far from the wall. It should be noted that also the frequency spectra in 
the outer region can be made to collapse with outer scaling. At for example y+ = 13, 
and closer to the wall, discrepancies appear for short integration times with this 
scaling. However, small timescales are often associated with small lengthscales and 
for spanwise lengthscales of the same order of magnitude as the length of the probe, 
effects of spatial averaging become important. The same probe was used in this study 
for all Reynolds numbers, and its length corresponds to approximately 32 viscous 
length units for the highest Reynolds number. This cannot be considered as small 
compared with the smallest scales of the turbulence, so nothing definite can be said 
about the scaling for very small timescales. 

Conditional averages depend strongly on the method used. For the VITA method 
some single realizations (figure 13) can be compared with the ensemble averages in 
figure 12. A strong coherence is seen close to the reference time. However, at large 
distances in time relative to the reference time the events are uncorrelated, and hence 
the value of the conditionally averaged quantity should tend to the long-time average. 
The sharp acceleration at the reference time as seen in the single events and the 
conditional average could be interpreted as being caused by an internal shear layer. 
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Theoretical modelling of such structures is discussed by Landahl(l980). The u-signal 
patterns during ejections and sweeps, reported by Comte-Bellot, Sabot & Saleh 
(1979), show little resemblance with the conditional averages obtained with the VITA 
technique. There are several possible explanations for this. The two detection schemes 
may detect distinctly different types of events or the effect may be due to the different 
ways of setting the reference time. The results of Blackwelder & Kaplan (1976) show 
a strong uv-activity during the events, but with an ensemble average of uv that is very 
small at the reference time. Some work on the similarities and differences in the 
information obtained with different detection schemes is reported by Offen & Kline 
(1975) and by Eckelmann & Wallace (1981). Further work in this area is highly 
desirable. 

5. summary 
(i) Measurements of the first four statistical moments at three Reynolds numbers 

are presented that complement and extend the results of previous turbulent channel- 
flow studies. 

(ii) The structures detected with the VITA technique are similar at all Reynolds 
numbers studied, and their appearance is correlated with the skewness and flartness 
factors (figures 14 and 15). 

(iii) The VITA technique has a band-pass-filter character, and the relation between 
the integration time and the duration of the detected events is illustrated by for 
example the conditional averages computed for different integration times in figure 16. 

(iv) Separation of the two types of events, accelerations and retardations, makes the 
conditional averages collapse for a wide range of threshold levels if the velocity is 
scaled with ( k ~ ; ~ @ ) i .  

(v) The retardations have a duration typically several times as large as that  of the 
accelerations (figure 8). 

(vi) The number of events decreases exponentially with the threshold level, and the 
events with large amplitude nearly always correspond to accelerations (figure 7). 
(vii) The frequency of occurrence and the duration of the events scale with outer 

variables in the outer region of the flow. 
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