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Measurements of the intermittency factor y and in particular the crossing fre-
quency f,, of the turbulent/non-turbulent interface in the outer regions of various
turbulent shear flows depend strongly on the settings of the intermittency meter
used. Two methods of calibrating an intermittency meter of conventional design
are described. In the first, turbulent and non-turbulent signals are simulated
and switched at random times using an analog computer. Particular attention
is given to the spectra of the switching and turbulent signals but the non-turbu-
lent signal is assumed to have the same spectrum as the turbulent signal. In the
second method, the same switching process is applied to two real signals, obtained
in the fully turbulent and irrotational flow regions associated with a turbulent
jet with a co-flowing external air stream. A rather simple calibration procedure
derived using the results of both methods is applied to the measurements of y
and f, in the same jet. It is suggested that the simulation process adopted here
could be useful in inferring properties of intermittent turbulent flows.

1. Introduction

The study of the turbulent/non-turbulent interface in both free shear flows
and partially bounded flows (such as boundary layers and wall jets) remains of
predominant importance in the understanding of the entrainment process and
hence the growth rate of these flows. Two of the most obvious quantities that can
be measured at a point in the intermittent zones of these flows are y, the fraction
of time for which the flow is turbulent, and f,, the frequency of crossing of the
interface. If an intermittency function I(t), equal to one when the flow is turbu-
lent at the point of measurement and zero when it is not, can be produced, then y
is the average value of I(f), and f, its average frequency. Once the interface
passage can be successfully detected, a number of statistical features can be
investigated for both the rotational and irrotational parts of the fiow. The recent
use of conditional sampling techniques in turbulent flows has produced a variety
of quantitative measures for these features.

The least subjective way to distinguish between turbulent and irrotational
flow is to measure vorticity. As this measurement is rather difficult, most of the
intermittency detecting circuits that have been developed rely essentially on
comparing a signal such as du/dt, the time derivative of the streamwise velocity
component, with rather arbitrary criteria involving one or more adjustable
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parameters. The subjectiveness of the criterion is of little importance in deter-
mining 7y, the intermittency factor, since repeatable measurements of y have been
obtained by a number of different authors using different methods. The dis-
tribution of f, (see §2), however, shows order-of-magnitude discrepancies, due
no doubt to the rather greater accuracy required of /(t) in this case. There is little
doubt that inaccuracy in I(¢) similarly affects a number of the measured condi-
tional averages to be found in the literature (e.g. Kovasznay, Kibens & Black-
welder 1970; Wygnanski & Fielder 1970; Antonia 1972; Hedley & Keffer 1974 a).

This paper describes an attempt to calibrate an intermittency meter of
conventional design (described in §3) with a pseudo-turbulent (intermittent)
signal generated using an analog computer. The pseudo-turbulent signal is
generated by switching (at random) between two signals, representing the turbu-
lent and non-turbulent signals, obtained from a random signal generator (see §4).
The final result is an intermittent signal of known statistical properties and, in
particular, of known 7 and f,, since the intermittency function (f) is known
exactly. A similar calibration procedure was used by Kibens & Kovasznay
(1970), but the present method of generating the calibration signal pays more
attention to the spectral density of the signal and also to the characteristics of the
switching (Kibens & Kovasznay used simple periodic switching).

A more realistic signal for calibrating the intermittency meter can be obtained
by randomly switching between a fully turbulent and non-turbulent signal.
Rather than attempting to generate these signals on the analog computer it
was found more convenient to use two real signals measured simultaneously
at the centre-line of a jet and in the irrotational flow region just outside the jet.
The calibration of the meter using this procedure was applied to measure y
and f, in the intermittent region of the jet.

The results of the calibration are given in §5 in terms of y and f, only, but there
are no reasons why more complex quantities such as weighted higher-order
moments of the turbulent and non-turbulent quantities should not be included
in the calibration procedure.

2. Detection of interface: published results

A number of investigators have measured y and sometimes f, in a number of
flows, by either analog techniques (e.g. Townsend 1949; Corrsin & Kistler 1955;
Bradbury 1965; Kovasznay ef al. 1970; Kuo & Corrsin 1971), or using a digital
computer (e.g. Kaplan & Laufer 1968; Antonia & Bradshaw 1971). Irrespective
of the technique used, the formation of 7y relies essentially on the setting of two
parameters: C, the threshold, and 7, the hold time (in the notation of Kovasznay
et al.) over which comparison with C is made. Although C and 7;; are usually set
somewhat arbitrarily (often as a result of a subjective comparison of the criterion
function e(f) chosen and the intermittency function I(t), viewed on an oscilloscope),
a reasonable choice for either or both of these values can be made, as discussed
by Kovasznay et al. (1970) and Hedley & Keffer (19745b). The choices of C and 7
depend of course on the choice of () and are hence determined to a large extent
by the spectral characteristics and other statistical properties of the turbulent
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and non-turbulent parts of e(f). The function e(t) is usually chosen so as to en-
hance the turbulent component in relation to the non-turbulent part. The forms
for e(f) used by various investigators have been discussed and summarized by
Hedley & Keffer (19745) and Bradshaw & Murlis (1973).

There is no doubt that the use of any hold time at all, unless it is of smaller
order than the Kolmogorov time scale, i.e. the convection time of the smallest
eddies, will lead to the smoothing out of some significant fluctuations in the tur-
bulent/non-turbulent interface. On the other hand, any function e(¢), no matter
how sophisticated, will contain some spuriousindications (‘drop-outs’ or ‘holes’),
which will usually be of short duration and can be eliminated by using a
long enough hold time. This will be true whether the criterion function is based
on signals representing velocities or signals representing scalar quantities con-
vected with the flow, such as smoke or temperature. Bradshaw & Murlis (1973)
correctly point out the danger of eliminating the ‘drop-outs’ as some of these
may be genuinely attributable to the sharply re-entrant interface as revealed
by smoke photographs whilst others may be a result of the intermittency associ-
ated with the dissipation field (of either velocity or scalar fluctuations). Clearly
there will be an optimum hold time, which will give the ‘right’ values of y and f,,
and will also lead to an intermittency function which has a high correlation with
the ‘real’ intermittency. One would expect that the better the criterion function,
the shorter the optimum hold time; however, it is unlikely that for any criterion
function so far proposed this optimum is as short as the Kolmogorov time scale.
Visual observation, whether of hot-wire traces or of smoke pictures, also involves
a hold time, which varies from case to case as the observer uses his judgement.
Although this use of judgement will usually tend to improve the results compared
with an instrument using the same eriterion function, the fact that it is not a well-
defined process leads to some degree of undesirable subjectivity. Of course, in
many cases visual observation is either inconvenient or out of the question, so
that the choice is between an instrument calibrated using a turbulent signal whose
intermittency properties have been established as well as possible by careful
observation by several different observers, using an indicator such as tempera-
ture or smoke which defines the turbulent/non-turbulent interface fairly clearly ;
or else one calibrated using a signal whose intermittency properties are artificially
generated, and are thus exactly known. Bradshaw & Murlis (1973) recommend
that the first choice be adopted with 75 made as small as possible or completely
removed. The latter choice has been made in this work. While it is obviously
impossible to simulate exactly all the properties of real turbulence (since most
of them have never been measured), it is felt that this deficiency is more than
balanced by the increase in objectivity and reproducibility achieved in the
calibration. Whether the instrument, however calibrated, is in fact registering
the ‘real’ turbulent/non-turbulent interface cannot be decided conclusively so
long as an exact definition of ‘turbulence’ is not agreed on. This is a different
problem, and is not discussed in detail here.

The results for y and f, available in the literature have been obtained with
Ty invariably set to a constant value whilst C, although sometimes also held
constant, was usually allowed to vary as the intermittent part of the flow was
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Freure 1. Interface crossing and burst frequencies in a boundary layer. Results for f.: O,
Kovasznay et al. (1970), Ry = 2970; +, Corrsin & Kistler (1955), By = 3800; x, Hedley &
Keffer (1974a), Ry = 9700; @, Antonia (1972), Ry = 2140; [, Antonia (1972), By = 4000;
A, Sherman (1972), By = 1000; *, Klebanoff (1955), Ry = 7800. — —, burst frequency fx
of Narahari Rao et al. (1971), Ry = 6550; — - —, frequency fp of peak in spectra of « or v,
Dumas (1964), By = 2900.

surveyed. Results for y are well documented in the literature and will not be
reproduced here. The variation of y across the intermittent flow region is found
to be closely approximated by the error function

Y(y) = Hi—erf[(y—7)/(20)]},

where ¥ is the distance measured from the wall (in the case of the boundary
layer) or from the plane or axis of symmetry (in the case of two-dimensional or
axisymmetric jets and wakes), and 7 and o are the mean position and standard
deviation respectively of the interface. For nominally self-preserving boundary
layers, however, it has been observed that vy is not a universal function of i/ (Jis
the 99-59/ boundary-layer thickness), especially for y/é < 1. Also, small varia-
tions are observed in the reported values of 77/ and, to a lesser extent, in those of
a /8 for investigations in nominally self-preserving boundary layers with nomin-
ally zero-pressure-gradient conditions.t Except perhaps at the lowest Reynolds
numbers (R, < 1000 say, where R, = U, 8/v, 0 being the momentum thickness),itis
unlikely that these variations are due to the different Reynolds numbers. They
are more likely to be due to the slightly different forms of e(f) used and to the
difficulty (cf. Kibens & Kovasznay 1970 and §5) of knowing when the threshold
is set correctly.

Distributions in a boundary layer of f,» normalized by & and the free-stream
velocity U,, are shown in figure 1. The maximum values of f, occur at approxi-

T Bradshaw (1966) found that, with self-preserving boundary layers in adverse pressure

gradients, /8 was just significantly larger for the more strongly retarded boundary layer
but %/é remained effectively unchanged.
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Ficure 2. Normalized interface frequency results. x , Hedley & Keffer (1974 a), boundary
layer; O, Kovasznay et al. (1970), boundary layer; A, Wygnanski & Fiedler (1970), high
velocity side of mixing layer; A, Wygnanski & Fielder (1970), low velocity side of mixing
layer; [, present results for round jet; +, Demetriades (1968), wake; , Gaussian dis-
tribution.

mately the same y/d position but differ by an order of magnitude, although all
the measurements, except those of Corrsin & Kistler (1955)F, were made in a
smooth-wall zero-pressure-gradient boundary layer. Sherman’s (1972) measure-
ments were made downstream of natural transition in a water boundary layer
which developed on the floor of an open channel. Sherman has suggested that
the low Reynolds number (£, = 1000} and the close proximity to natural tran-
sition may account for the extremely low values of f,. The other results in figure 1
for f,, do not show a systematic variation with B,. A more plausible explanation
for the scatter in the data is the observation (§6) that f, is extremely sensitive to
the setting of 7,; whereas y is almost unaffected by 7. Also shown for interest in
figure 1 are the ‘burst’ frequencies f determined throughout the boundary layer
by Narahari Rao, Narasimha & Badri Narayanan (1971) from the analysis of
band-passed hot-wire signals, and the peak frequencies f, deduced from the
spectra of 4 and v (normal) velocity fluctuations obtained by Dumas (1964) in
the irrotational part of the boundary layer for /6 > 1-1. The frequencies f;, of
Narahari Rao ef al. (1971) do not vary significantly across the boundary layer
and are in close agreement with the boundary-layer measurements of Lu &
Willmarth (1972), who define their ‘bursts’ as contributions to the instantaneous
fluctuating Reynolds stress —uv with # < 0 and v > 0 at a certain threshold
level for which the contributions from the other quadrants of the u,v plane are
negligible.

+ Corrsin & Kistler’s measurements were made over a relatively small amplitude wavy

wall. Apart from the slightly higher turbulence levels, the characteristics of their boundary
layer were essentially the same as those of a smooth-wall layer.
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F1cUre 3. Block diagram of intermittency measuring circuit.

However, when the results for f, are normalized by f,(0), the value of f, at
y =7 (where v = 0-5 if y(y) is of error-function form), the distributions of
figure 1 appear to collapse reasonably closely onto the Gaussian curve

exp{—¢[(y—7/o]*,

as shown in figure 2. In addition to the results of Wygnanski & Fiedler (1970,
low and high velocity sides of a mixing layer) the present results for a round jet
with a low velocity co-flowing external stream and those of Demetriades (1968)
for the supersonic wake of a sphere lie close to the normal curve. Hedley & Keffer
(1974 @) have speculated that the negative skewness of their f, distribution and
that of Kovasznay ef al. (1970) may be a result of the folding over the interface.
Thomas (1973) also obtains a negatively skewed distribution for f, in a two-
dimensional wake. In view of the present uncertainty in the measurement of £,

especially at low or high values of v, it may, however, be somewhat premature to
comment on the shape of f,.

3. Description of intermittency meter

Although the majority of conditionally sampled measurements can be easily
obtained only with the use of digital techniques (see Bradshaw 1972), it was both
convenient and economical for the present work to use analog techniques. The
design of the analog intermittency meter built for this investigation is essentially
the same as that used by Townsend (1949), Corrsin & Kistler (1955) and Kuo
& Corrsin (1971).

A block diagram of the various processes involved in the intermittency meter
is given in figure 3. The input e(t) is first differentiated, then rectified and com-
pared with a variable threshold level C. The differentiator has a frequency re-
sponse with roll-off of 6 db/octave on either side of the centre frequency of 20kHz.
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The result of the comparison with C is available at the terminal 7'5 (figure 3) and
is a random square wave with a number of lapses or holes through a ‘turbulent’
patch (due to the inevitable zero excursions of the rectified signal ) and a number
of spurious indications during the ‘non-turbulent’ part of the signal caused by
the signal momentarily exceeding the value of C. To eliminate these spurious
indications, the signal is passed through a second-order linear phase low-pass
filter. The -3db frequency fi; (= 77t) of this filter was chosen to vary from 4-2 Hz,
to 202 Hz in logarithmically equal steps. The level of the second comparator was
kept fixed at 0-5 times the square-wave amplitude throughout this investigation.
The resulting intermittency function () was available at terminal 7’7 whilst
v, the average value of I(t), was displayed on a meter, which was provided with
two sensitivities (309, or 1009, of full-scale deflexion). A detailed description
of the electronics used in the intermittency circuit may be found in Antonia &
Stellema (1973).

4. Simulation of intermittently turbulent signal
4.1. Criteria to be satisfied

The aim of the simulation was to produce a signal ‘resembling’ turbulence but
with known characteristics, in particular known values of y and f,. The criteria
used to ensure that the simulated signal resembled a real signal were as follows.

(i) Its power spectral density should be identical to that of a typical flow vari-
able (to about the same order of accuracy as can be obtained experimentally).
The input signal to the intermittency meter was e(¢), the fluctuating part of the
output voltage of the anemometer, which was directly proportional to the longi-
tudinal velocity (). Spectra of u(t) are readily available in the literature for a
variety of turbulent shear flows with one or more free stream boundaries.

(ii) Its intermittency characteristics should be identical with those observed
for the real signal. Here only a few of the characteristics pertinent to the outer
large-scale shear-layer intermittency were reproduced. No attempt was made to
incorporate in the fully turbulent part of the signal some of the small-scale
intermittency characteristics of turbulence. These characteristics are associated
with the intermittent nature of the dissipation process and have been observed
by Sandborn (1959) and Narahari Rao etal. (1971) in laboratory boundary layers
and Frenkiel & Klebanoff (1971) and Kuo & Corrsin (1971) in grid turbulence
over arange of turbulence Reynolds numbers. The characteristics of theswitching
signal that switches between the ‘turbulent’ and non-turbulent’ components
should also be as observed in real flows.

(iii) It should be indistinguishable from a real signal when viewed on an
oscilloscope. This is the most difficult criterion to satisfy. The difficulties in satis-
fying it are to some extent tied up with the errors committed in satisfying the
two previous criteria. The main difficulty however, is the fact that the real process
is not two independent stationary processes with instantaneous independent
switching. The real process is continuous, and its average varies throughout the
switching cycle.

Two kinds of intermittent pseudo-turbulent signals were used in this study.
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F1cURE 4. Block diagram of cireuit for producing the pseudo-intermittent signal.
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F1cURE 5. Spectra of intermittency functions I(f) and Iy(¢). Simulation (Z(£)): @, ¥, = 0-51,
f“/o =25-THz; A\, vo= 0~76,f7,0= 21-8 Hz. Measurements in jet (I(2)): O,y = 0-20,f7,= 32-7THz;
o,y = 0'49,f7 = 73-0Hz. —, Poisson-distributed switching.
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In both cases, switching between the ‘turbulent’ and ‘non-turbulent’ com-
ponents is done using an artificially generated intermittency function I(t)
In the first, the whole signal is generated artificially. In the second, Zy(f)is used
to switch between anemometer signals taken from turbulent and non-turbulent
parts of a real flow.
4.2, Generation of I(t)

The artificial intermittency function f,(f) was obtained, as shown in figure 4,
by passing a white-noise signal from a GR ULF noise generator type 418 A
through a second-order low-pass filter with break frequency », and comparing
the resulting signal T'(f) with a constant £, so that [(f) = 1 or 0 according as
T(t)z B. Varying § and v gives various values of y and f,. The analog and
logic components used formed part of an EAI-180 Analog/Hybrid computer.

For Poisson-distributed switching times, it can be shown that the spectral
density of the intermittency function is given by

oo~ | () |

where A~! and p~! are the average durations of the states 0 and 1 respectively.
Hence A +u = f,/[y(1—7)], and so

This result is shown on figure 5, together with some measured spectra of I(t),
and also experimental results from the outer part of the jet described in §4.4.
Agreement is good, except perhaps at very high frequencies. Corrsin & Kistler
(1955) and Kovasznay ef al. (1970) have also both found that their experimental
results for ¢;;(f) were closely approximated by (1 + Cf?)~1, for suitably chosen C.
Corrsin & Kistler argued that the probability density of the duration 7' of the
turbulent regions should, for small durations, behave linearly. However, Hedley
& Keffer (1974b) have found that 7' for both turbulent and non-turbulent regions
is lognormally distributed except for large 7', a result similar to that obtained
by Narahari Rao et al. (1971) for the time intervals between small-scale bursts
throughout a boundary layer.

4.3. Artificially generated spectra

For simplicity, in a first attempt to simulate e(t), the turbulent and non-turbulent
components were assumed to have identical spectra, differing only in amplitude.
A block diagram showing the method used is given in figure 4. A Gaussian white-
noise signal S(t) from a Solartron Random Signal Generator BO 1227 (spectrum
flat from d.c. to 10kHz, crest factor 6-9: 1) formed both the turbulent signal S,
and, after passing through an attenuator, the non-turbulent signal Sy (= £S;).
Switching between the two components was carried out as described above, and
the resulting signal filtered linearly to approximate the correct spectrum, using
the EAI 180 analog computer.

The spectrum of the streamwise velocity in many turbulent flows can be
reasonably approximated by four regions, in each of which it is asymptotic to a
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F1curg 6. Circuit for generating a signal with the spectral density shown in figure 7.
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different power of frequency, namely f°, f-1, f~% and f7 (in order of increasing
frequency). The same four regions were used in constructing the simulated spec-
trum, although, because of the linear nature of the filtering, f~% and f~7 were
replaced by f~2 and f~® respectively, while the f~! region was replaced by two
regions, with f~% and f° respectively. The f~8 region was obtained using a Krohn-
Hite filter model 3750, and the remainder by means of the analog circuit shown
in figure 6. (For more details, see Atkinson 1972.) It was found that this method
gave spectra which agreed with experimentally found spectra (see figure 7) to
well within the accuracy of the latter (typically 109%,).

This method of forming e(f) has the disadvantage that spectral shaping is
done after switching, so that the spectra of the turbulent and non-turbulent
parts cannot be made different (as they certainly are in real flows; see figure 11).
This disadvantage can be overcome to some extent by doing some filtering before
switching, although this makes the synthesis of a given spectrum more compli-
cated. Complete spectral shaping prior to switching would cause physically im-
possible discontinuities to appear in e(f) at the time of switching.

4.4. Switching between two real signals

Spectra of e(f) obtained at three positions in an axisymmetric turbulent jet
developing in an external free stream with small velocity U, are shown in figure 7.
The signal e(f) was measured with a normal wire operated by a DISA 55M01/
55M10 constant-temperature anemometer and its spectrum was analysed with a
DISA 55D26 signal conditioner. The simulation of the measured spectrum at
y/Ly = 1-53 (L, is the distance from the centre-line at which the velocity difference
U—-U, = %U,, U, being the difference between the centre-line velocity and Uj)
follows quite closely the experimental points except perhaps for frequencies less
than 20 Hz. The exit velocity U, of the jet was 29-4 m s~1and the ratio U,/U; = 11-4.
The measurements reported in this paper were all made at 2/D = 31-5, where
2 is the distance from the nozzle and D is the nozzle diameter.

5. Calibration results and discussion
5.1. Switching between two similar artificial spectra

The input e(?) to the intermittency measuring circuit was the intermittent signal
generated by the method outlined in §§4.2 and 4.3. The spectra of the turbulent
signal e, and non-turbulent signal e, were identical (as given in figure 7) but the
‘noise-to-signal ratio’ & (= o, /0, ) was varied between 0-2 and 0-7. The mean
values of e;and ¢,, were made equal to zero. This is clearly not the case in the real
flow when e(¢) = u(¢) (the difference %,— u,, of the means of ‘zone’ averages may
be positive or negative, depending on whether the shear is negative or positive).
However, the actual value of %, —u, should hav eno effect on the settings of the
intermittency meter since the signal is differentiated.

Examples of the results obtained are given in figures 8 and 9 in the form f, /f,
or [y, vs. 04/C, where y, and f, are the true values of y and f, respectively and
0 is the r.m.s. value of é (= de/dt). The distributions of f,/f, and y/y, are shown

44 FLM 64
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Ficure 9. Calibration results for switching between two identical simulated spectra for
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for three values of the filter frequency fy. This frequency may be normalized
by £,./7e ot f,, /(1 —7,), which are inversely proportional to the average durations
of a turbulent and non-turbulent occurrence respectively. But since f, and y, are
unknown in the real flow, it is more convenient to normalize f;; by the easily
measured f,;, a characteristic frequency of the signal defined here by 27fen = o/
o,. When ¢ = u, fon is inversely proportional to the Taylor microscale. The
selection of the appropriate range of C and f; for these calibrations was greatly
facilitated by displaying simultaneously the traces of ¢, ¢, I, and I on a type 549
Tektronix storage oscilloscope.

Theresultsin figure 8 were obtained for f, = 22 Hz and show that, for y, = 0-25,
Iylfy, exhibits a minimum but the position of this minimum clearly does not
correspond to the best setting of C, i.e. that setting for which y =+, and

442
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fy =/1,,-T The distributions y/y, were only very weakly dependent on fy over
the ranges of f; considered and are shown in figures 8 and 9 as a single curve. The
best value of o¢;/C is almost doubled as vy, increases from 0-25 to 0-75 but the opti-
mum value of fy/fen is essentially unchanged. The distributions in figure 9 cor-
respond to k = 0-50, y, = 0-50 and f, = 8:3Hz (fen ~ 250 Hz). They also show
that f, is particularly sensitive to the setting of f;, the optimum setting for
fur/fen being near 0-13. Figures 10 (a) and (b) summarize the results obtained with
Yo =~ 0-50 over a wide range of f, (8-60Hz) and k(0-2-0-7). For values of o;/C
not too different from 0-9 (the optimum setting indicated by the results of figure
9), v ~ v, over the whole range of f;; considered here.

The results in figures 8-10 can be compared with those of Kibens & Kovasznay
(1970), who also switched between identical spectra but paid less attention to
the spectral shape and switching characteristics. One of the main coneclusions
they drew from their synthetic signal tests was that the best indication of opti-
mum gain is the minimum in the envelope curves as a function of gain. This is
not supported by the results of this section. Kibens & Kovasznay also found that
Jf,, was overestimated by 159, when k¥ = 0-2 and by over 509, when k = 0-33.
It would appear that these errors are almost certainly due to f; being incorrectly
set.

5.2. Switching between two real spectra

The assumption that the turbulent and non-turbulent spectra are similar is,
as shown by the spectra in figure 11, not correct. The spectrum of the non-
turbulent signal shown in this figure was measured with the hot wire outside the
jet at y/L, = 3-0 and is similar to that of the spectra measured by Dumas (1964)
outside a turbulent boundary layer. The ‘turbulent’ signal was obtained from a
second hot wire positioned at y = 0 at the same z station. The signals from the
two wires were switched by the same circuit (figure 6) as used previously.f
With y, = 0-25, and a switching frequency f, ~ 22Hz only slightly different
from the frequency f» at which the spectrum of e, peaks, the spectrum of the
switched signal, also shown in figure 11, is similar in shape to the spectra obtained
in the intermittent zone of the flow (figure 7). When viewed on the oscilloscope,
the switched signal was almost undistinguishable from ‘real’ signals.

The results of the calibration are given in figure 12 for two values of y,. For
Yo = 0:91, y >~ v, over a relatively wide range of o;/C. The insensitivity of y
to the gain has also been noted by Seshagiri & Bragg (1972) near the centre-line
of a cylinder wake where y ~ 1-0. Correct values for f, can be obtained for a wide
range of f; but for y, = 0-25, the optimum setting is restricted to

Ji/fen = 0-46  (0;/C = 0-60).

t It should be emphasized that, for this setting, I, and I, as observed on the storage
oscilloscope, are essentially identical apart from the small time delay related to 74.

1 Note that the spectrum of e,(f) could easily have been synthesized on the analog
computer using essentially the procedure outlined in § 4. It was more convenient however
to switch between two real spectra. Two of the major difficulties in synthesizing e; con-
sist of reproducing the small-scale bursting exhibited by fully turbulent signals when
they are high-pass or band-pass filtered and also reproducing the slight non-Gaussianity
of real signals.
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Figure 11. Spectra of turbulent and non-turbulent signals for a jet flow: [, ¢, spectrum,
y/Ly = 0; A, e, spectrum, y/Ly = 3-0; O, spectrum of simulated signal obtained by switch-
ing between e, and e, (y, = 0-25, f, = 22-6 Hz).

Figure 13 summarizes the results obtained for the values of o;/C for which
Y = Yo, over a wide range of y and f, conditions and for three fixed values of f.
To within the experimental scatter, linear distributions of a5/C vs. v, fit the data
reasonably well. The results in figure 13 were used to obtain distributions of y
and f, (figure 14) in the jet at /D = 31-5. The value of f; was kept fixed and was
chosen so that f;/fen = 0-69 at the first point of measurement (y/L, = 0-83). The
procedure used for obtaining y and f, at a given y/L, was to (i) pick an initial
value of o;/C (a value of 1-0is a good first guess), (ii) measure vy, (iii) compare y
with the results in figure 13 (in this case, the straight line for fi;/fen = 0-69),
(iv) change €' and go back to step (ii) if y does not agree and (v) measure f, if the
agreement is satisfactory. It was found that only a few iterations were required
at each y/L, to obtain reasonable agreement with figure 13. Figure 15 shows three
distributions of v and f, at the same station in the jet corresponding to three
different (but constant) values of C set at y/L, = 0-83, with f; once more kept
constant (fg/fen = 0-69 at y/L, = 0-83). The y and f, distributions for ¢,/C = 1-98
(at y/ Ly = 0-83) are in close agreement with those of figure 14. This seems to lend
some support to the statement, often made in the literature, that a constant
setting of ' (and also of f5) can give adequate y (and f,) distributions across the
intermittent flow region.
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Figure 12. Effect of threshold on 7y and f,, using switching between two real spectra

(o = 212Hz). ——, 7, = 0-25, f,, = 938 Hz; ——, 7, = 091, f, = 12:3 Ha.
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Ficure 13. Best values of 0;/C as a function of y, for three values of fir. Results are
for switching between two real spectra (f, ~ 200 Hz).
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Ficure 14. Distributions of y and f,, across the jet (z/D = 31-5). The threshold was varied

according to results of figure 13 but fg was kept fixed, corresponding to fx/f,, = 0-69 at
y/Ly = 0-83.
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Frgure 15. Distributions of y and f, across the jet (x/D = 31-5) for fixed C and fu. O,
0;/C = 2-94and fy/f,, = 0-69aty/L, = 0-83; 1, 0;/C = 1-98 and fu/f,, = 0-6%at y/L, = 0-83;
A, 0;/C = 1-21 and fg/f,, = 0-69 at y/L, = 0-83.

6. Recommendations for setting C and f5

The optimum values of o;/C derived from both the synthetic and real signal
tests of §5 are shown in figure 16. As previously mentioned, these results cover a
wide range of k, f, and fen. The straight line corresponding to fy/(fen = 0-69in
figure 13 is shown in figure 16 as it was found to give correct values of both y and
/, at the lower values of y. Figure 16 shows that (o;/C),,, = 27 is probably a
reagonable fit to the data for calibration purposes.
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Frcure 16. Summary of optimum settings of ¢;/C as a function of y. All symbols refer to
switching between pseudo-spectra. +, k=01; V, k=02; A, £k=03; O, k=05;
X, k = 0-7.~——,line corresponding to fx/f,, = 0-69 in figure 13 and is for switching between
real spectra.
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FIcURE 17. Summary of optimum settings of fu/f,, as a function of F,,. Symbols for pseudo-

spectra are the same as in figure 16. Squares are for real spectra (¥’ ~ 0-12 and k = 0-72 for
all data).

The results in §5 suggest that the optimum setting of fy/fen depends on v,
Jy/fen and k, although fy/fch is probably the most important. It is reasonable that
the hold time should depend on v only in so far as this influences the average
lengths of turbulent bursts (or non-turbulent lapses, if these are shorter). Thus
[ should be a function of £, /y for y < 4, and [,/(1=v) for y > £. In order to
obtain a single function over the whole range of y which is smooth at y = 3,
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Ficure 18. Distributions of characteristic frequency f,, and of F,, in a zero-pressure-gradient
boundary layer (data from Kovasznay et al. 1970} and in the jet (present results).

fyly and f /(1 —7v) are replaced by f,/y(1—7v) for all values of y (f,/y(1-7)
is also the break point in the spectrum of I(t), the intermittency function). In
figure 17, optimum values of fg/fen are plotted vs. F', = f [y(1—7) fen for all the
results available from the two types of calibration tests. The data show consider-
able scatter (even on a log-log plot!) but seem to suggest a relationship of the

form
(frlfen)ope = b(k) F'3,

where o = 0-8 and b seems to decrease with increasing &, at least for large values
of k. Strictly, the noise-to-signal ratio, &’ say, of the differentiated signals should
be more relevant than £ for correlation purposes. One has k = %’ for the synthetic
spectra and k/k’ ~ 6 for the real spectra, which explains the relative positions of
the squares in figure 17.

Although not attempted here, it is relatively easy to allow for the variation of
JSr (and also of k or £') in the calibration procedure outlined in §5.2. The measured
values of F in the jet are shown in figure 18 and are in the range 1-4-1-9. The
increase in F, near the edge of the intermittent region suggests that a constant
setting of fy, as used in figures 14 and 15, is not strictly correct. The f, distribution
of figure 14 is most likely to be in error for y > 0-5, where fi;/fcn was set somewhat
low. The values of F, in a boundary layer (figure 18), inferred from the measure-
ments of Kovasznay et al. (1970), are almost twice as high as those in the jet and
imply that fg, .. should be certainly larger than fcn in this case. More definite
recommendations for setting f; cannot at present be given, in view of the in-
conclusiveness of figure 17.

7. Summary of results and final discussion

The calibration of the turbulence intermittency measuring circuit (described in
§3) using a pseudo-turbulent signal derived by random switching between either
two signals of similar spectra simulated on an analog computer or two real signals
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obtained in the fully turbulent and irrotational regions respectively of a jet has
shown the following.

(i) The correct values of y and f, can be obtained over a wide range of v,
[, and of the signal-to-noise parameter k£ provided that both the threshold €' and
the time constant 7 of the filter are set correctly.

(ii) C,p; depends rather strongly on y. This dependence is reasonably well
defined and seems insensitive to k.

(iii) 7zops depends on vy, f, and k. The data are too scattered to enable a
definite dependence on these parameters to be postulated but a power-law
relationship between fi; and f, /y(1 — v) has been suggested.

The calibration results have been used to obtain satisfactory distributions of y
and f, in a round jet. It is hoped that this calibration procedure can be used to
obtain more accurate and consistent results for y and, particularly, f, than has
hitherto been possible. The accuracy of the calibration method could be improved
by paying more attention to the simulation of the pseudo-intermittent signal,
in particular to the following points.

(i) The probability density of the turbulent part of the signal is non-Gaussian,
the departure from Gaussianity being a function of y. Although this deviation
may be small, it is precisely these small changes which make the prediction of
high-order moments of intermittent signals complicated (e.g. Antonia & Atkin-
son 1973).

(ii) Some allowance should be made for %, —%,, and, which will be rather more
complicated to realize, for the ensemble average velocities within turbulent and
non-turbulent regions. Also, the switching between turbulence and non-turbu-
lence is not independent of the statistics of the turbulent and non-turbulent
regions; e.g. large values of %, — %, are in general associated with large durations
of turbulent regions whilst %, ~ %, for small durations.

Besides its use in calibrating instruments such as the intermittent signal,
pseudo-turbulence could prove useful in the investigation of theories of turbu-
lence. Even more useful however would be a method which attempted to simulate
the basic phenomena occurring in the flow, rather than the statistical properties
which are actually measured.

The work described in this paper represents part of a programme of research
supported by the Australian Research Grants Committee and the Australian
Institute of Nuclear Science and Engineering.
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