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A preliminary experimental investigation of local
isotropy in high-Reynolds-number turbulence

By Srinivas V. Veeravalli and Seyed G. Saddoughi

Detailed measurements of the velocity field were made in the wall boundary layer
of the 80' by 120' facility at NASA Ames. The Reynolds Number R;, based on the
Taylor microscale A at the measurement location, was approximately 1450, one of
the largest attained in laboratory flows.

The data indicate that to within measurement accuracy, the w-spectrum follows,
but the v-spectrum deviates from, the isotropic relation in the inertial subrange. No
definite statement can be made regarding local isotropy for the dissipating scales
because the spectral measurements were contaminated by high-frequency electrical
noise, but it appears that the inertial-subrange anisotropy persist in the dissipation
region.

1. Motivation and objectives

1.1, Beckground

The hypothesis of local isotropy at high Reynolds number proposed by Kol-
mogorov (1941, 1962) states that the small-scale structures of turbulent motions
are independent of large-scale structures and mean deformations. This hypothe-
sis is an integral element of most approaches to understanding turbulence be they
theoretical, modeling, or even computational methods like large-eddy simulation.

Local isotropy greatly simplifies the problem of turbulence, The total turbulent
energy dissipation ¢, which in the usual notation is given by
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reduces to € = 152(0u/0z)?, in locally isotropic turbulence because the first nine
terms in equation (1) are equal to each other and the remaining three terms are
each equal to —(8u/0z)* (see Taylor 1935).

In the high-wavenumber region of the spectrum, Kolmogorov's universal equi-
librium hypothesis states that Eu(kl)/(svs)% is a universal function of (ki7),
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where [° Ey1(k1) dk1 = u?, ky is the longitudinal wavenumber and 7 = (v3/e)d
is the Kolmogorov length scale.

If the motion is isotropic, the transverse spectra Ep;(k;) {for the velocity com-
ponent normal to the wall) and Fj3(k;) (for the spanwise component) are uniquely
determined from the longitudinal spectrum (Batchelor 1953):

Ba(ky) = Bus(h) = 5(1 ~ b= Ena(ky). @

In the inertial subrange, the 3D spectrum takes the form (Kolmogorov 1941)
E(k) = C1e¥/3k™%/3, (3)

where k is the wavenumber magnitude, and, assuming isotropy, the one-dimensional
longitudinal and transverse spectra are

Eia(ky) = O3k %* (4)

and .
Ezg(’c]) = E33(k1) = Czszlsk;sla (5)

respectively. The constant C is equal to 32 C5, and equation (2) evaluated in the
inertial subrange gives C;/C; = 4/3.

1.2. Previous work

There have been many experiments, conducted in wakes, jets, mixing layers,
a tidal channel, and atmospheric and laboratory boundary layers, in which the
concept of local isotropy has been investigated. One of the earliest studies was
by Townsend (1948), who took measurements in the wake of a cylinder and veri-
fied local isotropy. Browne, Antonia & Shah (1987) took a comprehensive set of
measurements in the wake of a cylinder at low Ry (= 40 to 80) and found that
local isotropy was not satisfied in the dissipation range. Townsend (1954) con-
cluded from later measurements that when a uniform mean rate of strain was im-
posed on isotropic turbulence, the dissipating eddies were not isotropic. The recent
data taken by Karyakin, Kuznetsov & Praskovsky (1991) in a return channel at
R = 3000 indicates that neither the inertial nor dissipation ranges are isotropic.
However, Mestayer (1982), who examined this question in a boundary layer at
R, ~ 600, concluded that local isotropy was satisfied by the dissipating eddies but
not in the inertial subrange. Some additional experiments are listed in Figure 11.

There have recently been a number of theoretical and computational studies
stressing the importance of non-local (in Fourier space) interactions in the energy
cascade process, and this brings into question Kolmogorov’s concept of a self-similar
cascade. Domaradzki & Rogallo (1988) and Domaradzki, Rogallo & Wray (1990)
showed that the energy transfer between similar small scales is largest when the
third leg of the triad is a large scale. Yeung & Brasseur (1991) also demonstrated
the importance of non-local transfer in their numerical simulations and argued that
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such interactions are important even in the high-Reynolds-number limit. However,
Waleffe (1991) shows that if one considers all possible non-local triads, the net local
transfer due to non-local interactions is not significant, thus local isotropy may not
be affected by large-scale anisotropy or strain. Durbin & Speziale (1991) examined
the equation for the dissipation rate tensor, ¢;;, and showed that local isotropy is
inconsistent with the presence of mean strain.

From the foregoing brief review (for a more comprehensive one see Van Atta
1991), it is clear that there is no consensus regarding the local-isotropy hypothesis,
and, therefore, it seems worthwhile to undertake a fresh experimental investigation
into this question.

2. Accomplishments

2.1. Apparatus and measurement techniques

The experiments described here were conducted in the boundary layer on the
test-section ceiling of the full scale aerodynamics facility at NASA Ames. The test
section is 80' high, 120' wide, and approximately 155' long. All four walls of the
test section are lined with acoustic paneling, yielding a rough-wall boundary layer.
The measurement station was located towards the end of the test section on the
centerline of the tunnel. These experiments were conducted while NASA engineers
were investigating the flow around an F-18 fighter aircraft in the central region of
the working section.

Mean-flow, broadband-turbulence and spectral measurements were taken at two
nomina] freestream velocities (Ue) of 40 and 50 m/s.

The hot-wire instrumentation used consisted of Dantec model P51 cross-wire
probes, modified to support 2.5 pm Platinum plated Tungsten wires with an etched
length of approximately 0.6 mm, TSI model 1050 hot-wire bridges, and model 1052
signal conditioners. The X-wires were oriented nominally at +45° to the mean-flow
direction. All of the hot-wires were operated with an overheat ratio of 1.8. The
square-wave response of the anemormeters was adjusted for optimum damping, and
their frequency response was better than 100 kHz,

The hot-wire output voltages were digitized on a micro computer equipped with
an Adtek ADB830 12-bit analog-to-digital converter. The analog signals for the
broadband-turbulence measurements were low-pass filtered (Rockland model 452
and 852 units) at 70 kHz. In order to span the full frequency extent of the spectra
with a modest amount of disk storage space, the data were obtained in three spec-
tral bands using a band-pass filtering technique with approximately one decade of
overlap (in frequency) between neighboring bands. This also permitted us to change
the dynamic range of the analog-to-digital converter to match that expected in a
given band. Overall, the resulting frequency bandwidth for spectra was 0.5 Hz to
100 kH . :

For each point in a turbulence profile, 50 records of 1024 samples were taken.
Sampling frequencies varied from 1000 Hz near the wall to 600 Hz near the edge of
the boundary layer. For spectral measurements, 200 records of 4096 samples each
were recorded in the low frequency band and 400 records in the higher frequency
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FIGURE 1. Mean-velocity profile (U, =~ 35m/3). 'Modified Clauser chart’' method
for rough-wall boundary layers (Perry & Li 1990). §; is the displacement thickness,
and each of the straight lines corresponds to a constant value of (C;/2)!/2. Error
in origin, e = 1mm.

bands. In each case, the sampling frequency was three to four times larger than the
low-pass filter cut-off frequency in order to avoid aliasing errors. The spectral den-
sities of the hot-wire signals were computed by a fast-Fourier-transform algorithm.
To convert frequencies to wavenumbers, Taylor’s hypothesis was used.

2.2, Results and discussion

2.2.1. Mean flow and broadband turbulence

The overall features of the boundary layer were measured in detail to verify that
the flow followed standard behavior and that the interference from the F-18 aircraft
was not significant. These results facilitated the choice of points at which spectral
measurements were taken.

One of the problems in rough-wall boundary-layer experiments is to measure the
local skin-friction coeflicient, Uy, accurately because, in addition to Cy, there are
two other unknown variables which have to be determined. These are the roughness
function and the error in origin, e (Perry & Joubert 1963). The latter variable is the
distance below the crests of the roughness elements which defines an origin for the
profiles that will give the logarithmic distribution of velocity near the wall. Perry
& Li (1990) have developed a modified Clauser plot to find e that is based on the
original method of Perry & Joubert. This method was used to analyze the mean-
velocity data, and as an example, a profile taken at U, ~ 35m/s is shown in Figure
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1. The profile shape appears to be typical and e =~ 1mm. The ¢ ¢ value obtained
for this case was about 0.005.

The normalized profiles of the Reynolds normal stresses (u?/U2,v2 /U2, w?/U?)
and the shear stress, —wo/UZ, at U, ~ 50m/s, are shown in Figures 2 and 3
respectively.

The agreement between u?/U? data obtained by the uv and uw X-wires is very
good. In the outer part of the boundary layer, these profiles have the standard
shapes, but near the wall there appears to be a sharp rise in the values of all
the stresses. In Figure 3 the repeatability of this phenomenon is illustrated. We
will not attempt to explain this anomalous behavior, but it may be noted that it
could have resulted from the acoustic panels. To verify that the outer part of the
present boundary layer did follow the standard behavior, a Reynolds-shear-stress
profile is compared in Figure 4 with the profiles of Perry & Li taken over a d-type
rough wall at various Reynolds numbers. In this figure, §z is the Hama boundary-
layer thickness, which is equal to (U.8;)/(CU,), where C' = 3.3715 and the friction
velocity, Uy, was obtained from the modified Clauser chart. Clearly, there is a good
agreement between these two sets of data in the outer part of the layer.

A profile of the structural parameter a; = —W%/¢?, where ¢* (= u? + v + w?) is
twice the turbulent kinetic energy, is plotted in Figure 5. In the canonical flat-plate
boundary layer, this parameter is about 0.15, except near the surface and the outer
edge. The fairly constant value of about 0.13 obtained in the present experiment
indicates that the turbulence structure of the boundary layer was not significantly
affected by any undesirable perturbation. In local equilibrium (dissipation = pro-
duction), the mean strain rate parameter, §¢°/¢, becomes equal to 1/a1, where
§ = @U/By. For the present case S¢*/e =~ 8.

Once we verified that the outer part of the boundary layer followed the standard
behavior, the next step was to choose the location y/§ for detailed spectral mea-
surements. Figure 6 shows the profiles of rms longitudinal velocity fluctuations,
normalized by the local mean velocity, taken at different freestream velocities and
with different wires. This plot not only shows the good repeatability of the results
but also indicates that spectral measurements have to be taken for ¥/ > 0.25 in or-
der to satisfy Lumley’s (1965) criterion (that errors arising from the use of Taylor’s

hypothesis will be small if v'«2/U < 0.10).

Figure 7 shows a profile of Ry (= Vu2)\/v), where A = \/F/(Bu/am)z and the
measured values of Reynolds stresses were used in conjunction with the assumption
that ¢ = —wwdU /By = 151(Bu/dz)?. The maximum Ry occurs at y/6 = 0.5,

2.2.8. Spectra

Based on the results presented in the previous sections, the point y/§ ~ 0.4 was
chosen for the spectral measurements. This location in the boundary layer has
the following advantages: (a) it is well inside the layer and boundary-layer edge
intermittency effects are not present; (b) it is well away from the wall, so that the
'bump’ in the Reynolds stresses is avoided; (c) it is in the region where Taylor's
hypothesis can be used within the accepted accuracy, and (d) it is the point of
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FIGURE 2. Profiles of Reynolds normal stresses (U. = 50m/s). o, u?/U,? (from
uv X-wire); w , u2/U.? (from uw X-wire); o , v2/U.%; & , w?/U.2.
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FIGURE 3. Profiles of Reynolds shear stresses taken on different days but at the
same freestream velocity (U, ~ 50m/s).
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FIGURE 4. Comparison of the present —wo/U? profile (s ) for Ry ~ 300000 with
those of Perry & Li (1990) (x and a for low Ry and ---~ for Ry — o).

maximum R,. Flow parameters for spectral measurements are given in Table 1,

The freestream velocity, U, (m/s) ~ 40

The boundary layer thickness, § (m) ~ 1.0
The momentum thickness Reynolds number, Ry ~ 300,000
Measurement location, y/§ = 0.4
Local mean velocity, U (m/as) = 35.1
Local turbulence intensity, \/'t_ﬁ/ U = 0.08
Microscale Reynolds number, R, ~ 1450
Kolmogorov length scale, n (mm) ~ 0.1
Ratio of X-wire span, I/v/2 to ~ 4.3

TABLE 1: Flow Parameters.

Figure 8 shows E11(k;) obtained in the three measurement bands. Clearly, the
agreement between the three segments of the spectrum is very good. The collapse
for the transverse spectra was equally good. The spectrum spans five decades in
wavenumber and eight decades in amplitude and has a —~5/3 slope over a region
spanning approximately two decades in wavenumber. This is one of the longest
—b5/3 ranges seen in laboratory flows. It must be noted that although the measure-
ments extend up to k17 ~ 1, the data are reliable only up to k;7 ~ 0.3 because the
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FIGURE 7. Profile of Reynolds number based on Taylor’s micro-scale, A (U, ~
50m/s).

combined error in the spectrum, due to lack of sufficient spatial resolution (Wyn-
gaard 1968) and electronic noise, exceeds 20% for kin > 0.3. To illustrate the
latter effect, u- and w-spectra for the third band-pass segment are shown in Figure
9. The presence of noise and the effect of filter cut-off at high wavenumbers are
quite evident. To rectify this situation, it was assumed that the spectrum taken at
y/6 ~ 1.4 corresponded to pure noise (including the wind-tunnel turbulence which
resides mainly at very low wavenumbers), and this spectrum was subtracted from
the one taken at y/6§ ~ 0.4. As shown in Figure 10, this process resulted in a
spectrum which dropped off smoothly at the high-wavenumber end. Nevertheless,
no definite conclusions will be made for the region k% > 0.3. Figure 11 shows a
comparison between the present data and a compilation of some experimental work
taken from Chapman (1979) with later additions. The agreement is very good.
Note that the behavior of the return-channel data of Karyakin et al. (1991) at
low-wavenumbers perhaps indicates the presence of large-scale unsteadiness in their
flow.

To investigate the isotropy of the inertial subrange, we use equations (4) and (5)
and present in Figure 12 the compensated spectra k; s/ 31:7',-.-(1‘31), wherei=1,20r 3
corresponds to u,v or w respectively. In the inertial subrange, these compensated
spectra should be independent of wavenumber, and the »- and w-spectra should be
equal to each other and larger than the u-spectrum by a factor 4/3. Also shown
in Figure 12(a) are the seventh-order least-square polynomial fits to the u-spectra
obtained from the uw and uv X-wires. These u-spectra are in good agreement,
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giving some indication that the differences between v- and w-spectra (figure 12b
a.nd 126) in the inertial-subrange region may be real. Taking the dissipation as

= 15v f k3B (k1 )dky, Cy; =~ 0.58 and 02 = 0.75 were obtained from u- and
w- spectra. respectively. These both yield Cy ~ 1.75. Therefore, it appears that
w-spectrum follows, but the v-spectrum deviates from, the 1sotrop1c relation in the
inertial subrange.

The spectral distribution of the ratio of the measured w-spectrum to v-spectrum,
E*%*(k1)/ E33***(k1), in the inertial and the dissipation ranges is shown in Figure
13 For isotropic turbulence, this ratio should be equal to 1. In the —5/3 region,
107% < k1y < 1077, the average value of this ratio is about 1.43. Also, it appears
that the inertial-subrange anisotropy persists in the dissipation range; however, as
mentioned above, the data are not reliable for k37 > 0.3.

Undoubtedly, the present study (see also Veeravalli, Saddoughi, Praskovsky &
Bradshaw 1991) indicates that further experiments, which encompass large sets of
measurement points in a variety of flows, are needed to resolve the unanswered
issues,
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3. Future plans

As expleined above, the present measurements were contaminated by high fre-
quency electrical noise, which prevented accurate determination of local isotropy in
the dissipating scales. We plan to concentrate on reducing the noise in the next
phase of the measurements.

Apart from obtaining a new set of instruments which have much lower back-
ground noise, it may be possible to avoid the high-frequency noise by repeating the
measurements for the same x location but at lower freestream velocities.

It is known that for a self-preserving boundary layer, at a given y/§ position

e~ U2/, (6)

As a first estimate, if one uses power-law approximations for boundary-layer thick-
ness and local skin-friction coefficient for a smooth flat plate (see e.g. Schlichting
1979), it can be shown easily that, at a given x, dissipation scales with free-stream
velocity as

€~ (U1, (7)

This in turn implies that the Kolmogorov length scale, 1, and frequency, [y, at that
location vary with U, as

7~ (Ue)720/4, (8)

and
fa ~ (U2, (9)

Also, using the isotropic relation to calculate }, it is seen that
Ry ~ (U)'/%, (10)

Furthermore, at the high-wavenumber end of the spectrum, if Kolmogorov scaling
is applied at kyn = 1, then
B (ka1n) ~ v, (11)

where v = (v€)!/* is the Kolmogorov velocity scale. The energy spectrum at the
Kolmogorov frequency will then scale as

Eui(fy) ~ (Ue) V%, (12)

which indicates that the energy content of the tail of the spectrum increases with
reduction in freestream velocity.

Therefore, at the same measurement station at which high speed data were taken
in the boundary layer in the 80' by 120' wind tunnel, based on the above relation-
ships, the values in Table 2 can be obtained for y/§ ~ 0.4 at lower speeds:
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Ue (m/s) 7 (mm) .fﬂ (HZ) RA (l/\/é)/'fl Uratio  Vretio
measured 40 .10 56,000 1,450 4.5 0.45 0.25
expected 20 0.165 17,000 1,100 2.6 090 0.55
expected 10 0.27 5,100 900 1.7 0.97 0.80

TABLE 2: Flow parameters at various freestream velocities. urquo = EV/E%,
and Vrqtic = Ef/EL, at kyn = 1, where E? and Ef; are the measured and true
spectra respectively: from Wyngaard (1968). These ratios will be equal to 1, if
there are no spatial-resolution errors in the hot-wire measurements.

Figure 14 shows the noise spectra taken at two different freestream velocities.
The part of the spectrum dominated by noise has a slope of 2 and is (roughly)
independent of velocity since its origins are electrical.

The overall implication of the above analysis is that with a four-fold reduction in
the freestream velocity, one can reduce the Kolmogorov frequency by a factor of 10,
more than double the spatial resolution of the hot-wires, increase the energy content
in the tail of the spectrum by about 50%, and avoid the noise to a large extent,
without much sacrifice in R). It is hoped that the continuation of experiments
in the 80' by 120’ wind tunnel will produce an internally consistent set of results,
which will lead to more definite conclusions regarding the local-isotropy hypothesis.
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