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ABSTRACT

Estimates of (Ju/dy)? have been obtained in the wall
region of a fully developed turbulent channel flow using a
pair of parallel hot wires. Both a spectral correction proce-
dure, similar to that of Wyngaard (1969) and a correlation
method were used. The results from the correlation method
are in close agreement with those from direct numerical
simulations. The spectral correction method yields incor-
rect results very close to the wall where the anisotropy is
quite large. It does however yield satisfactory results away
from the wall, even though the departures from isotropy
are not small.

INTRODUCTION

The quantity (Ju/dy)? represents a significant contri-
bution to the average energy dissipation € and the span-
wise mean square vorticity w? in the wall region (y* <40,
the superscript + denoting normalisation by wall variables)
of turbulent shear flows (Antonia et al., 1991). However,
the measurement of Ju/dy in this region is not straight-
forward. When parallel hot wires are used (aligned in a
spanwise direction and separated by a distance Ay in a
direction normal to the wall), the main difficulty consists
in selecting an appropriate value of Ay or alternatively in
correcting for the effect of Ay. Wyngaard’s (1969) spectral
correction analysis (see also Antonia et al., 1987; Hussein
and George, 1990) assumes isotropy. While this assump-
tion appears reasonable at sufficiently high wavenumbers
when the magnitude of the mean strain rate a0 /dy [or
perhaps more pertinently the non-dimensional parameter
(80U |3y)q®/e, where ¢* is the average turbulent energy] is
small, it becomes tenuous when the wall is approached.
This region is also strongly inhomogeneous in the y di-
rection so that it would not be appropriate to relax the
assumption of isotropy to one of homogeneity.

In this paper we compare estimates of (du/dy)? ob-
tained from the spectral method with those inferred from
a two-point correlation analysis of the same data and from
calculations of (Ju/dy)? obtained from direct numerical
simulations of this flow.

EXPERIMENTAL ARRANGEMENT

Measurements were made in a fully developed turbu-
lent channel flow (Figure 1) at a Reynolds number of 3300
“(Re = Uphfr, where h is the half-width of the duct and
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Up is the velocity at the centreline), which is comparable
to that used in the simulations. The Reynolds number is
small enough for the magnitude of the Kolmogorov length
scale 7 to be sufficiently large near the wall (y = 0.2 mm
at y* = 2). A complete description of the duct and instru-
mentation is given in Zhu and Antonia (1992).
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Figure 1 Schematic experimental arrangement of fully de-
veloped channel flow.

Measurements were made with two parallel hot wires.
Each wire (Pt-10% Rh) was 1.3 gm in diameter and about
0.3 mm in length. The wires were traversed across the
duct with a mechanism with a least count of 0.01 mm.
The initial distance of the wires from the wall was deter-
mined using the reflection method and a theodolite. The
spacing between the wires could be controlled with a sep-
arate mechanism (least count 0.01 mm). The wires were
aligned in the z (spanwise) direction and separated in the
y direction. For the correlation measurements, one wire
was fixed. For the Au/Ay measurements, both wires were
moved an equal distance so that the midpoint between the
wires remained at the same location.

The hot wires were operated with in-house constant
temperature circuits at an overheat ratio of 0.5. OQut-
put voltages from the anemometers were passed through
buck and gain circuits and low-pass filtered (the cut-off
frequency f. was in the range 400-1250 Hz). To deter-
mine f., the signals were differentiated and their spectra
were examined on a two-channel real-time spectrum anal-
yser (HP3582A). The signals were next digitised (12 bit
AD converter) into an IBM-compatible personal computer
at a sampling frequency of (2 to 3) f. and subsequently
transferred to a VAX 780 computer via an optical cable
link for further analysis.




CORRELATION METHOD

The two-point velocity correlation R,,(Ay) is defined

u(y)u(y + Ay) (1)
w(y) 3y + Ay)?
Using a Taylor series expansion, R,,(Ay) can be approxi-
mated as (e.g. Townsend, 1956)

as

Ruu(Ay) =

Ruu(Ay) =1~ (Ay)? (2)

(ZT‘;)E_ 1 (3?)’

22 8(u?)? \ dy

to order (Ay)?. Since Eq. (2) does not assume isotropy or
homogeneity, it can in principle be used in the wall region.
Measurements and direct numerical simulation (DNS) data
for u%(y) suggest that the second term inside the brackets
becomes negligible for y* 2 10. In this case, Eq. (2) re-
duces to the homogeneous form (e.g. Batchelor, 1953)

Ay)? (8u)?

For y* < 10, the second term cannot be neglected, espe-
cially when y* < 2.

Figures 2a and 2b show measured and DNS values of
(1 — Ry.), as a function of Ay*? for y* = 5 and 40 respec-
tively (the asterisk denotes normalisation by Kolmogorov
scales). The DNS data indicate that the correlation for
Ay > 0 is different from that for Ay < 0, especially at
smaller y* values, reflecting the strong inhomogeneity in
the direction of the mean shear. At small separations
(1 < Ay* < 3), the measurements (Ay > 0) are slightly
lower than the DNS data (Ay > 0). The slope at the origin
gives an estimate of the second term of Eq. (3).
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Figure 2 Variation of (1 — R,.) as a function of Ay*?. (a)
y+t =5; (b) y* = 40. Measured : O. DNS : L (Ay > 0);
..... ; (Ay & 0}

In Figures 3a and 3b, (1 — R,,,) is plotted as a function
of Ay*, using a logarithmic scale. Both measured and DNS
data exhibit a slope of 2, although this is limited to a rather
narrow range of Ay™ for the measurements at y* = 5. The
intersection of the line of slope 2 with Ay* = 1 also provides
an estimate for the second term of Eq. (3). Because of
the strong inhomogeneity for y* < 10, the estimation of
(du/dy)? via Eq. (3) is not reliable.
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Figure 3 Variation of (1 — R,,) as a function of Ay*. (a)
yt =5; (b) y* = 40. Symbols as in Figure 2.

SPECTRAL CORRECTION METHOD

The true value of (Qu;/dz;)* may be written (Wyn-
gaard, 1969)

(But) f / k2 (k)dkidkydks (4)

where k is the wavenumber vector with components k,
ky and k3 and ¢;;(k) is the energy spectrum tensor. For
isotropic turbulence (e.g. Batchelor, 1953)

k
8(k) = 65(0) = T8 —kiky) (&)
where k = (kI + &2 + kg)% is the magnitude of k. The
measured velocity derivative (Ju;/dz;)2 may be assumed

to be given by (Wyngaard, 1969)

(g_;) Az ﬁfff sin ( M’)é--( Ydkydkodks (6)

where Az; is the wire separation. The effect of wire length
is neglected here. Values of r, defined by

(31.: [ 0z;)2
(au‘/BmJ)

can be found from Egs. (4) and (6) for a given E(k). In
theory, r — 1 as Az; — 0.

Figures 4a and 4b show the values of (Jut/dy+)Z and
the “corrected” values of (Jut/dy+)? as a function of Ay*
for yt 5 and 40 respectively. The “corrected” values
were obtamed by dividing (du*/dy*)2, by the ratio r. The
latter quantity is evaluated from Egs. (4), (6) and (7),
using the isotropic form of ¢;(k), viz. Eq. (5).
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Figure 4 Finite difference approximation to (Ju*/dy¥)? as
a function of the separation Ay*. (a) y* = 5; (b) y* = 40.
Measured value : O. Spectrally corrected value ; O, ——

Eq.(T).

There is a systematic and rapid increase of (Ju* /y+)2,
as Ay — 0, which is mainly due to contamination by elec-
tronic noise. There are several other sources of errors; for
example, errors in wire calibration, possible flow interfer-
ence due to the wires and/or their supports and the un-
certainty in measuring Ay (e.g. Mestayer and Chambaud,
1979; Antonia et al., 1984). When Ay increases, the ma-
Jor error is the attenuation in the high wavenumber part
of the Au/Ay spectrum. Because of the large (system-
atic and random) errors in the range Ay* < 3, the data
in this range are not reliable for the purpose of estimat-
ing (du/dy)?. Klewicki and Falco (1990) and Hussein and
George (1990) have suggested that Ay* should be about
1 to provide a good estimation of (du/dy)%. Figures 4a
and 4b indicate that this selection would lead to (@u/dy)?
being overestimated by at least 50%. For y* 2 3, the val-
ues of (Jut/dy*)2 at y* =5 show a large departure from
Eq. (7), where the denominator, or true value of (Ju/dy)?,
is identified with the value obtained from the correlation
method. The “corrected” values of (@u*/dy*)? decrease
with Ay*, suggesting that the method cannot yield an un-
ambiguous estimate of (Ju/8y)?. However at y+ = 40,
(Gu* [Oyt)2 is in reasonable agreement with the calcula-
tion; accordingly, (Out/dy*)? decreases relatively slowly
as Ay~ increases.

It is clear from the above discussion that only the cor-
relation method can provide reliable data for (du/dy)? in
the near-wall region. Figure 5 shows that the correlation
results agree (to within 7%) with the DNS data. However,
if statistics of Ju/dy are required, then a signal is needed
which mimics the properties of du/dy as closely as possi-
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ble. It is experimentally convenient to approximate du/dy
by Au/Ay, where Au is the difference between the signals
from the parallel wires and the separation Ay is fixed. Fig-
ure 5 indicates that (Aut /Ay+)? is in good agreement (in
the range 5-10%) with the DNS data with an appropriate
choice of separation. Here, a value of 0.7 mm was used
for Ay; this corresponds to Ay* = 3.6 at y* = 5 and 2.9
at y* = 40. For this choice of Ay, it would appear that
there is no need to correct the measurements, at, least for
the purpose of estimating the mean square value of du/dy.
Obviously, this choice needs to be justified, both in terms of
other statistics of du/dy and higher values of the Reynolds
number; these aspects require further investigation.
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Figure 5 Variation across the channel of (Jut/dy*)2. Cor-
relation : O. Fixed separation : O. DNS : ——.

CONCLUSIONS

The quantity (Ju/dy)? was measured in the wall re-
gion of a fully developed channel flow using two parallel
hot wires. It is estimated that the separation between
the wires should be greater than about three Kolmogorov
length scales to avoid noise contamination. A correlation
method and a spectral correction method were used to
measure (du/dy)?. Results from the correlation method
agree to within 7% with the DNS data for the same flow
and Reynolds number. Results from the spectral correc-
tion method are reasonable for y* 2 40. Very close to the
wall, this latter method is unsuitable due to the strong de-
parture from isotropy. It appears that reasonable results
for (Ou/dy)? can be obtained throughout the wall region
when the separation between the hot wires is chosen to be
in the range 3-4 Kolmogorov length scales.
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