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Abstract

A novel experimental technique to measure static pressure fluctuation was applied in order to evaluate velocity—pressure correlation in
a turbulent mixing layer. The developing region of the mixing layer was found to be out of equilibrium state, indicating the oscillatory
velocity fluctuation due to vortex shedding and remarkable production of turbulence. The contribution of pressure-related terms in the
transport equation of the Reynolds stress is found to be well captured by the present method. A simple model for pressure diffusion by
Lumley gave a satisfactory approximation when the flow approached the self-similar state. However, the analogy between pressure dif-
fusion and turbulent diffusion becomes weaker when the flow exhibits characteristics which are not found in the equilibrium state.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The importance of pressure fluctuation in turbulent
flows has long been recognized and is still one of the unan-
swered questions in turbulence research. A number of
experiments show that the correlation between fluctuating
pressure and velocity, originating from large-scale vortex
structures, plays a significant role in determining the bud-
get of transport equations for turbulence properties.
Numerous computational approaches have made great
contributions towards the understanding of the dynamics
of the inviscid flow and organized motion of vortices, but
it is too complex to give the whole description of turbulent
motions. Although there are lot of suggestions on the close
relationships between pressure fluctuation and coherent
turbulent fluid motion, the interaction of the velocity and
pressure should be explored from various viewpoints.

Problems in the currently available turbulence models lie
in the lack of physical characterization of the velocity—pres-
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sure correlation, particularly when the turbulence structure
departs from the equilibrium state of turbulent kinetic
energy. The conditions of flow out of the equilibrium state
is far from ideal; one where calibrations of turbulence mod-
els are often undertaken, e.g., isotropic, homogeneous, or
simple shear flows. As a consequence, the performance of
existing models in predicting complex flows is not well
established, unlike the case of simple shear flows. In order
to develop better turbulence models for prediction of non-
equilibrium flows, the key mechanism which is governed by
the pressure-related turbulent motions must be addressed.

There are numerous efforts available for both experimen-
tal and computational approaches to understand the role
of pressure fluctuation. Relatively little experimental
researches about pressure-related statistics is available,
mainly because of underlying technical difficulties in mea-
suring static pressure fluctuation at arbitrary locations in
the flow field. In his pioneering work, Kobashi (1957) com-
bined the condenser microphone with a static pressure tube,
and represents a step towards the evaluation of fluctuating
pressure. With reference to his work, Shirahama and Toy-
oda (1993) developed a probe to measure fluctuating
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Nomenclature

C electronic capacitance of condenser microphone

D}j, DE-, Divj turbulent, pressure and viscous diffusion of
Reynolds stress

f frequency of fluctuating pressure

G, power spectrum density of normal velocity com-
ponent v

P non-dimensional fluctuating pressure, = p/
(pU?)

Py production rate of Reynolds stress

P? second-moment of pressure fluctuation

R input resistance of main amplifier for micro-

phone
uuyy Rup correlation coefficient
Re Reynolds number of oncoming turbulent
boundary layers, based on free stream velocity
and momentum thickness

=

St Strouhal number based on thickness of splitter
plate edge and U

S expansion factor of mixing layer, =(U,/U;)(Ad/
Ax)

Tug free-stream turbulence intensity

U, V' streamwise and transverse mean velocity com-
ponents

U, convective velocity, =(Uy, + U))/2

Us

difference of free stream mean velocity,
=U,- U

u, v fluctuating velocity components in the x and y
directions

instantaneous streamwise velocity component

u*, v® non-dimensional velocity components, u* = u/

L U, and v* = v/ Uj

u' non-dimensional streamwise velocity fluctua-
tion, = u?/u2_

w5 Reynolds stress

up velocity—pressure correlation

wujuy - triple velocity correlation

x, y, z Cartesian coordinates in streamwise, transverse
and spanwise directions

Greeks

0 thickness of mixing layer

Op 99% thickness of oncoming boundary layer

Ax streamwise distance between measurement loca-
tions

Az spanwise distance between velocity and pressure
probes

Ad rate-of-development of mixing layer thickness

& dissipation rate of Reynolds stress

o non-dimensional transverse coordinate, = /60

0 momentum thickness of mixing layer at
x = 100 mm

04 phase correction of pressure signal

o fluid density

D re-distribution of Reynolds stress

Subscripts

()n quantities in high speed side

() quantities in low speed side

pressure with sufficient accuracy in free shear flows. This
type of pressure probe enabled an evaluation of fluctuating
pressure, for example, Tsuji and Ishihama (2003) intro-
duced this probe to reveal the power-law and proportional
constant of normalized pressure spectrum. A recent study
by Tsuji et al. (2005) reports a successful application of
the technique in measuring the turbulent boundary layer.

The progress in computer technology has enabled direct
numerical simulations (DNS) to be applied to increasingly
complex flows with spatial development which contains
remarkably large pressure fluctuation in contrast to simple
flows. Yao et al. (2001) indicated in their DNS study on the
transition from turbulent boundary layer along a flat plate
to free shear layer that there are remarkable differences in
the common features found in the fully developed channel
flow. A temporally developing turbulent mixing layer was
calculated by Rogers and Moser (1994) and it was indi-
cated that both of the large scale rollers and finer scale ribs
play an important role in representing the properties of the
shear layer. Nevertheless, both computational and experi-
mental approaches are required to better understand the
role of pressure fluctuation in turbulent shear flows.

The present study focuses on the experimental approach
to a relatively simple turbulent shear flow but out of an
equilibrium state of turbulence. A spatially developing tur-
bulent mixing layer is selected as the test case, where the
gradual development of the oncoming turbulent boundary
layer flow to the free shear flow is investigated. Particular
attention is paid to the transitional stage of the kinetic
energy balance through the non-equilibrium region before
the shear layer develops to a self-similar state, as schemat-
ically shown in Fig. 1. An advanced technique for the
simultaneous measurement of velocity and pressure is pre-
sented, which is based on our previous work (Omori et al.,
2003), and discussions are presented on the existing simple
model of pressure-diffusion transport of Reynolds stresses.

Special attention is paid to retain the accuracy in the
measurement of velocity—pressure correlation which is
severely affected by temporal and spatial lags between
two different signals. A phase-correction formula for the
pressure signal, which is constructed by the information
provided by the manufacturer, is introduced in the present
study. Additionally, the inevitable effects of spatial interfer-
ence between sensors is systematically investigated and
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Fig. 1. Schematics of the considered flow field.

explained in the following section, preceding the detailed
discussion on the pressure-related turbulence statistics.

2. Experiments
2.1. Setup and instruments

The wind tunnel that was specially designed for the tur-
bulent mixing layer experiments was used (Omori et al.,
2003). The inlet section of the tunnel was divided into
two parallel parts, and the fully developed turbulent
boundary layers merged at the test section of the
0.5 m x 0.5 m cross section. The orthogonal coordinate sys-
tem, originating from the trailing edge of the splitter plate,
was defined, with the x- and y-axes taken in streamwise and
transverse directions, respectively, see Fig. 1. The mixing
layer was found to be uniform for at least 70% of the span,
corresponding to 10 times of the mixing layer thickness.

The conditions of the oncoming inlet boundary layers,
measured at x = —50 mm, is summarized in Table 1. Tus
is the turbulence intensity outside the boundary layer and
Op stands for the 99% thickness of the boundary layer.
The Reynolds number Re is based on the free stream veloc-
ity U and the momentum thickness.

According to Shirahama and Toyoda (1993), a thin sta-
tic pressure probe was used for the fluctuating pressure

Table 1
Inlet conditions

measurements, see Fig. 2. The probe was set parallel to
the flow direction so the static pressure fluctuation sensed
at the four small holes on the side of the 1.0 mm thick pipe
was measured. The pressure fluctuation was converted to
an electric signal by a condenser microphone (RION UC-
29) which was mounted on the end of the probe. The per-
formance of the present method was investigated in detail
in our preceding work (Omori et al., 2003).

The fluctuating velocity was measured by a hot-wire
anemometer (HWA). A commercial X-wires probe (Dantec
55P64) was used for two-component velocity measure-
ments, combined with a constant temperature anemometer
(CTA, Kanomax 1011). The microphone and the HWA-
probe were mounted on a common unit to facilitate the tra-
versing of them to arbitrary positions. The distance
between static pressure tube and X-wires probe was
adjusted by using a digital micro-scope (Keyence VH-
6200) prior to every run. The signal from the CTA and
the main amplifier of the microphone were transferred to
a PC through a 16bit-A/D converter (National Instruments
PCI-MIO-16XE-10). All data acquisition was managed by
LabView™ (National Instruments) and further data pro-
cessing was handled by programs written in Matlab™.

A look-up table method by Lueptow et al. (1988) was
adopted to convert the signal of X-wires HWA to velocity
data. The calibration of the HWA signal was performed by
a resolution of 0.3 m/s, ranging from 2.5 m/s to 6.8 m/s;
the resolution in direction was 3°, covering from —30° to
30° with respect to the main flow direction. Third-order
polynomials were used to fit the curves on the plane com-

: : Ulm/s]  Turl6]  dpfmm]  Re posed of a pair of X-wires sensor voltage to obtain velocity
ihgh SPCC; S}(;ie x g-;g }22 gég variations for arbitrary angle of attack. The resulting look-
OW speec sice : : : up table had 80 intervals covering the full range in each
4 holes
0.4 30°
L D , ! ! / N
—— : I N
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10.0 9.5 24.0 11.6

Fig. 2. Schematic of the static pressure tube (dimensions in mm).
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sensor voltage, where the desired pair of velocity and angle
was sought by use of a bi-linear interpolation function
available in the Matlab™ library.

2.2. Noise reduction and phase correction practice

In order to reduce the influence of background noise in
the wind tunnel, the pressure signal outside the mixing
layer was monitored simultaneously by an auxiliary pres-
sure probe which had the identical dimensions as that used
for the measurements in the shear layer. The signal
acquired by the secondary probe was subtracted from that
obtained in the shear layer so that only the desired local
pressure related to turbulent fluid motion could be
extracted. The effect of such a practice is demonstrated in
Fig. 3. The plots after the procedure (marked as ““differen-
tial”’) show a remarkable reduction of background noise in
fluctuating pressure p? in the free stream as compared to
the raw data.

Another factor, which contaminates the estimation of
the velocity—pressure correlation, lies in the phase-lag
between velocity and pressure signal. The phase-lag that
depends on the frequency is caused by the electric circuit
of the condenser microphone system. In the present study,
an analytical formula is introduced to correct this phase-
lag:

1
Qd :n—tan_l (27‘[%(>’ (1)

where C is electronic capacitance of the condenser micro-
phone, R stands for the input resistance of main amplifier
of the microphone, and f denotes the frequency of the fluc-
tuating pressure. In the present study, C and R are 6 pF
and 3 GQ, respectively, according to the hardware
specifications.

The effect of the correction is demonstrated in Fig. 4; the
compensated velocity—pressure correlation shows a profile
which takes a sign opposite to that of the value without

p?x 102
3.0
—e— raw
—o— differential
28
26 MN“
0.6
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Fig. 3. Effect of noise reduction on the fluctuating pressure measured at
x = 100 mm.
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Fig. 4. Corrected velocity—pressure correlations (x = 100 mm).

correction. It is rather surprising that the effect of the cor-
rection is not a slight fraction but remarkable in a qualita-
tive manner. The results shown hereafter are only those
after these correction practices, i.c., differential noise reduc-
tion and phase-lag correction.

2.3. Interference of probes

The inevitable effects due to the departure of the pres-
sure probe and the X-wires sensor on the measured veloc-
ity—pressure correlation have been investigated. In order to
achieve a precise correlation, the two sensors used to mea-
sure each quantity should be set as close as possible to each
other. On the other hand, using too close of a distance
causes interference between the probes and eventually con-
taminates the signal. To determine the minimum distance
between the probes where the sensors are free from the
interference, we have measured the velocity fluctuation as
a function of the probe distance Az, where the z-coordinate
is directed in the spanwise direction.

Fig. 5 shows the streamwise velocity fluctuation mea-
sured by the X-wires probe, comparing those taken when
the pressure probe is set aside (the plots “P-X’’) with those
when the pressure probe is replaced by an I-type HWA sen-

1.4
uz —e— UZ(I-X, X-probe)
1.3 e\ e ] = UA(I-X, I-probe)
' —o— (PX)
1.2
1.1
1.04
0.9 ;
0 1 2 3 4

Az [mm]

Fig. 5. The interference of probe distance (x = 100 mm).



Y. Naka et al. | Int. J. Heat and Fluid Flow 27 (2006) 737-746 741

sor (“I-X, X-probe”), and, for reference, also with the data
taken by the same I-type HWA in the proximity of the
X-wires HWA (“I-X, I-probe”); the last plots may repre-
sent the disturbance due to the X-wires probe on the loca-
tion of the pressure measurement. The measurements are
undertaken at x=100mm and y=2.1 mm where the
velocity—pressure correlation u*p* is found to reach the
maximum, as explained later. It is clear that the existence
of the pressure probe strongly influences the velocity mea-
surement by the X-wire sensor, as indicated by the steep
increase of u? (P-X) for Az <2 mm. On the other hand,
the data taken by the X- and I-type sensors in absence of
the pressure probe show constant values down to
Az ~ 1 mm. It is inferred that the hot-wire sensors are small
enough to prevent interference on the pressure measure-
ments. Based on these arguments, the probe distance is
fixed to 2 mm in the present study.

It is reasonable to consider that the measured velocity—
pressure correlations are somewhat lower than the true val-
ues because of the finite distance between the probes. A
rough estimation of this possible under-estimation is per-
formed by referencing the two-point velocity correlation
measured by the previously mentioned HWA-sensor com-
binations at the same location, see Fig. 6. The two-point
correlation of the streamwise velocity fluctuation, R, indi-
cates a monotonic increase with the decreasing Az. It
should reach unity for the limit of Az =0, and the plots
show a reasonable asymptotic tendency to this value. It
should be noted that the distance between the sensors of
X-wires itself is 1 mm, hence the data for Az below 1 mm
is not meaningful and not shown. The value of R, is about
0.6 at Az =2 mm, which implies that the velocity—pressure
correlation measured for the probe distance of 2 mm may
under-estimate the true value by 40%. On the other hand,
the limiting value of the correlation between streamwise-
and transverse-components of the fluctuating velocity,
—R,,, is approximately 0.45 at Az =0 in simple free shear
layers (Bell and Mehta, 1990), and —R,, at Az =2 mm is
smaller than this value by about 15%. From these observa-
tions, it is reasonable to conclude that the under-estimation

1.0 4

0.8

0.6

0.4

0.2

0.0

0 1 2 3 4
Az [mm]

Fig. 6. Correlation coefficient of velocity—velocity and velocity—pressure
(x =100 mm).
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Fig. 7. Joint-pdf of (a) u and p; (b) v and p (x = 100 mm).

of the velocity—pressure correlation measured in the present
study may be on the order of 30%.

The plots for the variation of the velocity—pressure cor-
relations, R,, and R,,, drawn in the same figure indicate a
slight increase of these quantities for Az smaller than 2 mm,
though these are a consequence of the increase in velocity
fluctuation and do not necessarily indicate an increase in
the correlation, i.e., the convergence to the true values. A
closer investigation into the correlation map (joint proba-
bility density function) of the fluctuating velocity and pres-
sure shown in Fig. 7 indicates that these quantities are not
correlated as well as one might expect. A small fraction of
the correlation coefficients, which are on the order of 1072
as indicated in the figure, are due to the slight off set of the
peak of the joint probability density function. It is easily
understood that the small disturbance in velocity fluctua-
tion alone results in an apparent increase in the correlation.
The velocity—pressure correlation is a delicate quantity
even in the highly turbulent flow regime.

2.4. Data processing

The statistics were calculated from 80,000 samples. A
sampling rate of 4 kHz was selected to evaluate quantities
that require high temporal resolution, such as energy spec-
tra and derivatives with respect to time. For other statistics
the sampling rate was fixed to 200 Hz which was found to
be sufficiently high from the examination of auto-correla-
tion of the velocity fluctuation. The resulting integration
time was 400 s for turbulence statistics. Typically, it took
about an hour by PC (Pentium4 2.8 GHz) to complete
the post-processing of each measurement to draw a profile,
comprising 48 points, across the mixing layer.

3. Results
3.1. Primary remarks
The velocity profiles across the shear layer are measured

at three different streamwise locations, x = 25 mm, 50 mm
and 100 mm. The development of the shear layer thickness,
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0, was examined by means of the expansion factor of the
free shear layer, S = (U./U,)(Ad/Ax) (Pope, 2000), with
U. being the convective velocity defined by U.= (U, +
U))/2 where Uy, and U are the free stream velocity of higher
and lower velocity side, respectively, and Uj is the velocity
difference, U; = Uy, — U,. The value of S slightly decreases
from 0.089, which is evaluated at the interval between
25mm < x < 50mm, down to 0.086 at 50 mm < x <
100 mm. The variation of S indicates that the shear layer
is still under the development state.

3.2. Statistics of non-equilibrium turbulent mixing layer

The streamwise mean velocity profiles are shown in
Fig. 8. The velocity U is normalized by the velocity differ-
ence U (U" = (U — U,)/Uy), and the non-dimensional coor-
dinate 7y is calculated using the momentum thickness of
the shear layer at x =100 mm (39 = y/0). It should also
be noted that 7, is geometrically fixed to the center of the
splitter plate. The wake of the splitter plate is observed at
all locations, in contrast to the profile of DNS by Rogers
and Moser (1994) representing the self-similar state. The
deficit in the velocity profile reaches 0.18U; at x =
25 mm; it decreases down to 0.07 U at 50 mm and still per-
sists in the most downstream location, providing a slight
under-shoot of the lower velocity side by 0.02U; at
x =100 mm.

Fig. 9 presents the profiles of the individual Reynolds
stress component at the same location as for Fig. 8. It is
shown that every component decreases downstream, with
the v2-component indicating a slightly faster decrease when
compared to the others. The values are still considerably
higher than the reference DNS values even at the most
downstream location. As the shear layer spreads in the
direction of lower velocity side, or towards negative #g,
the distribution becomes broader and asymptotes to sym-
metrical shape for all of the components. It is worth noting
that the shear stress uv changes sign in the narrow region in

Fig. 8. Profile of the streamwise mean velocity; Symbols (@) x =25 mm,
(O) x =50 mm, (¥) x =100 mm, (—) DNS result of Rogers and Moser
(1994).
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Fig. 9. Components of Reynolds stress tensor; (a) w2, (b) 02, (c) uv;
Symbols (@) x =25mm, (O) x=50mm, (¥) x =100 mm, (—) DNS
result of Rogers and Moser (1994).

accordance with the mean velocity distribution that exhib-
its a distinct wake-like shape.

The flow characteristics are further explored by means
of the power spectrum density of the normal velocity
component v, see Fig. 10, evaluated at 1y = 0. At the most
upstream location, the distribution shows a peak near
330 Hz which corresponds to St =0.083, with St being
the Strouhal number based on the thickness of the splitter
plate and U,. Weaker peaks are also observed near
260 Hz and 160 Hz at x =50 mm and 100 mm, respec-
tively.

The characteristic frequency shown by the spectra is an
indication of vortex shedding at a constant frequency, and
the observed gradual decrease of the characteristic
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Fig. 10. Power spectrum density of v.

frequency is likely a consequence of vortex merging which
occurs in the development stage. The DNS by Yao et al.
(2001) reports a remarkable vortex shedding in the wake
of a blunt body, with the Strouhal number 0.118 evaluated
right behind the plate. Fig. 11 indicates streamwise varia-
tion of the characteristic frequency, and it is reasonable
to consider that the periodic vortex shedding also exists
in the present study especially near the trailing edge of
the splitter plate. The influence of the vortex shedding
gradually decays as the flow approaches to the self-similar
state.

3.3. Velocity—pressure correlation in the shear layer

Fig. 12 shows the velocity—pressure correlations #p and
vp, which are directly measured by the present method,
compared to those evaluated by Lumley’s model (1978)

based on the triple-velocity correlation at the previously
mentioned three streamwise locations:
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Fig. 11. Variation of Strouhal number.
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It is shown that both up and p significantly vary across the
shear layer, changing their sign at the center, and #p consis-
tently exceeds Up in magnitude. The gradual decay of all
quantities is also observed in downstream when comparing
(a), (b) and (c).

Lumley’s model provides relatively fair agreement for
both components at the locations shown in Fig. 12(b)
and (c). An obvious departure is, however, evident in
Fig. 12(a) that is measured at the most upstream location,
where Lumley’s model yields an opposite sign for up, and
the magnitude of 7p is over-estimated. These disagreements
may be related to the existence of the characteristic fre-
quency in the power density of the velocity fluctuation v,
see Fig. 10.
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4. Discussion

The significance of the velocity—pressure correlation is
further investigated in terms of the transport equation of
the Reynolds stress:

Dii; .
Dy = Di T (D + D+ Djj) + & — (4)
where the terms on the right hand side, P;, Dy, ®; and

e; represent production, diffusion, re-distribution and
dissipation of the Reynolds stress #u;. Among the three
diffusion transports, the molecular viscous transport Dj;
may be neglected because of a large Reynolds number;
the other two, i.e., the turbulent diffusion Dj; and the pres-
sure diffusion Df’/, are of equal importance and primary
concern. Table 2 summarizes some representative terms
in the equation which are evaluated in the present study.
Because of the restriction of the available quantities, only
the terms on the right column of the table are evaluated.
Also note that Taylor’s hypothesis is applied to the estima-
tion of the re-distribution term in the equation for the
u?-component,

Ou du 1
Py —Zpa—““ *Zpa o (5)

with & being the instantancous streamwise velocity com-
ponent.

Fig. 13 presents the distribution of production and the
re-distribution term in the u2-equation at three streamwise
locations. The DNS result of Rogers and Moser (1994) are
shown for reference to the equilibrium state. It is seen that
the production rate far exceeds the re-distribution at
x =25 mm, though rapidly decreases in the downstream.
At the most downstream location, x = 100 mm in (c), the
measured values coincide well with the DNS result. It is
found that the evaluated re-distribution term is consistently
smaller than the production in magnitude. It should be
noted that there is a narrow region, —3 <7y < —1 at

Table 2
Terms of Reynolds stress equation
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Fig. 13. Estimated re-distribution @;;; (a) x =25 mm, (b) x = 50 mm, (c)
x =100 mm; Symbols (@) Py, (O) @y, (—) Pyy (DNS), (---) @, (DNS),

DNS data of Rogers and Moser (1994).

x =25mm (a), where the production and re-distribution
show opposite signs.

The balance of the representative terms are also pre-
sented for the uo- and v>-components in Figs. 14 and 15,
respectively. For both components, the production Py, tur-
bulent diffusion D}, and pressure diffusion Dj; are com-
pared. Similarly to the case for the u?-component, the
production term is over-proportional to the others at the
most upstream location, x = 25 mm, and rapidly decreases
in the downstream. In particular, the production of v2,
Fig. 15(a), exhibits remarkable magnitude, which is not
the case for the self-similar state where the production
P>, nearly vanishes.
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The two diffusion terms, turbulent- and pressure-diffu-
sion, of these two components indicate reasonable propor-
tion; they are opposite in sign and the turbulent diffusion is
consistently larger than its counterpart across the shear
layer. Again, the situation at the most upstream location,
x =25mm in Fig. 15, is a little different from the other
two downstream locations, where the analogy between
the turbulent- and pressure-diffusion is not likely to hold.

The above discussion points to the fact that the rela-
tively simple approximation of the pressure diffusion by
Lumley (1978) well represents the simple shear flow close
to the self-similar state. However, the analogy between
the turbulent- and pressure-diffusion gradually breaks
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down as the flow starts to exhibit certain characteristics
such as the existence of vortex shedding, or the departure
from the equilibrium state. The role of pressure fluctuation
becomes more important as the complexity of turbulence
structure increases.

5. Concluding remarks

The experimental evaluation of the pressure-related tur-
bulence statistics has been undertaken in a free mixing
layer out of equilibrium state. The noise reduction as well
as phase-lag correction procedures are shown to be success-
ful in evaluating the fluctuating pressure and the correla-
tion between velocity and pressure. The distance between
the pressure probe and X-wires has been carefully adjusted
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to minimize the interference and at the same time to retain
the spatial resolution.

The characteristics of a spatial developing turbulent
mixing layer were investigated with particular focus on
the pressure-related quantities. Fundamental statistics are
presented, and it is indicated that the flow characteristics
are under development, showing remarkable velocity oscil-
lation inherent to vortex shedding from the splitter plate.
Velocity—pressure correlations are directly measured and
compared with Lumley’s model. The value of the Reynolds
stress transport equation is examined, and the measured
pressure-related terms were found to be in fair agreement
with available DNS data. The analogy between the turbu-
lent diffusion and pressure diffusion does not seem to hold
in the region where the turbulence structure departs from
that in the energy equilibrium state.
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