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ABSTRACT

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

INTRODUCTION

The importance of pressure fluctuation in turbulent flows
has long been recognized and is still one of unanswered ques-
tions in turbulence research. The correlation of fluctuating
pressure and velocity that is originated from large-scale vortex
structures plays a significant role in determining the budget
of transport equations for turbulence properties. Numerous
computational approaches made great contributions to under-
stand the dynamics of the inviscid flow and organized motion
of vortices, but it is too complex to give whole description
of turbulent motions. Although there are lot of suggestions
on close relationships between pressure fluctuation and coher-
ent turbulent fluid motion, the interaction of the velocity and
pressure should be explored in various viewpoints.

Problems in the currently available turbulence models lie
in the lack of physical characterization of the velocity-pressure
correlation, particularly when the turbulence structure de-
parts from equilibrium state. The conditions of flows out of
equilibrium state is far from ideal one where calibrations of
turbulence models are often undertaken, e.g., isotropic, ho-
mogeneous, 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.
Towards the achievement of better turbulence models for non-
equilibrium flows, the key mechanism which is governed by the
pressure-related turbulent motions should be addressed.
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There are numerous efforts paid for both experimental and
computational approaches to understand the role of pressure
fluctuation. Relatively few experimental researches about
pressure-related statistics are available, mainly because of un-
derlying technical difficulties in measuring static pressure fluc-
tuation at arbitrary location in the flow field. In his pioneering
work, Kobashi (1957) combined the condenser microphone
with a static pressure tube, and represented a step towards
the evaluation of fluctuating pressure. With reference to his
work, Shirahama and Toyoda (1993) developed a probe to
measure fluctuating pressure with sufficient accuracy in free
shear flows. This type of pressure probe enabled a evalua-
tion of fluctuating pressure, for example, Tsuji and Ishihama
(2004) introduced this probe to reveal the power-law and pro-
portional constant of normalized pressure spectrum.

The progress of computer technology has enabled the di-
rect numerical simulations (DNS) to be applied to increasingly
complex flows with spatial development, which contains re-
markably large pressure fluctuation in contrast to simple chan-
nel flows, e.g., the transition from turbulent boundary layer
along a flat plate to free shear layer, as represented by a DNS
study of Yao et al. (2001). A Temporally developing turbu-
lent mixing layer was calculated by Rogers and Moser (1994)
and it is indicated 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 ex-
perimental 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 equilibrium
state of turbulence. A spatially developing turbulent mixing
layer is selected for the test case, where the gradual develop-
ment of oncoming turbulent boundary layer flow to the free
shear flow is investigated. A 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 schematically shown in Fig. 1. An ad-
vanced technique for simultaneous measurement of velocity
and pressure is presented, which is based on our previous work
(Omori et al., 2003), and the discussions are made on the ex-
isting simple model of pressure-diffusion transport of Reynolds
stresses.
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Figure 1: Schematics of the considered flow field.

EXPERIMENTS

Setup and Instruments

The wind tunnel that was specially designed for turbulent
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 0.5m x 0.5m cross section. The orthogonal
coordinate system was defined, originating from the trailing
edge of the splitter plate, with the z- and y-axes taken in
streamwise and transverse directions, respectively, see Fig. 1.
The mixing layer was found uniform at least for 70% of the
span, corresponding to 10 times of the mixing layer thickness.

The condition of the on-coming inlet boundary layers is
summarized in Table 1. All quantities are measured at
2=—50mm. Tuy is the turbulence intensity outside the bound-
ary layer and d;, stands for the 99% thickness of the boundary
layer. The Reynolds number Re is based on the free stream
velocity U and the momentum thickness.

A thin static pressure probe, according to Shirahama and
Toyoda (1993), was used for the fluctuating pressure measure-
ments, see Fig. 2. The probe was set parallel to the flow
direction so that the static pressure fluctuation sensed at the
four small holes on the side of the 1.0mm thick pipe was
measured. The pressure fluctuation was converted to elec-
tric signal by a condenser microphone (RION UC-29) which
was mounted on the end of the probe. The performance of
the present method was investigated in detail in our preced-
ing 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 measurements,
combined with a constant temperature anemometer (CTA,
Kanomax 1011). The microphone and the HWA-probe were
mounted on a common traversing unit, so that simultane-
ous measurements of pressure and two velocity components
were possible at arbitrary position. 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 were managed by
LabView™ (National Instruments) and further data process-
ing was handled by programs written on 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 resolu-
tion of 0.3m/s, ranging from 2.5m/s to 6.8m/s; the resolution
in direction was 3 degrees, covering from —30 to 30 degrees
with respect to the main flow direction. Third-order polyno-
mials were used to fit the curves on the plane composed of a
pair of X-wires sensor voltage to obtain velocity variations for
arbitrary angle of attack. The resulting look-up table had 80

Table 1: Inlet Conditions

U [m/s] Tuy[%] & [mm] Re
high speed side 7.2 0.76 18.8 610
low speed side 3.3 0.94 18.8 260
4 holes
0.4 i 30°
T B '
5.7 %
o ~
10.0 95 240 ! 16—

Figure 2: Schematic of the static pressure tube.
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Figure 3: Effect of noise reduction on the fluctuating pressure.

intervals covering the full range in each 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.

Noise Reduction and Phase Correction Practice

In order to reduce the influence of background noise in wind
tunnel, the pressure signal outside the mixing layer was moni-
tored simultaneously by an auxiliary pressure probe which had
the identical dimension as that used for the measurement in
the shear layer. The signal acquired by the secondary probe
was subtracted from that obtained in the shear layer so that
only desired local pressure related to turbulent fluid motion
could be extracted. The effect of such practice is demonstrated
in Fig. 3. The plots after the procedure (differential) show a
remarkable reduction of background noze in fluctuating pres-
sure 17 in the free stream as compared to the raw data.

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

0y =7 —tan! <—27T61’Rf), 1)

where C' is electronic capacitance of the condenser micro-
phone, R stands for the input resistance of main amplifier
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Figure 4: Corrected velocity-pressure correlations.

of the microphone, and f denotes frequency of fluctuating
pressure. In the present study, C' and R are 6pF and 3Gf2,
respectively, according to the hardware specification.

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

Interference of Probes

Distance between the X-wires and static pressure tube
should be carefully determined so that the interference could
be minimized and at the same time the spatial resolution is re-
tained. Based on preliminary experiments, the location for the
examination on the effect of the distance between two probes
was selected at the location where up took maximum across
the shear layer. Fig. 5 presents the variation of the second-
moment of velocity fluctuation w2, pressure fluctuation 17,
and the correlation wp. Among these, the velocity fluctuation
is most sensitive to the probe distance, presumably due to
the change of the flow field near the X-wires probe caused by
the blockage of pressure tube. On the other hand, the pres-
sure fluctuation is less sensitive to the probe distance. The
correlation between the velocity and pressure is small in mag-
nitude. Although there is a slight variation, the dependence
of this quantity to the probe distance is not clearly addressed
because of measurement accuracy. Based on these results, the
probe distance Ah was set to 2.0mm where the velocity fluc-
tuation is nearly unaffected.

Data processing

The statistics were calculated from 80,000 samples. The
sampling rate of 4kHz was selected to evaluate quantities that
require high temporal resolution, such as energy spectra and
derivatives with respect to the time. For other statistics the
sampling rate was fixed to 200Hz which was found sufficiently
high from the examination of auto-correlation of velocity fluc-
tuation. The resulting integration time was 400 seconds for
turbulence statistics. Typically, it took about an hour by a
PC (Pentium4 2.8GHz) to complete a post-processing of each
measurement to draw a profile, comprising 48 points, across
the mixing layer.
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Figure 5: Influence of the probe distance.
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Figure 6: Profile of the streamwise mean velocity; Symbols e
cx=25mm, o: z=>50 mm, ¥: =100 mm, — : DNS
result of Rogers and Moser (1994)

RESULTS

Primary Remarks

The velocity profiles across the shear layer are measured
at three different streamwise locations, x=25mm, 50mm and
100mm. The development of the shear layer thickness, §, was
examined by means of the expansion factor of free shear layer,
S = (Uc/Us)(AS§/Az) (Pope, 2000), with U, being the con-
vective velocity defined by Ue = (Up +Uj)/2 where Up, and U
are the free stream velocity of higher and lower velocity side,
respectively, and Us is the velocity difference, Us = Uy, — Uj.
The value of S slightly decreases from 0.089, which is eval-
uated at the interval between 25mm < z < 50mm, down to
0.086 at 50mm < z < 100mm. The variation of S indicates
that the shear layer is still under the development state.

Statistics of Non-Equilibrium Turbulent Mixing Layer

The streamwise mean velocity profiles are shown in Fig. 6.
The velocity U* is normalized by the velocity difference Us
(U* = (U — U;)/Us), and the non-dimensional coordinate 7y
is calculated using the momentum thickness of the shear layer
at x = 100mm (ng = y/04). 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 = 25mm;
it decreases down to 0.07Us at 50mm and still persists in the
most downstream location, providing a slight under-shoot of
the lower velocity side by 0.02Us at = 100mm.
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Figure 7: Components of Reynolds stress tensor; (a) uZ, (b)
v2, (c) uv; Symbols @ : x = 25 mm, o : x = 50 mm, V :
z = 100 mm

Figure 7 presents the profiles of the individual Reynolds
stress component at the same location as for Fig. 6. It is
shown that every component decreases in downstream, with
the u_z-component indicates a slightly faster decrease when
compared to the others. As the shear layer spreads to the
direction of lower velocity side (negative ng), the distribution
becomes broader for the all components. It is worth to notice
that the shear stress uv changes the sign in a narrow region in
accordance with the mean velocity distribution that exhibits
a distinct wake shape.

The flow characteristics are further explored by means of
the power spectrum density of normal velocity component v,
see Fig. 8, evaluated at the center of the shear layer, i.e.,
ng = 0. At the most upstream location, the distribution shows
a peak near 330Hz which corresponds to St = 0.083, with
St being the Strouhal number based on the thickness of the
splitter plate and Us. Weaker peaks are also observed near
260Hz and 160Hz at * = 50mm and 100mm, respectively.
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Figure 8: Power Spectrum of v.

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 frequency is
likely due to the 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. When the above-mentioned streamwise variation of
the characteristic frequency is taken into account, it is fair 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.

Velocity-Pressure Correlation in the Shear Layer

Figure 9 shows the velocity-pressure correlations up and
up, which are directly measured by the present method, com-
paring with those evaluated by Lumley’s model (1978) based
on the triple-velocity correlation at the three streamwise loca-
tions:

w = - (u_3+m) 2)

= Ot =

W o= - (Po+d). (3)
It is shown that both uwp and vp significantly vary across the
shear layer, changing their sign at the center, and up con-
sistently 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 locations shown in Fig. 9 (b) and (¢). An
obvious departure is, however, evident in Fig. 9(a) that is mea-
sured at the most upstream location, where Lumley’s model
yields an opposite sign to up and the magnitude of Tp is
over-estimated. These disagreements may be related to the
existence of the characteristic frequency in the power density
of the velocity fluctuation v, see Fig. 8.

DISCUSSION

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

Duguy
Dt

= Py — (ij +D?j +D,Z) + &4 — €44, (4)
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Figure 9: Profiles of @p and vp; (a) = 25 mm, (b) = 50 mm, (c) z = 100 mm; Symbols e : up, o : Tp (Lumley model), ¥ : Tp,

V : 7p (Lumley model)

where the terms on the right hand side, P;;, D;;, ®;;, and
€45 represent production, diffusion, re-distribution and dissi-
pation of the Reynolds stress w;u;. Among the three diffusion
transports, the molecular viscous transport ij may be ne-
glected because of large Reynolds number; the other two, i.e.,
the turbulent diffusion ij and the pressure diffusion ij, are
of primary concern and discussed subsequently. Table 2 sum-
marizes 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 hypothe-
sis is applied to the estimation of the re-distribution term in
the equation for the ﬁ-component, with 4 being the instan-
taneous streamwise velocity component.

Figure 10 presents the distribution of production and the
re-distribution term in the ﬁ-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 = 25mm,
though rapidly decreases in downstream. At the most down-
stream location, z = 100mm in (c), the measured values well
coincide with 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 re-
gion, —3 < ng < —1 at = 25mm (a), where the production
and re-distribution show opposite sign.

The balance of the representative terms are also presented
for the wv- and v_z-components in Figs. 11 and 12, respec-
tively. For both components, the production P;;, turbulent
diffusion ng and pressure diffusion ij are compared. Sim-
ilarly to the case in u_z—component, the production term is
over-proportional to the others at the most upstream location,
xr=25mm, and rapidly decreases in downstream. In particular,
the production of v2, Fig. 12(a), exhibits remarkable magni-
tude, which is not the case for the self-similar state where the
production P2 nearly vanishes.

The two diffusion terms, turbulent- and pressure-diffusion,
of these two components indicate reasonable proportion: 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, z=25mm in Fig. 12,
is a little different from the other two downstream loca-
tions, where the analogy between the turbulent- and pressure-
diffusion is not likely to hold.

The above discussion points to the fact that the relatively
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-
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Table 2: Terms of Reynolds Stress Equation.
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and pressure-diffusion gradually breaks down as the flow starts
to exhibit certain characteristics such as the existence of vor-
tex shedding, or the departure from equilibrium state. The
role of pressure fluctuation becomes more important as the
complexity of turbulence structure increases.

CONCLUDING REMARKS

The experimental evaluation of the pressure-related turbu-
lence statistics has been undertaken in a free mixing layer out
of equilibrium state. The noise reduction as well as phase-lag
correction procedure is shown to be successful in evaluating
the fluctuating pressure and the correlation between velocity
and pressure. The distance between the pressure probe and X-
wires has been carefully adjusted to minimize the interference
and at the same time to retain the spatial resolution.

The characteristics of spatial developing turbulent mix-
ing layer were investigated with particular focused on the
pressure-related quantities. Fundamental statistics are pre-
sented, and it is indicated that the flow characteristics are
under the development, showing remarkable velocity oscil-
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Figure 12: Estimated turbulent-diffusion D}, and pressure-diffusion D},; (a) 2 = 25 mm, (b) z = 50 mm, (c) z = 100 mm;

Symbols e : D&,, 0: D, ¥ : Ppy, —— : D%, (DNS),

lation inherent to vortex shedding from the splitter plate.
Velocity-pressure correlations are directly measured and com-
pared with Lumley’s model. The budget of Reynolds stress
transport equation is examined, and the measured pressure-
related terms showed fair agreement with available DNS data.
The analogy between the turbulent diffusion and pressure dif-
fusion does not seem to hold in the region where the turbulence
structure departs from that in the energy equilibrium state.
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