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ABSTRACT be as small as possible to achieve the sufficient spatial reso-
In the present study, an experimental investigation is lution, there should be some distance between the probes in
conducted into the effect of the shape of a miniature static- order to avoid interference.
pressure probe on the velocity-pressure correlation mea- The shape of the SP-probe has an effect on some as-
surement. Ten static-pressure probes, with systematically- pects of the measurement: On the frequency and directional
changed probe diameters and lengths, are compared in combi- response of the SP-probe in the fluctuating pressure measure-
nation with an X-type hot-wire probe to examine the accuracy ment, and on the optimal distance between the probes in the
of the simultaneous measurement of the fluctuating velocity velocity-pressure correlation measurement. Hence, the effect
and pressure. The effect of the probe shape on the distance on the probe interference should be taken into account for
between the probes, which is necessary to avoid interference, the choice of the shape of the SP-probe used in the velocity-
is also investigated for the various pressure probes, and it is pressure correlation measurement. However, the effect of the
found that the change in probe diameter has the primary influ- probe shape on the velocity-pressure correlation measurement
ence on the probe interference. In the velocity-pressure cor- has not been investigated in contrast with the effect on the fre-
relation measurements, the results of the pressure fluctuation quency and directional response, which have been well inves-
p’ and the velocity-pressure correlatiop are not affected by tigated, e.g. by Ishida et al. (1995).

the probe shape. On the other hand, it is indicated that the In the present study, a systematic examination on the ge-
measurement ofpis extremely sensitive to the configuration ~ ometrical configuration of the SP-probe is conducted aiming
of the pressure holes including its orientation. at the further improvement of the quality of the simultane-

ous measurement of fluctuating velocity and pressure. Various
SP-probes with different shape are employed and the interfer-
INTRODUCTION ence between a hot-wire probe is investigated in a wake of
The velocity-pressure correlation is one of the important & circular cylinder. Finally, the velocity-pressure correlation
properties in describing turbulent flows; it plays a significant Measurements are performed and the results measured by the
role in the transport of the kinetic turbulent energy in the flow ~ Various SP-probes are compared.
regions involving large-scale vortex motions (Kawata et al.,
2010; Yao et al., 2001), and also can be used for experimental
eduction of vortex structures (Sakai et al., 2007). EXPERIMENT
Attempts for the measurement of the velocity-pressure Static-pressure probe
correlation have been reported by several researchers includ- The parameters and a schematic of the SP-probes em-
ing the authorsresearch group (Naka et al., 2006, 2009; Sakai ployed in the present study are shown in Table 1 and Fig. 1,
et al., 2007; Tsuiji et al., 2007) using a hot-wire probe and a respectively. The SP-probe consists of a thin pipe with a cir-
miniature static-pressure probe (SP-probe) which was origi- cular cone on its tip, and four small holes are placed on the
nally developed by Toyoda et al. (1994). In this measurement surface separated by 9@0There are ten SP-probes with dif-
method, a hot-wire probe and the SP-probe are placed adja- ferentd, L; andL,, whered is the outer diameter ard and
cent to each other in order to obtain the fluctuating velocity L, are the lengths from the pressure hole on the surface of the
and pressure at a single point simultaneously. Although the SP-probe to the tip and to the connection to the flare part, re-
distance between the SP-probe and the hot-wire probe should spectively. The thickness of the SP-probe and the diameter of
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List of SP-probes (dimensions in mm)
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a1 Figure 2. Directional response of SP-probes
¢ 0.4 mm or 0.2 mm
Figure 1. Schematics of SP-probe v Cop asp
(J& )) : )) : -
the pressure holes are 0.2 mm and 0.4 mm for the probe 10, ) i
and are 0.1 mm and 0.2 mm for the other probes. Note that the (a) i i
probe 10 has the same dimensions as that proposed by Toyoda
et al. (1994) and the other probes have smaller dimensions. y
The frequency and directional responses were investi-
gated prior to the experiments. The frequency response was gdevie:v 2
calibrated in the same manner as e.g. Naka et al. (2006), and Topview T T T T T T T T T T T
the amplitude and the phase of the fluctuating pressure were z 5
corrected in the post processing. The directional responses of (b)
Y R X

the various SP-probes were tested in a grid turbulence. The
pressure fluctuation was measured by the SP-probes with var- Figure 3.
ious angles of attack of the mean flog, The variation of

the measured rms of the pressure fluctuagbwith ¢ are
shown in Fig. 2. The values gf’ are scaled by the value

of p’ with @ = 0°. The SP-probes show the almost same re-
sponse in-20° < @ < 20°, and the difference can be seen in
|p| > 20° although the dependency on the probe shape is un-
clear. It should be noted that some SP-probes indicate asym-
metric profiles with respect tp = 0°.

Experiment condition; (a) coodinate system, (b)
probe configuration

and two instantaneous velocity components and fluctuating
pressure were measured simultaneously.

Experimental Results

Probe Interference  The effect of the probe inter-
ference was investigated for the various SP-probes. The X-
probe and the SP-probe were place@xay) = (10D, —0.5D)
and the velocity and pressure were measured simultaneously
with spanwise different probe distancAg. Note that the
probes 6 and 7 were not used because the differente in
is considered not to affect the probe interference.

Experimental setup

Experiments were undertaken in a free stream of an
opened blowing wind-tunnel. A circular cylinder with the di-
ameterD of 10 mm was placed in a free stream, and the co-
ordinate system was defined as shown in Fig. 3(a); the origin
was placed at the center of the cylinder, ard y— andz—
axes were taken in the streamwise, transverse and spanwise ; - P i
direction. The free steam velocity., was adjusted to be 6 Figure 4 shows the variation withz of the measured
m/s, and the Reynolds number, Re&J,D/v, was 3900. Reynolds stresseg, v and the veIocity-pressEre correlation

For the velocity measurements, an X-type hot-wire probe ~ coefficientRyp = vp/(V'p'), where the values of anduvare
(X-probe; 55P64, Dantec) was employed and was combined scaled by the reference value separately measured by the X-
with a constant temperature anemometer (CTA; Model 1011, probe and the SP-probe without interference. The variations
Kanomax). For the fluctuating pressure measurement, the SP- of v2 and tv indicate that the interference between the SP-
probes were connected to a condenser microphone (UC-29, probe and the X-probe mainly depends on the probe diameter
Rion) and the signal was amplified by the pre-amp (NH-05, and does not on the length. On the other handRyp takes
Rion) and the main-amp (UN-04, Rion). different values for the different probes. Based on these re-

In the velocity-pressure correlation measurements, the sults, the optimal probe distanée is determined to be 3.0
X-probe and the SP-probe were placed as shown in Fig. 3(b), mm for probes 1 to 7, and to be 4.0 mm for probes 8 to 10.
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Figure 6. Mean streamwise velocity and Reynolds stresses 400D and 2B as top to bottom: experiments, various blue plots;

LES (atx = 10D), green dashed line
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Figure 4. Effect of probe interference

As previously described, the correlation between the
fluctuating velocity and pressure at a single point is mea-
sured using two probes spatially separated by distance of
3.0 mm or 4.0 mm. In order to address the appropriate-

Az (mm)

Figure 5. Two-points correlation function im direction
measured at = 10D and 2B

Velocity-Pressure Correlation Measure-
ment The velocity-pressure correlation measurements
were performed with the probe distance determined in the
previous subsection. In order to investigate the performance
of the SP-probes in flow regions with high and low turbu-
lence intensities, the measurements were undertaken at two
downstream locations in the wake of the circular cylinder;
the relatively near region of the cylindetr,= 10D, and the
further downstream location,= 25D.

The profiles of the mean streamwise velocity and the
Reynolds stresses measured by the X-probe with the various

ness of the present velocity-pressure correlation measurement, SP-probes are plotted together in Fig. 6 with the results of a

the two-point correlation measurements were performed and
the integral scales of the flow field were evaluated. Figure
5 shows the measured auto-correlation functidtg(Az) =
u(z)u(z+Az)/u2(2). IntegratingRyu(Az) with respect ta\z,

the integral scale was evaluated’as- 6.50 mm and 4.87 mm
atx = 10D and 2D, respectively. Hence, the probe distance
is in the same order of the integral scales. From FigR R,
with Az of 3.0 mm and 4.0 mm are calculated to be between
0.5 and 0.6. Therefore, the velocity-pressure correlation may
be underestimated by 40-50 % in the present experiments.

large-eddy simulation (LES), which is described in the next
section. The measured velocity profiles are in good agree-
ment, indicating that the probe interference is avoided. The
Reynolds normal stresseg and v2 dramatically decrease
from x = 10D to x = 25D, although the Reynolds shear stress
uv does not show difference as much. At the center of the
wake, v2 are 0.074 and 0.014 at= 10D and 2D, respec-
tively, corresponding to the attack angle fluctuation of the ve-
locity vector to the probes of 2fand 68°.

Pressure fluctuatiop’ and the velocity-pressure correla-
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(b) At x = 25D (symbols are same as shown in (a))

Figure 7. The distribution of pressure fluctuatiphand the velocity-pressure correlatiop and Up measured using various

SP-probes

tion Up andvp measured at = 10D andx = 25D are shown

in Fig. 7, and the LES results far= 10D are also plotted to-
gether. The profiles off andtUp measured using the various
SP-probes are in fairly good agreement, which indicates that
the measurement qf andup is not affected by the differ-
ence in the probe shape. On the other hapdyrofiles show
discrepancy, but the systematical relationship with the param-
eters,d, L1 andL,, cannot be found. It should be noted that
these tendency in the performance of the SP-probes can be
commonly seen in both of the downstream locations regard-
less of the turbulence intensity.

COMPUTATION
Computational Details

An LES was performed to obtain additional data of the
velocity-pressure correlation for the validation of the experi-
mental results. An open-source CFD software, OpenFOAM
(http://www.openfoam.org), was used for the simulation. The
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Figure 8. Mean streamwise velocity distribution along the

center line

Computational Results

Smagorinsky model was used as the subgrid scale model, and

Figure 8 presents the distribution of the mean stream-

the Spalding law was adopted for the evaluation of the eddy wise velocity along the centerline obtained from the present
viscosity at computational points adjacent to the wall.

The computational domain has a cylindrical shape with
the radius of 1B and the spanwise size @D. The number
of grids in the radial, circumferential and spanwise direction

were 166, 166, and 49.

LES compared with other LESes and experiments. For the
prediction of the near field, the present LES somewhat under-
estimates the length of recirculating region and predicts the re-
covery of the steamwise velocity earlier than the other study.
On the other hand, in the downstream regign>(5D), the



Figure 10. Pressure-related statistics measured=at.0D
using probe 8 with differenf

present LES is in fairly good agreement with the other simu-
lations and experiments.

As already shown in Fig. 6, the present LES satisfacto-
rily predicts the streamwise velocity and the Reynolds normal
stresses measured>at 10D, although there is still discrep-
ancy between the experiment and the LES in the profile of the
Reynolds shear stress.

Figure 7(a) shows that andtp provided by the present
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Figure 11. Power spectra measured>at)) = (10D,0D):

(a), blue line,u; green line,v; (b) blue line,6 = 0°; green
line, 8 = 90°; red line,0 = 180°
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Figure 12. Cross spectra betweenand p at (x,y) =
(10D, 0D) (colors are same as shown in Fig. 11(b))

SP-probe. Figure 10 shows the distributions of the pressure-
related statistics measured using the probe»8=atLOD with
different 8, where@ is the rotation angle. It is indicated that
the measurements @f andup are not influenced by the di-
rection of the pressure holes, but the measured distributions
of vp shows significantly different profiles; it is almost sym-
metric in the case of = 0°, but the profiles are shifted to the
positive side in the cases 6f=90°, or 180.

Hereafter, the discussion is focused on the center of the

LES shown are in acceptable agreement with those measured wake as the representative point, and the spectral contents are

in the present experiments. This partly supports the validity of
the present measurementmfandtp. On the other hand, the
disagreement can be seervipprovided by the present LES
and by the measurements.

DISSCUSION

As mentioned in the section of experiment, discrepancy
is indicated betweeffp measured by the various SP-probes
while p’ andup are in the good agreement, but the causal

investigated. Figure 11 presents the power spectra of fluctu-
ating velocity and pressure. In Fig. 11(a), the spectrum of
shows a significant peak dt= 0.19./D, while the spec-
trum of u shows a small peak dt= 0.37U.,/D. These peaks

of velocity fluctuation are due to thedfman vortex shedding.
The spectra op measured with differen are compared in
Fig. 11(b). All the spectra indicate peaksfat 0.3 /D

as the spectrum af. On the other hand, the difference can
be seen af = 0.1 /D: in the case ob = 90° and 180,

the slight peaks can be seen; in the casé ef 0°, no peak

connection with the probe shape is unclear. In order to shed appears.

light on the cause of this discrepancy, the velocity-pressure

Figure 12 presents the real part of the cross spectra be-

correlation measurements were repeated rotating the SP-probetweenv and p. A significant spike appears #t= 0.19,/D

around its axis as schematically shown in Fig. 9: changing the in the cases 0B = 90° and 180, while the peak shown in
position of the pressure holes without yawing and pitching the the case oB = 0° is small. The significant spikes of the cor-
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relation in the case o = 90° and 180 are due to existence

of the peaks of the spectrum of shown in Fig. 11, at the
frequency where the significant peak of the spectrumex-

ists. The different peak values of cross spectra result in the
different values offpaty = OD in Fig. 10.

Since four pressure holes are placed by 60 the sur-
face of the SP-probe, il = 0°,90° and 180, the four pres-
sure holes are just replaced to each other. Hence, the differ-
ence in the distributions ofp and the spectral contents may
be attributed to the difference in the pressure hole diameters
or the deviation of the hole positions from axisymmetric ar-
rangement due to the working error in the manufacture of the
SP-probes. The effect of such factors may also be seen in the
asymmetric profiles of directional response of some of the SP-
probe shown in Fig. 2, and the discrepancy in the distributions
of thevpindicated in Fig. 7 may arise due to the same cause

rather than the difference in the parameters of the probe shape.

CONCLUDING REMARKS
In the present study, a systematical investigation into the

effect of the shape of the SP-probe on the velocity-pressure
correlation measurement was conducted by comparing the
performances of the SP-probes with various probe shapes.
In the investigation of the interference between the pressure
probe and a hot-wire probe, it is revealed that the optimal

probe distance mainly depends on the probe diameter and
does not on the length. In the velocity-pressure correlation

measurement, it is indicated that the difference in the probe

shape does not affect the measurement of pressure fluctuation

p’ and the velocity-pressure correlatiap, and the measured

p’ andup are in fairly good agreement with those provided
by a large-eddy simulation. On the other hand, the velocity-
pressure correlatiodp measured by the various probes dis-
agree with each other, although any causal relationship with
the probe shape is not observed. It is indicated by the ex-
tra experiments that the measurementpimay be extremely
sensitive to the configuration of the four pressure holes, and
the discrepancy in measur&g may be due to such factor
rather than the difference in the probe shape.
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