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Abstract

In the present thesis, the following three contributions are made aiming
at further development of techniques for simultaneous measurement of
fluctuating velocity and pressure in complex turbulent flow:

• Validation of an existing measurement technique

• Development of a new technique for simultaneous velocity and pres-
sure measurement in a three-dimensional turbulent flow

• Development of a hybrid method of direct pressure measurement by
static-pressure probes and particle image velocimetry (PIV)

In the first topic, applicability of an existing measurement technique, in
which a static-pressure probe and a hot-wire probe are combined, was ex-
amined by a quantitative comparison with reference data obtained by a
numerical simulation. Experimental results of the pressure-related statis-
tics were in quantitatively good agreement with the computational results
and reliability of the existing measurement technique was confirmed. In
the second topic, a new probe system comprising a triple-sensor hot-film
probe and a total-pressure probe was developed for measurement in three-
dimensional turbulent flows, and a wingtip vortex flow was chosen for the
test case. All components of the velocity-pressure correlation were suc-
cessfully measured, and contribution of the velocity-pressure correlation
to turbulence transport was found to be significant. In the third topic, a hy-
brid method of direct pressure measurement by static-pressure probes and
PIV was developed. Instantaneous pressure field was numerically evalu-
ated based on the PIV data and the fluctuating pressure directly measured
by the static-pressure probe was used as a reference signal for the PIV-
based pressure evaluation. The pressure-related statistics were success-
fully measured in a wake immediately behind a circular cylinder, and they
were found to play an important role in turbulence transport.
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Chapter 1

Introduction

1.1 Background

1.1.1 Turbulent Flow and Its Coherent Structure of Vortices

Turbulent flow is found in many practical engineering problems, such as inside a

pipeline for transport of fossil fuel, around a vehicle moving in air, and inside a tur-

bomachinery such as a gas turbine and a jet engine. Understanding, predicting, and

controlling turbulent flow have been important research targets in engineering research

field, because the nature of turbulence that it enhances fluid mixing leads to many im-

portant consequences such as increase of skin friction drag, suppression of flow sep-

aration, and enhancement of heat transfer, all of which are strongly related to energy

problems.

Although the turbulent flow has been a research topic to be concerned by engi-

neers, physicists, and mathematicians over more than 100 years, the phenomenon has

still not been fully understood. Due to strong non-linearity of the Navier-Stokes equa-

tion, it is impossible to derive analytical solution under the turbulent flow condition,

and the statistical theories developed so far, such as the eddy-damped quasi-normal

Markovian (EDQNM, Orszag, 1970; Tatsumi et al., 1978), the direct interaction ap-

proximation (DIA, Kraichnan, 1959), and the renormalization group closure (RNG,

Smith and Woodruff, 1998), are applicable only to the ideal isotropic turbulence. The

direct numerical simulation (DNS) of a practical turbulent flow with a high Reynolds

number is still unrealizable in terms of computational cost despite the recent rapid

growth of computational power.

Important feature of turbulent flow is that it consists of a huge number of vortices

with a wide range of length scales. The non-linear term in the Navier-Stokes equation

1
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physically represents interaction between these vortices, by which small vortices are

produced from larger vortices. The gap between the smallest and largest length scales

of vortices becomes larger as the Reynolds number increases, and those vortices with

various length scales compose a structure with a certain coherence, so called coherent

vortex structure.

The coherent vortex structure has been observed in many turbulent flows. For

example, it is well known that there are organized structures of quasi-streamwise vor-

tices with relatively large length scale (with a diameter of about 25-30 wall-units and

a streamwise length of about 150-300 wall-units) in the buffer layer of wall turbu-

lence (e.g., Jeong et al., 1997; Kasagi et al., 1995; Kim et al., 1987; Kline et al., 1967;

Smith and Metzler, 1983), and they are responsible to the production of the turbulent

kinetic energy and the Reynolds shear stress (e.g., Kida and Yanase, 1999; Robinson,

1991b). In addition, a larger structure than those in the buffer layer appears in the very

high-Reynolds-number flows (Adrian et al., 2000; Iwamoto et al., 2005).

Coherent vortex structures have been also investigated in turbulent shear

flows (e.g., Hussain and Hayakawa, 1987; Mumford, 1982). In the turbulent mix-

ing layer, the large-scale vortices caused by the Kelvin-Helmholtz instability, so called

roller vortices, can be observed, and they contain smaller-scale streamwise vortices,

so called rib vortices, that are produced from the rib vortices by the non-linear vortex

interaction (e.g., Brown and Roshko, 1974). A similar vortex structure is found in the

vortex street of turbulent wake of bluff bodies (e.g., Bernard and Wallace, 2002).

These coherent structures of vortices greatly affect transport phenomenon in tur-

bulent flow and result in the aforementioned important engineering problems: for ex-

ample, the quasi-streamwise vortices in the wall turbulence transport the high-speed

fluid away from the wall to the wall vicinity, which results in increase of skin fric-

tion and heat transfer on the wall. A massive flow separation and subsequent vortex

shedding are often found in the turbulent free shear flows such as the wake of bluff

bodies, and they result in lift fluctuation and sound-noise generation. Thus, the exis-

tence of the coherent large-scale vortex structure in turbulent flow is closely related to

several engineering problems, and investigation on such vortex structures is important,

for example, to develop an effective flow controlling scheme.

Furthermore, investigating the turbulent vortex structure is also important to de-

velop a method for numerical simulation of the practical engineering turbulent flows

with a quite high Reynolds number. In such high-Reynolds-number flows, the vortex

structures in the near wall region is so small that a quite heavy computational cost
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is required to resolve them even by the large-eddy simulation (LES). In order to pre-

dict such flows, incorporating the turbulence models based on the Reynolds-Averaged

Navier-Stokes equation (RANS) is useful, and the hybrid RANS-LES approaches have

been extensively studied in recent years (e.g., Haase et al., 2009). Further development

in turbulence models enable us to simulate the high-Reynolds-number turbulent flows

by less computational cost, and detailed information of vortex structures in the high-

Reynolds-number turbulent flow is necessary to further develop the turbulence models.

1.1.2 Investigation on Coherent Vortex Structure

Up to now, a great number of both experimental and computational studies have been

devoted to investigation of the coherent structure in turbulent flow. In the early stage of

this topic, the vortex structures were observed by means of experimental techniques,

such as flow visualization, multi-point correlation measurement, and conditional aver-

aging of fluctuating velocity (some reviews are available: e.g., Cantwell, 1981; Ho and

Huerre, 1984; Hussain, 1983; Hussain and Zaman, 1987).

The DNS has been recently used for study of the coherent turbulence vortex struc-

ture, as it can provide instantaneous three-dimensional fields of fluctuating velocity

and pressure without introducing any turbulence model. Especially, the DNS has been

playing a significant role in the recent studies on the vortex structures in the wall tur-

bulence (e.g., Jeong et al., 1997; Kim et al., 1987; Schoppa and Hussain, 2002), and

several models of the mechanism of streamwise vortex generation have been proposed

based on those information provided by the DNS studies (e.g., Robinson, 1991a).

The turbulent flows intensively investigated by the DNS up to now are, however,

the canonical flows with a relatively low Reynolds number and a simple geometry,

and it still requires extremely heavy computational cost to investigate the practical

turbulent flows with a quite high Reynolds number and a complex geometry by means

of the DNS. Although large-scale DNSes of the wall turbulence using a super computer

have been recently performed (e.g., Hoyas and Jimenez, 2006; Iwamoto et al., 2005;

Schlatter and Örlü, 2010), the flow fields investigated in these studies are also the

canonical flow with simple geometries. Therefore, experimental investigation will be

important to further explore the vortex structures of the turbulent flows with quite high

Reynolds number and complex geometries.
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1.1.3 Importance of Fluctuating Pressure Measurement for Inves-
tigation on Vortex Structure

Fluctuating pressure is closely related to the large-scale vortex motions. The helical

motion of fluid in the large vortices results in low-pressure region in the vortex core,

and the motion of those vortices produces strong pressure fluctuation as well as velocity

fluctuation. Mathematically, the Laplacian of pressure is, for incompressible turbulent

flow, equivalent to the second invariant of the velocity-gradient tensor (so-called Q

value), which is the criteria most widely used to visualize the vortex structure. In

terms of experimental investigation, it may be easier to use the pressure information

than the Q values, because the pressure is a scalar quantity while all components of

the velocity-gradient tensor are required to calculate the Q value. In fact, eduction of

the vertex structure based on the fluctuating pressure measurement was performed in

some earlier studies (e.g., Sakai et al., 2007; Toyoda et al., 1994).

Interaction between fluctuating pressure and velocity fields is the other important

aspect of the flow field associated with the coherent vortex structure. Motion of the

organized structure of large-scale vortices results in a significant correlation between

the fluctuating velocity and pressure fields. Especially, the velocity-pressure correla-

tion and the pressure strain-rate correlation are closely related to turbulence transport

process caused by the large-scale vortices, as they appear in the transport equation of

the Reynolds stress as the pressure diffusion and redistribution terms, respectively; the

pressure diffusion represents the turbulence transport driven by the pressure fluctua-

tion, and the redistribution does the energy exchange between different components of

the Reynolds stresses.

In particular, the pressure diffusion often plays a significant role in the transport

equation of the turbulent kinetic energy or the Reynolds stress in the flow regions

associated with the large-scale vortex motion (e.g, Johansson and Andersson, 2005;

Yao et al., 2001). As these flow regions are those where the conventional RANS-

based turbulence models often fail in accurate prediction, appropriately modeling the

pressure diffusion might significantly improve the performance of the RANS-based

turbulence models.

Thus, investigating interaction between the fluctuating velocity and pressure is in-

dispensable to understand the turbulence transport phenomena caused by the coherent

vortex structure. However, knowledge about the pressure fluctuation is still rare partly

because of absence of a sophisticated technique for fluctuating pressure measurement.
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Further development in measurement techniques, especially for simultaneous mea-

surement of fluctuating velocity and pressure, is desired.

1.2 Earlier Studies on Simultaneous Measurement of
Fluctuating Velocity and Pressure

Techniques for simultaneous measurement of fluctuating velocity and pressure is still

under development. The technical difficulties mainly underlie fluctuating pressure

measurement at arbitrary positions in turbulent flow. Up to now, some measure-

ment techniques were proposed such as direct measurement technique using a hot-wire

probe and a miniature Pitot tube and numerical evaluation of pressure field based on

measurement data of PIV. But each of them has both advantages and disadvantages,

and still has room for further improvement. In the following, earlier works for the

velocity-pressure correlation measurement are summarized.

1.2.1 Direct Measurement Technique

Simultaneous measurement of velocity and pressure in turbulent flow has been at-

tempted since 1950s. Technical difficulties was mainly underlying in fluctuating pres-

sure measurement at an arbitrary point remote from the wall in turbulent flow. In

order to capture static-pressure fluctuation, it is inevitable to use a pressure probe

such as the Pitot tube, intrusive nature of which might results in serious contamina-

tion on measurement. Many possible sources of measurement error were pointed out

by Fuchs (1972) and George et al. (1984) and, thus, fluctuating pressure measurement

using a pressure probe was considered extremely difficult, in contrast with fluctuat-

ing wall-pressure measurement, which has become a popular technique in turbulence

research; the point measurement using a pressure tap on the wall has become a stan-

dard technique (Eckelmann, 1989; Willmarth, 1975), and the surface measurement by

pressure-sensing paint (PSP) is also being intensively studied (e.g., Klein et al., 2005;

MacLachlan et al., 1993; Tropea et al., 2007).

1.2.1.1 Combination of static-pressure probe and hot-wire anemometry

Kobashi (1957) and Kobashi et al. (1960) overcame such technical difficulties in fluctu-

ating pressure measurement by developing a miniature Pitot-tube-type probe, and they

conducted measurement using a condenser microphone as a pressure sensor. They
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combined this pressure measurement technique with a hot-wire anemometry and in-

vestigated the velocity-pressure correlation in a wake of a circular cylinder, for the

first time.

On the Basis of the pioneering work by Kobashi (1957) and Kobashi et al. (1960),

Shirahama and Toyoda (1993) and Toyoda et al. (1994) further optimized geometrical

configuration of the static-pressure probe. The pressure probe has a circular cone on its

tip and the outer- and inner-diameter of the tube were 1.0 mm and 0.8 mm, respectively.

A condenser microphone for a pressure sensor was directly embedded in a joint part of

the pressure probe, and nearly flat frequency response of the pressure probe up to 2 kHz

was achieved. Using this measurement technique, Shirahama and Toyoda (1993) and

Toyoda et al. (1994) successfully investigated the velocity-pressure correlation and the

coherent vortex structure in an oscillated noncircular jets.

Inspired by the successful measurement by Shirahama and Toyoda (1993) and Toy-

oda et al. (1994), the pressure probe of the same type was adopted in some experimen-

tal studies, e.g., investigating scaling law of pressure fluctuation (Tsuji et al., 2007;

Tsuji and Ishihara, 2003) and source of acoustic sound noise (Iida et al., 1999).

Simultaneous measurement of velocity and pressure using the pressure probe of the

same type with a hot-wire anemometry was also performed. Naka et al. (2006) com-

bined a miniature static-pressure probe with an X-type hot-wire probe and measured

the velocity-pressure correlation in a turbulent planer mixing layer, and pointed out

that the measured profiles of the velocity-pressure correlation agree with those evalu-

ated from the velocity triple-correlation based on the classical model for the velocity-

pressure correlation proposed by Lumley (1978) in the flow region with equilibrium

state, but disagree in the flow region out of equilibrium state.

Sakai et al. (2007) also performed simultaneous measurement of fluctuating pres-

sure and velocity to investigate vortex structure in the self-preserving region of a plane

jet. They used a semiconductor pressure transducer in order to capture pressure fluc-

tuation in low frequency range and a static pressure probe with eight pressure-sensing

holes following Ishida et al. (1995).

In the measurement techniques mentioned above, a hot-wire probe and static-

pressure probe are placed adjacent to each other, and both the fluctuating pressure and

velocity are measured directly. In such probe system, certain spatial distance is be-

tween the probes in order to avoid the probe interference, which results in low spatial

resolution.
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1.2.1.2 Improvement of spatial resolution

Naka and Obi (2009) and Naka (2009) improved the spatial resolution of the measure-

ment technique used by Naka et al. (2006) by using a miniature total-pressure probe

instead of the static-pressure probe, the idea of which was based on the measurement

technique developed by Giovanangeli (1988) and Nasseri and Nitsche (1991). The

fluctuating velocity and total pressure were simultaneously measured, and the static-

pressure fluctuation was indirectly evaluated from the dynamic and total pressure. In

the proposed probe arrangement, the tip of the total-pressure probe was inserted into

the measurement volume of the hot-wire probe. Hence, the spatial resolution was

equivalent to that of single use of the hot-wire probe, which was much improved as

compared to combination of the hot wire- and the static-pressure-probes. Further-

more, the measurement by the total-pressure probe is less affected by the cross flow

compared to that by the static-pressure probe.

1.2.1.3 Problems in the direct measurement technique

As described above, some technique for simultaneous velocity-pressure measurement

by combination of a hot-wire probe and a pressure probe have been performed, and

a certain amount of data has been provided. However, the measurement by these

techniques is limited to sing-point measurement, and they cannot be applied to three-

dimensional flows as velocity measurement by an X-type hot-wire probe may be con-

taminated by error caused by the out-of-plane velocity component.

Furthermore, due to the nature of direct measurement by probe, both the hot-wire

probe and the pressure probe have limitation in measuring range of angle of attack of

the velocity vector to the probe axis. Therefore, the direct measurement techniques

cannot be applied to flow regions where the instantaneous flow direction has too large

angle of attack to the probe axis, such as flow regions with quite high turbulent inten-

sities or the recirculation region.

In addition, validity of the measurement results by these techniques has not been

examined enough. There are quite few studies in which the validity of the measurement

results was addressed by quantitative comparison with reference data provided by, for

example, numerical simulation (as long as the author knows, only Naka et al., 2006;

Tsuji and Ishihara, 2003). Even the validations in these earlier studies were conducted

in the self-preserving region in the free shear flows, where the turbulence intensity is

rather moderated. However, the flow region where the velocity-pressure correlation

plays a significant role is often out of the equilibrium state and associated with the
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relatively large lateral velocity fluctuation due to the large-scale vortex motion, and the

applicability of this measurement technique should be further investigated in such flow

region.

1.2.2 Numerical Evaluation of Instantaneous Pressure Field Based
on PIV Measurement Results

Mathematically, pressure and velocity are not independent valuable from each other,

but related by the Navier-Stokes equation or the Poisson equation for pressure, as will

be described in Chap. 2. Hence, it is possible to derive pressure from velocity if one

has enough information of velocity field, such as temporal and spatial gradient of in-

stantaneous velocity distribution.

With this concept, some attempts to numerically evaluate pressure field form ve-

locity measured by a particle image velocimetry (PIV) have been made since the

late 1990s. Increase of capabilities of the PIV has extended application of the deriva-

tion of pressure based on PIV data from evaluation of two-dimensional steady pressure

field (e.g., Baur and Köngeter, 1999; Fujisawa et al., 2004; Gurka et al., 1999) to that

of instantaneous pressure field. Hosokawa et al. (2003) applied the pressure evaluation

based on the PIV measurement to two phase flow, and evaluated the pressure distribu-

tion around a bubble. Fujisawa et al. (2005) evaluated fluid force acting on a rotating

circular cylinder by applying the PIV-based pressure evaluation, and investigated en-

hancement/reduction of the fluid force. Obi and Tokai (2006) applied this technique to

an oscillatory flow between two bluff bodies and investigated contribution of the ve-

locity pressure-gradient correlation to the transport of the Reynolds stresses. Ishii et al.

(2008) performed pressure field evaluation based on a stereoscopic PIV in a turbulent

wingtip vortex flow and evaluated the pressure-related statistics produced by unsteady

meandering motion of the wingtip vortex.

A number of contribution has been devoted to improvement of the PIV-based pres-

sure evaluation; some numerical techniques to derive pressure field from the PIV data

were developed such as direct integration of pressure gradient based on the Navier-

Stokes equation (Baur and Köngeter, 1999; Liu and Katz, 2006), solving the Poisson

equation for pressure (e.g., De Kat and van Oudheusden, 2012; Hosokawa et al., 2003)

and the Lagrangian approach to evaluate the material derivative (Violato et al., 2011).

Charonko et al. (2010) compared various numerical techniques mentioned above and

assessed the effect of different numerical approach used for pressure evaluation, spatial

resolution of the PIV measurement and filtering methods.
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In particular, recent increase of capabilities of the PIV technique toward the time-

resolved three-dimensional measurement, e.g., tomographic PIV (Elsinga et al., 2006),

enabled us to derive pressure field without omitting any terms in the Navier-Stokes

equation or the Poisson equation for pressure. De Kat and van Oudheusden (2012)

performed evaluation of the instantaneous pressure field behind a square cylinder com-

paring the results obtained by a time-resolved planer PIV and a time-resolved tomo-

graphic PIV, and demonstrated the advantages of taking into account the out-plane

component of the instantaneous velocity gradient. Ghaemi et al. (2012) applied the

pressure evaluation based on a time-resolved tomographic-PIV to a turbulent bound-

ary layer flow, and investigated relation between the vortex structure in the boundary

layer and the pressure fluctuation. Pröbsting et al. (2013) also performed instantaneous

pressure-field evaluation and investigated relationship between the wall-pressure fluc-

tuation and the pressure fluctuation caused by vortex structure near the wall. A review

of recent development on the PIV-based pressure evaluation including those by the

time-resolved three-dimensional PIV measurement is available in (van Oudheusden,

2013)

The PIV-based pressure evaluation is quite useful to investigate the pressure-related

statistics not only the velocity-pressure correlation but also the pressure-strain correla-

tion as both the instantaneous pressure and velocity field are simultaneously obtained.

Moreover, thanks to the non-intrusive nature of the PIV measurement, this method can

be applied to flow regions where the direct measurement technique cannot be used.

Despite such great advantages, there remain issues of the PIV-based pressure eval-

uation that need to be further addressed, such as specification of the boundary condi-

tion. Information of velocity primarily gives the Neumann-type boundary condition as

the pressure gradients are supplied by evaluating the terms in the momentum equation,

while some extra efforts are required to identify the Dirichlet-type boundary condition;

the most straightforward way is to directly measure the pressure in the PIV measure-

ment domain, which has never been attempted in earlier studies (at least, to the best of

the authors′ knowledge) partly due to the technical difficulties in measuring fluctuat-

ing pressure. Alternatively, in some of the earlier studies, the pressure on the boundary

was estimated from the measured velocity data by assuming a potential flow or a steady

flow (e.g., De Kat and van Oudheusden, 2012; Ghaemi et al., 2012).

The PIV-based pressure evaluation has another shortcoming, in that the pressure

evaluation is easily affected by the noise involved in PIV data (Charonko et al., 2010;

De Kat and van Oudheusden, 2012). The equation used to derive pressure, such as
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the Poisson equation for pressure, contains spatial and temporal derivatives of instan-

taneous velocity, the evaluation of which amplifies the effect of the measurement noise

in PIV data. Thus, the direct single-point measurement by the pressure probe still has

advantages over the PIV-based pressure evaluation, although it also has the aforemen-

tioned limitations. Therefore, it may be possible to further improve quality of simul-

taneous measurement of fluctuating velocity and pressure by the PIV-based pressure

evaluation with the direct pressure measurement by the pressure probe.

1.2.3 Other Possible Measurement Techniques

For other possibility of simultaneous measurement of instantaneous velocity and pres-

sure field, use of PSP coated particles has been proposed (Abe et al., 2004; Kimura

et al., 2006, 2010). This method can be quite useful method for direct simultaneous

measurement of velocity and pressure field, but still under development.

1.3 Scope and Objectives of the Present Thesis

The present thesis aims at following three targets:

• Assessment of reliability of the direct measurement technique, in which a minia-

ture static-pressure probe is combined with a hot-wire probe

• Development of a technique for simultaneous measurement of all three velocity

components and fluctuating pressure in three-dimensional turbulent flow

• Development of hybrid method of direct single-point measurement by static-

pressure probes and the PIV-based pressure evaluation

For the first target, the measurement technique where an X-type hot-wire probe

and a miniature static-pressure probe are combined was applied to a relatively near

region of wake of a circular cylinder. Several pressure probes with different diam-

eters and lengths were used to investigate the effect of geometrical configuration of

static-pressure probe, and the validity of the measurement results was addressed by a

quantitative comparison with reference data obtained by a numerical simulation. This

will be described in Chap. 3.

For the second, a technique for simultaneous measurement of three velocity com-

ponents and fluctuating pressure was newly developed on the basis of the technique

developed by Naka and Obi (2009) and Naka (2009). A triple-sensor hot-film probe
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and a miniature total pressure probe were combined, and the static-pressure fluctua-
tion was evaluated from the directly measured velocities and total pressure fluctuation.
Calibration technique to take into account the effect of probe interference was devel-
oped, and the measurement technique was applied to three-dimensional turbulent flow,
a turbulent wingtip vortex. This will be described in Chap. 4.

For the third target, a technique for fluctuating pressure measurement in water was
developed at first so that it could be combined with the house-made PIV system for
measurement in water. This will be described in Chap. 5. In Chap. 6, a hybrid method
of the direct measurement and the PIV-based pressure evaluation is described. Instan-
taneous pressure field was numerically evaluated from the PIV data, and the fluctuating
pressure directly measured by the static-pressure probe was used as a reference signal
for the PIV-based pressure evaluation. The simultaneous measurement of velocity and
pressure was performed in the very near wake of a circular cylinder, and the pressure-
related statistics in the flow region immediately behind the cylinder, inside and near
the recirculation region, were experimentally investigated.
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Chapter 2

Theoretical Considerations

2.1 Governing Equations

2.1.1 Governing Equations for Instantaneous Flow Field

Throughout this thesis, we handle only incompressible flow of Newtonian fluid. The

governing equations are the continuity equation and the equation of motion, which is

called the Navier-Stokes equation:

∇ · ũ = 0, (2.1)

ρ
(

∂ ũ
∂ t

+(ũ ·∇) ũ
)
=−∇p̃+µ∇2ũ, (2.2)

where [̃] stands for the instantaneous quantities, u and p represent velocity vector and

pressure, and ρ and µ stand for density and viscosity of the fluid, respectively. In

the Cartesian coordinates, the continuity equation and the Navier-Stokes equation are

written as

∂ ũi

∂xi
= 0, (2.3)

ρ
(

∂ ũi

∂ t
+ ũ j

∂ ũi

∂x j

)
=− ∂ p̃

∂xi
+µ

∂ ũi

∂x jx j
, (2.4)

with xi and ũi representing i-th axis of the Cartesian coordinates and instantaneous

velocity component in xi-direction, respectively. The first and second terms in the

right-hand-side of Eq. (2.4) represent contribution by pressure gradient and viscosity,

respectively. The left-hand-side of Eq. (2.4) has a non-linear tem which represents

acceleration along the streamline. Although the equation system comprising Eqs. (2.3)

13
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and (2.4) is closed, it is impossible to solve this equation system under the turbulent

flow condition mainly due to the nonlinearity of the Navie-Stokes Equation (2.4).

For seeing the relationship between pressure and velocity, it may be more conve-

nient to derive an equation which relates velocity to pressure. Taking divergence of the

Navier-Stokes equation Eq. (2.4) and using the continuity equation Eq. (2.3), one can

also obtain the Poisson equation for instantaneous pressure:

∂ 2 p̃
∂x2

i
=−ρ

∂ ũ j

∂xi

∂ ũi

∂x j
. (2.5)

As the terms in the right-hand-side of this equation consists of only the velocity, the

pressure can be obtained from the velocity field using this equation Eq. (2.5). As

Eq. (2.5) is an elliptic equation, it is indicated that the pressure is not determined by

local information but affected by the entire velocity field.

2.1.2 Governing Equations for Reynolds-Averaged Flow Fields

2.1.2.1 Reynolds-averaged Navier-Stokes equation

To derive the equations for averaged quantities, instantaneous value of an arbitrary

quantity ϕ are divided into averaged part and fluctuation from it as

ϕ̃ = Φ+ϕ . (2.6)

This procedure is called Reynolds decomposition, and the capital and small letters in

Eq. (2.6) stand for the averaged and fluctuating quantities, respectively.

By applying Eq. (2.6) to Eqs. (2.3) and (2.4) and taking average, one obtains the

continuity equations for averaged and fluctuating velocity components as:

∂Ui

∂xi
= 0, (2.7)

∂ui

∂xi
= 0. (2.8)

In the same manner, the Reynolds Averaged Navier-Stokes (RANS) equation is ob-

tained as

ρ
(

∂Ui

∂ t
+U j

∂Ui

∂x j

)
=−∂P

∂xi
+

∂
∂x j

(
µ

∂Ui

∂x j
−ρuiu j

)
. (2.9)

The additional term uiu j appears in the second term of the right-hand-side, which is
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called Reynolds stress and represents the effect of velocity fluctuation on the mean

velocity field. The Poisson equation for the mean pressure also can be obtained by

applying the same procedure to Eq. (2.5) as

∂ 2P
∂x2

i
=−ρ

(
∂Ui

∂x j

∂U j

∂xi
+

∂ 2uiu j

∂xi∂x j

)
. (2.10)

By subtracting this equation for the mean pressure from that for the instantaneous

pressure Eq. (2.5), one obtains the Poisson equation for pressure fluctuation:

∂ 2 p
∂x2

i
=−ρ

(
−2

∂Ui

∂x j

∂u j

∂xi
+

∂ 2

∂xi∂x j

(
uiu j −uiu j

))
. (2.11)

The first and second terms in the right hand side represent the effect by the mean flow

field and that by the velocity fluctuation, respectively, and the former is often referred

to as the rapid part, because it would immediately reflect the effect of change in the

mean flow field to pressure field as it explicitly include the mean velocity gradients. On

the other hand, the latter is often called the slow part as it contains only the fluctuating

velocities.

2.1.2.2 Transport equation of Reynolds stress and turbulent kinetic energy

The equations for the averaged flow field introduced above contain the Reynolds

stresses uiu j. Therefore, the transport equation of the Reynolds stress is helpful to

understand the structure of the averaged flow field. The transport equation of the

Reynolds stress is obtained from the Navier-Stokes equation. Terms in the Reynolds

stress transport equation are classified according to their physical interpretation:

∂uiu j

∂ t︸   ︷︷   ︸
Unsteady

+ Uk
∂uiu j

∂xk︸      ︷︷      ︸
Convection:Ci j

=

− ∂
∂xk

uiu juk︸           ︷︷           ︸
TurbulentDi f f usion:Dt

i j

− 1
ρ

∂
∂xk

(
puiδ jk + pu jδik

)
︸                              ︷︷                              ︸

PressureDi f f usion:Dp
i j

+ ν
∂

∂xk

∂uiu j

∂xk︸          ︷︷          ︸
ViscousDi f f usion:Dν

i j

−
(

u juk
∂Ui

∂xk
+uiuk

∂U j

∂xk

)
︸                              ︷︷                              ︸

Production:Pi j

+
1
ρ

p
(

∂ui

∂x j
+

∂u j

∂xi

)
︸                    ︷︷                    ︸

Redistribution:ϕi j

−2ν
∂ui

∂xk

∂u j

∂xk︸            ︷︷            ︸
Dissipation:εi j

(2.12)
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Among these terms, the re-distribution and the pressure-diffusion terms which origi-

nally comes from the velocity-pressure-gradient term contain the fluctuating pressure.

The transport equation of the turbulent kinetic energy can be obtained by taking

the trace of the Eq.( 2.12) as

∂k
∂ t

+Uk
∂k
∂xk

=−1
2

∂uiuiu j

∂x j
− 1

ρ
∂ui p
∂xi

−ν
∂ 2k
∂x2

i
−uiu j

∂Ui

∂x j
−ν
(

∂ui

∂x j

)2

(2.13)

The terms in the right-hand-side are the turbulent diffusion Dt
k, pressure diffusion Dp

k ,

molecular diffusion Dν
k , production rate Pk and dissipation rate εk. It should be noted

that the redistribution term ϕi j disappear in the transport equation of k because of ϕii =

0.

The description of each term in the transport equation of the Reynolds stress

Eq. (2.12) is noted below.

• Convection: Ci j

This term means the variation of the Reynolds stresses along the streamline of

the mean flow field. It can also be viewed as the residual of the balance among

other terms in the transport equation.

• Production rate: Pi j

By deriving the transport equation of UiU j, one can easily see that −Pi j appears

in it, which implies that Pi j represents the transport of energy from the mean flow

field to the fluctuation field.

• Diffusion terms: Dt
i j, Dp

i j, Dν
i j

These terms has the form of the divergence, which means that these terms repre-

sent only the transport in space and never can be source nor sink of the Reynolds

stresses.

Turbulent diffusion: Dt
i j

This term represents the spatial transport of the Reynolds stresses caused

by the velocity fluctuation. In the conventional turbulence model, this term

is modeled based on the idea of “gradient diffusion”.

Pressure-diffusion: Dp
i j

This term can be interpreted as the transport of the Reynolds stresses

in space by the pressure fluctuation, and is originated from the velocity

pressure-gradient correlation. Since the effect of the fluctuating pressure is
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non-local being different from the effect of the fluctuating velocity, it is not
appropriate to model this term by the gradient-diffusion hypothesis.

Viscous-diffusion: Dν
i j

This term indicates the diffusion of the Reynolds stress due to the viscos-
ity. As for the high-Reynolds number free shear flows, this term can be
neglected.

• Re-distribution: ϕi j

This term is also originated from the velocity pressure-gradient correlation term.
The physical meaning of this term can be interpreted as the transfer of energy
between different components of the Reynolds stresses because ϕii = 0 for the in-
compressible flow. This affects always the Reynolds stress tensor to be isotropic
i.e. this term affects so that the difference between the normal components com-
ponents becomes small and the shear components are vanished.

• Dissipation: εi j

This term is originated form the viscous force term in the Navier-Stokes equation
and the normal components of this term always play the negative contribution to
the energy balance. Therefore, the physical meaning of this term is interpreted
as the dissipation of the kinetic energy of the turbulent flow field into the heat.

In the framework of the RANS-based turbulence modeling, the transport equation
of the Reynolds stress, Eq. (2.12), or that of the turbulent kinetic equation, Eq. (2.13),
is often used together with the continuity and momentum equations, Eqs. (2.7) and
(2.9), in order to enclose the equation system to be solved. The former equation,
Eq. (2.12), is used in the Reynolds stress model (RMS), by which the Reynolds stress
is directly obtained by solving its transport equation. The latter equation, Eq. (2.13)
is often used in the eddy viscosity models (EVM), such as the k-ε model (Jones and
Launder, 1972) or the k-ω (Wilcox, 1993) model. In either case of the EVM or RSM,
the transport equation contains new unknown terms that need to be modeled, including
the pressure-related terms, and the models for those terms are required to enclose the
whole equation system.

2.1.2.3 Treatment for the pressure-related terms in the RANS-based turbulence
models

Importance of the redistribution has been well recognized, as it has a significant contri-
bution to the Reynolds stresses distributions in near wall region; it redistributes energy
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from the streamwise normal stress produced by the shear production to the wall-normal

component and the spanwise component. Several models of the redistribution term has

been proposed (e.g., Launder et al., 1975; Speziale et al., 1991).

On the other hand, contribution of the pressure diffusion has been disregarded de-

spite the aforementioned importance of the velocity-pressure correlation. In the con-

ventional RANS model, the pressure diffusion is treated as a part of turbulent diffusion,

and the contribution is not explicitly taken into account. Although some attempts to

incorporate the near wall behavior of the velocity-pressure correlation have been re-

ported (e.g., Nagano and Tagawa, 1990), those to take into account the importance of

the velocity-pressure correlation in the flow region away from the wall are quite rare.

Even in the classical model by Lumley (1978), which is one of the rare explicit models

of the pressure diffusion, the pressure-diffusion is expressed as sub process of the tur-

bulent diffusion. Such disregard of the pressure diffusion is based on the fact that the

velocity-pressure correlation is negligibly small except wall vicinity in the canonical

shear flow, such as a channel flow, but it is also one of the reasons that knowledge

of the velocity-pressure correlation is still limited, partly due to lack of the popular

techniques for simultaneous measurement of fluctuating velocity and pressure.

After Yao et al. (2001) reported significant contribution of the pressure diffusion,

some attempts with focus on the importance of the velocity-pressure correlation have

been reported. Yoshizawa (2002) pointed out importance of taking into account the ef-

fect of the mean velocity gradient on the velocity-pressure correlation, and proposed a

model based on the two-scale direct-interaction approximation (TSDIA). Suga (2004a)

and Suga (2004b) also proposed a model for pressure diffusion on the basis of the

model developed by Yoshizawa (2002) and reported certain improvement. For accel-

erating such efforts for improving performance of the RANS-based turbulence models,

further construction of database of the velocity-pressure correlation is indispensable.

2.2 Analytical Considerations on Dynamic Response of
Pressure-Measuring System

In this section, the dynamic response of the pressure-measuring system is analytically

considered. The pressure-measuring system is now simplified as schematically shown

in Fig. 2.1. The pressure-measuring point is connected to the pressure cavity of the

pressure transducer by a thin tube, and ps and pm represent the true value of the fluc-

tuating pressure at the measuring point and the pressure measured by the pressure
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pmps

pressure cavity

membrane

Vol
Q

Figure 2.1: Analytical model of pressure-measuring system

transducer, respectively. The pressure transducer measures pm by deformation of the

membrane. The equation which relates ps and pm is derived in the following.

Flow inside the tube is driven by the pressure difference between the pressure-

measuring point and inside of the pressure cavity, and damped by the viscosity of the

fluid. Hence, behavior of the volumetric flow rate across the cross section of the tubing

Q can be modeled as:

I
dQ
dt

+RQ =−(pm − ps) , (2.14)

where I is the fluid inertance, and R is the resistance of the system mainly caused by

the viscosity of the working fluid. By the mass flow rate entering the pressure cavity,

the mass in the pressure cavity ρVol , with Vol being the cavity volume, changes as;

ρQ =
d
dt

(ρVol)

=
dρ
dt

Vol +ρ
dVol

dt
(2.15)

The first term in the right-hand-side represents the compressibility effect of the fluid

inside the cavity, and the second term indicates the change of the cavity volume due

to the deformation of membrane. The fluid density ρ and cavity volume Vol are the

functions of the pressure inside the cavity pm, which is the function of time. Hence,
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Eq. (2.15) is rewritten as

ρQ =Vol
dρ

d pm

d pm

dt
+ρ

dVol

d pm

d pm

dt

... Q =

(
Vol

K
+C
)

d pm

dt
, (2.16)

where K = ρ
d pm

dρ
C =

dVol

d pm
.

K and C are the bulk modulus of the fluid in the pressure cavity and the elastic com-

pliance of the pressure transducer. Letting C′ =Vol/K +C and substituting Eq. (2.16)

into Eq. (2.14), one obtains an equation relating ps and pm ;

IC′d
2 pm

dt2 +RC′d pm

dt
+ pm = ps (2.17)

This equation indicates that the behavior of the measuring system is equivalent to that

of a damped harmonic oscillator, and the damping ratio ζ and the undamped natural

frequency ωn of the system are given as

ζ =
R
2

√
C′

I
, (2.18)

ωn =

√
1

IC′ . (2.19)

One can easily see that the ideal value of C′ is zero because it gives ωn = ∞ and ζ = 0,

which means frequency response of the pressure-measuring system is completely flat.

As mentioned in Sect. 1.3, fluctuating pressure measurement is conducted in both

air and water in the present thesis. Now, C′ introduced above is roughly evaluated to

show that the pressure measuring-system has non-flat frequency response in both case

in air and water. in the experiment in air, the bulk modulus of air was roughly evaluated

as K = 101 kPa assuming the perfect gas, and C was evaluated based on specification

of pressure sensor and pressure probe. Then, C′ in the experiment in air is given as;

C′ =
Vol

K
+C ≈ 1.9×10−13 +6.1×10−13 = 8.0×10−13,

which implies that the effect of compressibility of the fluid and elasticity of the mem-

brane are of same importance. On the other hand, in the case of the measurement in

water, the bulk modulus was evaluated as K ≈ 2.2×109 Pa (White, 2006), and Vol and

C were also evaluated based on specification of pressure transducer. The value of C′ is
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roughly evaluated as;

C′ =
Vol

K
+C ≈ 7.3×10−17 +1.9×10−10 ≈ 1.9×10−10,

which implies that the compressibility effect of water is completely negligible.
The fluid inertance can be roughly estimated by regarding the flow inside the tube

as the Hargen-Poiseuille flow as

I =
ρl
S
, (2.20)

with l and S being length and cross-sectional area of the tube. With the evaluated val-
ues of I, values of the natural frequency ωn in each cases of experiment in air and water
are obtained as roughly 3 kHz and 10 Hz, respectively. As these evaluated natural fre-
quency are located near the frequency range of the present pressure measurements,
careful calibration of the frequency response of the pressure-measuring system is nec-
essary for accurate measurement in either experiment in air or water. It should be
emphasized here that even in the experiment in water the frequency response of the
pressure-measuring system is not flat due to elasticity of membrane of the pressure
transducer although the compressibility of the working fluid is negligible.
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Chapter 3

Validation of Measurement Technique
by Combination of Hot-Wire Probe
and Static-Pressure Probe

3.1 Motivation and Outline of This Chapter

As mentioned in Chap. 1, the measurement technique in which a hot-wire probe and

a miniature static-pressure probe are aligned together has been used in some earlier

studies of simultaneous measurement of fluctuating velocity and pressure, and some

data of the velocity-pressure correlation have been provided. However, validity of the

measurement results by this method has not been addressed enough. Applicability

of this measurement technique should be further examined especially in flow region

associated with large-scale vortex structure.

In this chapter, simultaneous measurement of fluctuating velocity and pressure is

performed using a miniature static-pressure probe and an X-type hot-wire probe, and

the validity of the experimental results of the velocity-pressure correlation is examined

by a quantitative comparison with reference data obtained by a numerical simulation.

Near wake of a circular cylinder was chosen for the test case because the velocity-

pressure correlation is expected to be significant due to strong effect of the large-scale

vortices periodically shed from the cylinder. In the experiment, several pressure probes

with different diameters and lengths were employed for the velocity-pressure corre-

lation measurement in a near wake of a circular cylinder, and effect of geometrical

configuration of the pressure probe were also investigated in addition to validity of the

measurement results.

23
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Table 3.1: List of SP-probes (dimensions in mm)

Name d L1 L2 Name d L1 L2

d05-1 0.5 7.5 15.0 d05-5 0.5 17.5 15.0
d05-2 0.5 10.0 15.0 d07-1 0.7 12.0 20.0
d05-3 0.5 12.5 15.0 d07-2 0.7 17.0 20.0
d05-4 0.5 15.5 15.0 d10 1.0 19.5 24.0

7.2 φ 

L2 

d

 0.4 or 0.2φ

(a)

(b)

L1 

Figure 3.1: Schematics of SP-probe; (a) overall view, (b) zoom up view of configuration of pressure-
sensing holes.

3.2 Experimental Setup

3.2.1 Technique for Fluctuating Static-Pressure Measurement

3.2.1.1 Static-pressure probe

A miniature Pitot-tube-type probe for static-pressure measurement (SP-probe) used in

the presnet experiment is schematically shown in Fig. 3.1. The SP-probe consisted of

a thin pipe with a circular cone on its tip and the flare part for joint to a condenser

microphone. There were four small pressure-sensing holes on the surface to capture

the fluctuating static-pressure in turbulent flow, and they were separated by 90◦ in the

circumferential direction.

Eight SP-probes were employed in the present study to investigate the effect of the

shape on the velocity-pressure correlation measurement. The diameters and lengths of

each SP-probe are summarized in Table 3.1, where d is the outer diameter, and L1 and

L2 are the length from the tip to the pressure-sensing holes and that from the pressure-

sensing holes to the flare part, respectively (see Fig. 3.1). The probe d10 has the same

dimensions as those proposed by Toyoda et al. (1994) and the others have smaller

dimensions. The probes d05-1 to d05-5 have d of 0.5 mm and different values of L1 in
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order to investigate the effect of the length of the tip section. There were other set of

SP-probes with d of 0.5 mm and different length L2, but they are omitted in Table 3.1

because the difference in L2 showed only minor effect. The probes d07-1 and d07-2

have d of 0.7 mm, and L1 of 12.0 mm and 17.0 mm, respectively. The thickness of

SP-probe and the diameter of the pressure-sensing holes were 0.05 mm and 0.2 mm

for the probes d05-1 to d05-5, and 0.1 mm and 0.4 mm for the probes d07-1, d07-2,

and d10.

The error in the pressure measurement caused by the cross flow was experimentally

investigated. The SP-probe was placed in a uniform flow, and the static pressure was

measured with various angle of attack of the flow to the axis of the SP-probe. Figure 3.2

shows the variation of the measured pressure against the angle of attack of the flow.

The pressure coefficient Cp was defined as

Cp =
p− p0

ρU2
∞

, (3.1)

with p0 being the value of the pressure measured with the flow angle of 0◦. It is shown

in Fig. 3.2 that the pressure values were underestimated when the flow direction is not

parallel to the axis of the SP-probe, and there is not any significant difference between

the directional response of the various SP-probes except that the characteristics of the

probe d05-1 was relatively worse than the other SP-probes. For any SP-probe, the

measurement error due to the cross-flow effect was less than 0.03ρU2
∞ with the flow

angle smaller than 20◦.
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−0.05
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−0.02

−0.01

0

flow angle ( ° )
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p

 

 

d05−1
d05−2
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d05−4
d05−5
d07−1
d07−2
d10

Figure 3.2: Error in static-pressure measurement due to effect of cross flow.
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Figure 3.3: Photo of anechoic box
used for calibration of dynamic re-
sponse of pressure probes.

3.2.1.2 Pressure sensor and amplifier

A 1/4-inch condenser microphone (UC-29, Rion), with the sensitivity of 20.4 mV/Pa

and the flat response in frequency the range from 25 Hz to 10 kHz, was used as a

pressure sensor, being flushed inside the flare part of the SP-probe. The output voltage

of the microphone was amplified by the pre-amplifier (NH-05A, Rion) and the main

amplifier (UN-04, Rion).

Due to the characteristics of the electric circuit in the microphone and the pre-

amplifier, certain phase delay occurs on the measured pressure signals. According to

the manufacture, this phase delay can be evaluated as:

∆θ =−π + tan−1
(

1
2πCR f

)
, (3.2)

where C and R stand for the electronic capacitance of the condenser microphone and

the input resistance of the pre-amplifier, respectively, and f is the frequency of the

fluctuating pressure. In the present study, the values of C and R were 6 pF and 10 GΩ,

respectively, according to the hardware specification. The phase lag caused by the elec-

tric circuit was corrected in the post processing base on Eq. (3.2), as will be described

in Sect. 3.2.1.4.

3.2.1.3 Dynamic response of SP-probe

The effect of the compressibility of the air inside the SP-probe were investigated

prior to the experiments in an echoic box by the same manner as the previous experi-

ments (e.g., Naka and Obi, 2009; Sakai et al., 2007, etc.) in an anechoic box shown in
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Figure 3.4: Dynamic response of various SP-probes.

Fig. 3.3. The SP-probe attached on the condenser microphone was placed in front of a
loud speaker (YAMAHA, HS80S) with another microphone, which was not attached to
the SP-probe. The pressure-sensing holes of the SP-probe and the surfaces of the ref-
erence microphone were located at the same distance from the speaker, and the sound
signal was measured simultaneously in the frequency range of 40Hz ≤ f ≤ 20kHz.
The amplification/attenuation of amplitude and phase lag of the fluctuating pressure
were obtained at each frequency by comparing the fluctuating pressure measured by
the microphones with and without the SP-probe.

Figure 3.4 shows the variation of the amplitude ratio A and the phase delay ∆θ ,
which are respectively defined as

A = p′1/p′2, (3.3)

∆θ = θ1 −θ2, (3.4)

where p′ and θ stand for the root-mean-square of the pressure fluctuations and the
phase, respectively, and the subscripts 1 and 2 denote the values measured by the con-
denser microphone with the SP-probes and the reference microphone. The variations
in the frequency range lower than 5 kHz are presented. It is shown in Fig. 3.4 that the
probes with relatively large diameters, d07-1, d07-2 and d10, have a significant peak of
M around the frequency of 1 kHz. On the other hand, the probes with d being 0.5 mm
does not have such significant peak of M, and the phase begins to delay from 300 Hz.
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3.2.1.4 Post processing of pressure signals

As investigated Sect. 3.2.1.1, the amplitude and the phase of the measured signals of

the fluctuating pressure might be changed due to the dynamic response of the SP-probe.

Besides, additional phase delay occurs owing to characteristics of the electric circuit

in the condenser microphone and the pre-amplifier. Therefore, the amplitude and the

phase of the measured signals of the pressure was corrected in the post processing by

the manner described following.

Applying the Fourier transform to the measured pressure signals, one can eval-

uate the complex Fourier coefficient Bn of the measured pressure signals at the nth

frequency fn. The amplitude change and the phase delay caused by the dynamic re-

sponse of the SP-probe at this frequency, namely An and ∆θ spp
n can be evaluated by

interpolating the measured variation of A and ∆θ in Fig. 3.4. The additional phase

delay caused by the electric circuit in the microphone and the pre-amplifier ∆θ spp
n was

obtained by Eq. (3.2). Using these values of ∆θ spp
n and ∆θ ec

n , the Fourier coefficient Bn

was corrected as:

B̂n =
Bn

An
{

cos(∆θ spp
n +∆θ ec

n )+ j sin(∆θ spp
n +∆θ ec

n )
} , (3.5)

and the pressure signals were reconstructed by inverse Fourier transform as

p =
N

∑
n=1

B̂n exp(− j2π fnt) , (3.6)

where j is the imaginary unity. As the sampling time in the present measurement was

120 s (this sampling time was determined by the random error analysis in Sect. 3.2.5),

the frequency resolution of the Fourier transform was 1/120 Hz, and the FFT and the

interpolation included in the above procedures were conducted by using the function

“fft” and “interp1” available in the MATLAB® library.

The background noise contained in the measured pressure signals, such as acous-

tic noise from surrounding or the mechanical vibration of the probe support, was re-

duced by means of an optimal filtering scheme proposed by Naguib et al. (1996). A

secondary SP-probe which has identical dimensions to the probe d10 was placed at

the same streamwise location as the main SP-probe but outside of the wake, and the

optimal values for the filter coefficient was determined based on the signals of the fluc-

tuating pressure measured by the main and sub SP-probe. The noise signal involved

in the pressure signals measured by the main SP-probe was estimated by applying the
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filtering with the optimized coefficients and was subtracted from the pressure signal

measured by the main SP-probe.

Due to the non-flat dynamic response of the microphone in the low frequency range

and the dynamic response of the SP-probe shown in Fig. 3.4, the band-pass filter-

ing was applied on the measured signals of fluctuating velocity and pressure with the

passed frequency range of 20 Hz ≤ f ≤ 650 Hz using “filtfilt”, a function for

applying filtering without phase shift available in MATLAB® library. By the band-

pass filtering, the streamwise velocity fluctuation u2 was underestimated to 80% of the

raw data, because a certain amount of the power spectra of u were distributed in the

lower frequency range than 20 Hz; and they were filtered out. On the other hand, the

transverse velocity fluctuation v2 decreased only by 2% because most of the power was

concentrated around the vortex shedding frequency (113 Hz). As the velocity-pressure

correlation was mainly produced by the velocity and pressure fluctuation at the vortex

shedding frequency, it can be reasonably considered that the velocity-pressure correla-

tion was underestimated only weakly by the band-pass filtering.

3.2.2 Velocity Measurement

For the fluctuating velocity measurement, a commercial dual-sensor hot-wire probe

(55P64, Dantec) was used as the X-probe and operated with a constant temperature

anemometer (CTA; Model 1011, Kanomax). Two velocity components of the instan-

taneous velocity vector was evaluated from the output voltage of the CTA by means

of the look-up-table method (Lueptow et al., 1988). In the calibration of the X-probe,

the calibration range of the yaw angle and the velocity magnitude were between ±42◦

with increment of 4.2◦, with the free-stream velocity of 2.5, 5.0, 7.0, and 9.5 m/s. For

samples falling out of the table (approximately 0.9 % of the total number of the sam-

ples), the velocity was evaluated based on the effective angle method (Browne et al.,

1989).

The relation between the true values of the velocity components and the output

voltage of the CTA may change during the experiment owing to the change in the

sounding environment, mainly the change in the temperature in the free stream of the

wind tunnel. This effect of the temperature change was corrected by the following

equation according to the DANTEC Practical Guide (Jørgensen, 2002):

Ecorr =

(
Tw −T0

Tw −Ta

)0.5

Ea, (3.7)
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Figure 3.5: Diagram of system for velocity-pressure correlation measurement.

where Ea is the output voltage of the CTA, T0 and Ta are the atmosphere temperature

in the calibration and during the measurement, respectively, and Tw is the temperature

of the wire of the X-probe evaluated as Tw = α/α0 + T0 with α and α0 being the

over-heat ratio and the temperature coefficient of the CTA, respectively. The recorded

output voltage of the CTA was corrected base on Eq. (3.7) in the post processing.

The calibration of the X-probe was conducted before and after the every experiment

run, and the shift of the output voltage of the CTA was checked by comparing the

calibration results. The systematic error due to this temperature drift is evaluated in

Sect. 3.2.5.

3.2.3 Data Acquisition and Other Hard- and Softwares

A diagram of the system for the velocity-pressure correlation measurement is show in

Fig. 3.5. The X-probe, two SP-probes and a temperature probe were in use for the

simultaneous measurement of two velocity components and static pressure, and the

signals from these probes were acquired by a data-acquisition board (PCI-6621, Na-

tional Instruments) after filtered by an analog low-pass filter (DT-6LF2, NF CORPO-

LATION). The resolution and the scan rate of the data-acquisition board were 16 bits

and 250 kS/s, respectively. With five channels in use, the maximum time lag of data ac-

quisition between the channels was 0.02 ms. The low-pass filter was operated with the

cut-off frequency of 10 kHz, and the sample rate of data acquisition was 20 kHz. The

integration time to evaluated the statistics was determined based on the random error

analysis described in Sect. 3.2.5. Data acquisition was managed by LabVIEW® (Na-

tional Instruments), and further data processing including those previously mentioned

in Sect. 3.2.1.4 was conducted by programs written in MATLAB®.
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Figure 3.6: Schematic of low-speed wind tunnel.

The other hardware used in the present experiment, such as the traverse units, a

low-range pressure transducer and a Pitot tube used for calibration of the X-probe and

the temperature measuring unit and etc., are summarized in Appendix A. The low-

speed wind-tunnel used in the experiments described in Chaps. 3 and 4 is schematically

shown in Fig. 3.6. It was open-blowing type with an exit cross-sectional area of 350×
350 mm2, and the maximum free-stream velocity and the turbulence intensity were

9.5 m/s and about 0.23%, respectively.

3.2.4 Flow Condition and Probe System

Simultaneous measurements of the fluctuating velocity and pressure were undertaken

in the free stream of the open-blowing wind-tunnel. A circular cylinder, which had a

diameter D of 10 mm and a length L longer than the width of the wind-tunnel exit, was

placed in the free stream; both the aspect ratio D/L and the blockage ratio D/H (H is

the height of the wind-tunnel exit) were 0.029. The coordinates was defined as shown

in Fig. 3.7(a); the origin was fixed at the center of the cylinder and x−, y− and z−axes

were taken in the streamwise, transverse and spanwise directions. The free-stream

velocity U∞ was 5.9 m/s with turbulence intensity of 0.2%, and the Reynolds number

based on the cylinder diameter and the free stream velocity, Re = U∞D/ν , was 3900.
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Figure 3.7: Experiment condition;
(a) coodinate system, (b) probe con-
figuration.
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The vortex shedding frequency was 113 Hz, which corresponds to a Strouhal number,

St = f D/U∞, of 0.19.

In the velocity-pressure correlation measurements, the SP-probe was combined

with an X-type hot-wire probe (X-probe) as schematically shown in Fig. 3.7(b). The

probes were arrayed in the spanwise direction so that the X-probe and the SP-probe

were virtually at the same (x,y) position. The distance between the X- and SP-probe

was carefully determined based on the experimental investigation of the probe inter-

ference, as will be described in Sect. 3.14.

Measurements were conducted at x/D = 10, where a relatively large lateral veloc-

ity fluctuation exists. The velocity profile was measured by the X-probe prior to the

simultaneous measurements, and it was found that at the wake center the flow-angle

fluctuation was about 20◦; the instantaneous flow angle was mostly below 25◦, while

it reached 40◦ at the maximum.

3.2.5 Uncertainty Analysis

In the present study, the statistical quantities, such as the mean velocity, the Reynolds

stresses and the velocity-pressure correlations, are evaluated by taking average based

on the samples of the velocity and pressure measured for certain integration time with

sampling rate being 10 kHz. In order to determine the proper integration time, the

random error analysis was conducted based on the data measured at the wake center.

The fluctuating velocity was measured by the X-probe for 1 hour, and the variation

of the statistics against the integration time was investigated. Figure 3.8 presents the

variation of the mean streamwise velocity U and the Reynolds stresses u2, v2 and uv

evaluated with various integration times. The half width of the error bar indicates the
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Figure 3.8: Variation of statistics with integration time: (a) mean streamwise velocity U , (b) Reynolds
normal stress u2, (c) Reynolds normal stress v2, (d) Reynolds shear stress uv.

possible range of the random error, which was evaluated as tSx with t being the student

t-value and Sx being the precision index of the statistical quantity X defined as:

Sx =

[
∑N

k=1
(
Xk −Xk

)2

N −1

]1/2

. (3.8)

The student t-value was provided by ASME PTC 19.1 (1985) according to the number

of freedom. For example, when the integration time was 120 s, the number of freedom

was 30 (because the data measured for 1 hour was used) and the student t-value t was

2.18.

In Fig. 3.8, it is shown that the width of the error bar gradually decreases as

the integration time increases in the range where the integration time is shorter than

120 s but does not show clear dependency in the range of the longer integration time.

With the integration time of 120 s, the uncertainty due to the random error was less

than 0.05U∞ for evaluation of the mean streamwise velocity and 5× 10−4U2
∞ for the

Reynolds stresses u2, v2 and uv, which are fairly small compared with the variation of

these statistics at x = 10D. Therefore, the proper integration time for the measurement

was determined to be 120 s.

Next, the systematic error involved in the present measurement is addressed. The

largest possible cause of the systematic error is the temperature draft of the CTA output

previously mentioned in Sect. 3.2.3. The error due to the drift of the CTA output was
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Figure 3.9: Error in velocity
measurement due to drift of
CTA output.
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investigated by comparing the data of the calibrations conducted before and after the

experiment. Figure 3.9 shows the error due to the drift of the CTA output, which was

evaluated as:

Eru =
ulut −utrue

upitot
, (3.9)

Erv =
vlut − vtrue

upitot
, (3.10)

where ulut and vlut are the values of the velocity components which were evaluated

based on the output signals recorded in the calibration after the measurement and the

look-up-table constructed by the calibration before the experiment, and utrue and vtrue

are the true values of each velocity component obtained as

utrue = upitot cosϕ , (3.11)

vtrue = upitot sinϕ , (3.12)

with upitot and ϕ being the free stream velocity measured by a Pitot tube in the cal-

ibration and the angle of attack of the velocity vector to the axis of the X-probe, re-

spectively. It is shown that the magnitude error does not have clear dependency on

the velocity magnitude nor the flow angle, and is within the range of ±3% of the free

stream velocity.

Other possible causes of the systematic error in the velocity-pressure correlation
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measurement are listed below:

1. Error in the pressure measurement caused by the cross-flow effect

2. Interference between the X- and SP-probe

3. Insufficient spatial resolution of the combined probe

4. Phase lag between the signals of the velocity and pressure

The error caused by the cross-flow effect in the pressure measurement was already ad-
dressed in Sect. 3.2.1.1. As the fluctuation of the instantaneous flow angle was roughly
evaluated as 15◦, the values of the instantaneous pressure may be underestimated by
0.015ρU2

∞ according to Fig. 3.2.
The effect of the probe interference and the low spatial resolution of the combined

probe of the X- and SP-probes will be experimentally addressed prior to the main
velocity-pressure correlation measurement in Sect. 3.4.1.

The phase lag between the pressure and velocity signals could be the cause of fatal
error in the velocity-pressure correlation measurement. The largest possible cause is
the phase delay of the pressure signals caused by the dynamic response of the SP-
probe and the electric circuit in the microphone and the pre-amplifier. Although these
are already corrected was corrected as described in Sect. 3.2.1.4, there may be the other
cause of the phase delay, such as the other electric circuit or the disturbance to the flow
caused by the intrusion of the probes. The phase lag between the velocity and pressure
signals also will be experimentally explored prior to the main measurement as will be
described in Sect. 3.4.2.

3.3 Computation

3.3.1 Numerical Setup

A large-eddy simulation (LES) of a flow around a circular cylinder with the Reynolds
number of 3900 was performed to obtain reference data for the validation of the ex-
perimental results. An open-source CFD software, OpenFOAM version 2.0.1, was
used for carrying out the simulation. Dynamic Smagorinsky model (available as
“homogeneousDynSmagorinsky” in the OpenFOAM library) was adopted for the
sub-grid scale (SGS) model, and “pisoFoam”, which is a solver based on the PISO
method, was used for velocity-pressure coupling. Numerical schemes used for dis-
cretization are summarized in Table 3.2.
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Table 3.2: Numerical schemes used in LES

Numerical schemes Used option
ddtSchemes backward

gradSchemes Gauss linear

divSchemes limittedLinear 1

interpolationSchemes Linear

snGradScheme corrected

A square-shaped computational domain with the H-type computational grids con-

centrated around and in the downstream of the cylinder as shown in Fig. 3.10 was

used, in order to maintain the sufficient spatial resolution at the downstream lo-

cation x = 10D. The domain size was −15 ≤ x/D ≤ 30, −15 ≤ y/D ≤ 15 and

−1.5 ≤ z/D ≤ 1.5 in the streamwise, transverse, and spanwise directions. The number

of computational grids was 6.6 million; 134,000 grids were in the xy− plane with the

closest grids to the cylinder wall located at 2.0×10−3D distance from the wall, and 49

grids were placed in the spanwise direction.

As for the boundary conditions, the inlet velocity and pressure were uniformly

fixed at 6 m/s and 0 Pa, respectively, without fluctuation, and “zeroGradient” option

was applied to both velocity and pressure on the sides and downstream boundaries of

the domain. No-slip and “zeroGradient” conditions were applied to velocity and

pressure on the cylinder wall, respectively, and periodic boundary condition was used

Figure 3.10: Computational grids.
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Figure 3.11: Distribution
of mean streamwise ve-
locity along the center
line: solid line, present
LES; black bars, vari-
ation of reference data
from Beaudan and Moin
(1994); Kravchenko and
Moin (2000); Lourenco
and Shih (1993); Mittal
and Moin (1997); Par-
naudeau et al. (2008)
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Figure 3.12: Pressure co-
efficient distribution of
the cylinder surface: solid
line, present LES; circles,
Norberg (1987); chain
line, (Ma et al., 2000,
DNS, Case I)
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in the spanwise direction. Statistical quantities were obtained by averaging samples

both in space and in time; spatial averaging was taken in the spanwise direction and in-

tegration time for temporal averaging was 0.3 s, which corresponds to about 30 vortex

pairs.

3.3.2 Preliminary Results

Figures 3.11 and 3.12 show distribution of the mean streamwise velocity along the

center line and the pressure coefficient on the cylinder surface, comparing with exper-

imental and computational reference data (Beaudan and Moin, 1994; Kravchenko and

Moin, 2000; Lourenco and Shih, 1993; Ma et al., 2000; Mittal and Moin, 1997; Nor-

berg, 1987; Parnaudeau et al., 2008). It is shown that the profile of U and Cp provided

by the present LES are in satisfactory agreement with reference data.
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Figure 3.13: Time sequence
of fluctuating component of
velocities and pressure mea-
sured by the X-probe and
the probe d05-3 with probe
distance of ∆z = 3.0 mm
at (x/D, y/D) = (10, −0.5):
(a) fluctuating component of
streamwise (blue) and trans-
verse (green) velocities; (b)
fluctuating pressure.
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3.4 Experimental and Computational Results

3.4.1 Probe Interference

The effect of the probe interference was investigated for the various SP-probes. The
X-probe and the SP-probe were placed at (x/D, y/D) = (10, −0.5). The velocity and
pressure were measured simultaneously with spanwise different probe distances ∆z,
and the variations of the measured statistics were investigated. Figure 3.13 presents
time sequences of fluctuating component of velocities and pressure measured by the
X- and d05-3 probes with the probe distance ∆z = 3.0 mm. It can be seen that both the
velocities and pressure were fluctuating with the period roughly being 5U∞/D.

Figure 3.14 shows the variation of measured values of the mean streamwise veloc-
ity U , the Reynolds stresses v2 and uv, and the velocity-pressure correlation coefficient
Rup = up/(u′ · p′). The values of U , v2 and uv are scaled by reference values measured
by a single use of the X-probe. In Fig. 3.14, the colors of the symbols indicate the di-
mater of the SP-probe; the blue, red, and black symbols stand for the SP-probe with the
dimater of 0.5 mm (from d05-1 to d05-5), 0.7 mm (d07-1 and -2), and 10 mm (d10).
The mean streamwise velocityU and the Reynolds stresses v2 and uv monotonously
approach to unity as ∆z increases. The velocity-pressure correlation Rup also indicates
similar behavior approaching to the value of -0.25. The variations of v2 and uv ob-
viously show that the velocity measurement by the X-probe was more significantly
affected by the probe interference as the diameter of the SP-probe became larger, and
the length of the SP-probe L1 did not affect the probe interference. For the probe d07-
1, -2, and d10, distance of 4.0 mm was required so that the X-probe was free from
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Figure 3.14: Variation of statistics against the probe separation ∆z measured at (x/D, y/D) =

(10, −0.5): (a) mean streamwise velocity U ; (b) Reynolds normal stress v2; (c) Reynolds shear stress
uv; (d) velocity-pressure correlation coefficient Rup.

the probe interference, while the probe distance of 3.0 mm was enough for the probe

with d of 0.5 mm. Therefore, the reasonable probe distance to avoid the probe inter-

ference was determined to be 3.0 mm for probes for d05-1 to d05-5 and 4.0 mm for

the probes d07-1, -2, and d10.

The correlation between the fluctuating velocity and pressure at a single point was

measured by two probes spatially separated by distance of 3.0 mm or 4.0 mm. In order

to address appropriateness of this spatial resolution, a two-point correlation measure-

ment was performed. Figure 3.15 shows the measured auto-correlation functions

Ruu(∆z) =
u(z)u(z+∆z)

u2(z)
. (3.13)

Integrating Ruu(∆z) with respect to ∆z, the integral scale Λ was evaluated as Λ =
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Figure 3.15: Two-point correlation coefficient of fluctuating streamwise velocities at (x/D, y/D) =
(10, 0) measured by two single-sensor hot-wire probes.
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Figure 3.16: Two-point correlation coefficients between fluctuating velocities and pressure at
(x/D, y/D) = (10, 0.5) obtained by LES: blue, Rup(∆z); green, Rvp(∆z)

6.50 mm. Hence, the probe distance is in the same order as the integral scales.

In order to examine the effect of such a low spatial resolution on evaluation of

the velocity-pressure correlation, the velocity-pressure two-point correlation coeffi-

cients Rup(∆z) and Rvp(∆z) evaluated based on the computational results are shown

in Fig. 3.16. As shown, the velocity-pressure correlations remained nearly constant

against ∆z. Therefore, it can be reasonably considered that the error in the velocity-

pressure correlation measurement caused by the probe separation was not significant.

3.4.2 Time-lag between signals of fluctuating velocity and pressure

The time-delay between the signals of the fluctuating velocity and pressure measured

by the X- and the SP-probes, respectively, was investigated prior to the velocity-

pressure correlation measurement, according to the manner proposed by Toyoda et al.

(1994). In the potential flow region, one can predict the true fluctuating pressure from

the fluctuating velocity as (Fuchs, 1972):

p =−ρu(U −Uc) , (3.14)

where U and Uc are the local mean streamwise velocity and the convection velocity of

the disturbance, respectively. Equation (3.14) indicates that the fluctuating pressure p

should be at the same phase as −u. We measured the fluctuating velocity and pressure

simultaneously outside the wake at x/D = 10, and evaluated the time lag between the

velocity and pressure signals by comparing the measured p to −u.

In order to seek the proper location in the wake of the circular cylinder to inves-

tigate the time lag between the velocity and pressure signals based on Eq. (3.14), the
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Figure 3.17: Distribution of third
and fourth moment of streamwise
velocity fluctuation at x = 10D;
(top) skewness factor Su, (bottom)
intermittency factor Ω = 3/Fu.
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higher moments of the velocity fluctuation were investigated. The skewness factor and

the flatness factor of the streamwise velocity fluctuation were evaluated as:

Su =
u3

u21.5 , (3.15)

Fu =
u4

u22 , (3.16)

respectively, and their distributions are shown in Fig. 3.17. The Flatness factor is

shown as Ω = 3/F , which can be interpreted as intermittency factor (e.g., Hinze,

1959). In the center region of the wake, the skewness factor S was nearly zero and

the intermittency factor Ω was almost unity, which indicates the nearly random nature

of the velocity fluctuation u in this region. As the location moved to the outer region

of the wake, S showed significant negative values and Ω decreased to nearly zero at

y/D=−3. The small values of Ω was due to large value of the flatness factor Fu caused

by intermit behavior of fluctuation of u at this location. In the further outer region, the

intermittency factor Ω again increased to unity at y/D =−4.0, and the skewness factor

Su was nearly zero. This random nature of the velocity fluctuation may be due to the

effect of the noise because the velocity fluctuation was already as small as the noise

near y/D =−4.0. Hence, the flow is still intermittently turbulent at y/D =−3.0 as in-

dicated by the small value of Ω, but the measured signal seems to be contaminated by

the noise at y/D =−4.0. Therefore, it may be reasonable to consider that y/D =−3.6,
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Figure 3.18: Time sequences
of fluctuating streamwise
velocity and pressure used
for evaluation of time lag
between velocity and pres-
sure signals: (a) fluctuating
streamwise velocity; (b)
fluctuating pressure. They
were measured by the X-
probe and the probe d05-3 at
(x/D, y/D) = (10, −3.6).
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where the skewness factor Su is zero but the intermittency factor is still fairly smaller

than 1, was the most valid location to use Eq. (3.14).

Simultaneous measurements of the fluctuating velocity and pressure were con-

ducted with the probe distance determined in Sect. 3.4.1 at (x/D, y/D) = (10, −3.6).

Figure 3.18 presents time sequences of fluctuating component of streamwise velocity

and pressure, measured by the X- and the d05-3 probes, respectively. The fluctuat-

ing streamwise velocity shows a smooth and periodic time sequence, while effect of

background noise is apparent in the time sequence of fluctuating pressure. The power

spectra density (PSD) of these time sequences of −u and p are shown in Fig. 3.19. The

PSD of −u has a significant peak at the frequency of the vortex shedding (113 Hz),

10
2

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

Frequency (Hz)

P
S

D

Figure 3.19: Power spectrum density of fluctuating velocity and pressure shown in Fig. 3.18.
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Table 3.3: Time lag between measured signals of velocity and pressure.

Name L1 (mm) τ (ms) Name L1 (mm) τ (ms)
d05-1 7.5 -0.19 d05-5 17.5 -0.33
d05-2 10.0 -0.26 d07-1 12.0 -0.25
d05-3 12.5 -0.29 d07-2 17.0 -0.29
d05-4 15.0 -0.32 d10 19.5 -0.42

while that of p has not only a peak at the vortex shedding frequency, but also many
other larger peaks originating from background noise. The time lag between −u and p

was evaluated as:

τ =
1

2π fsh
tan−1 B−u( fsh)B∗

p( fsh)+B∗
−u( fsh)Bp( fsh)

j
(
B−u( fsh)B∗

p( fsh)−B∗
−u( fsh)Bp( fsh)

) , (3.17)

where fsh is the vortex shedding frequency, the superscript []∗ stands for the conjugate
complex, and B−u and Bp are the Fourier complex coefficients of −u and p, respec-
tively.

The time lag between the measured signals of −u and p were evaluated by
Eq. (3.17) and are summarized in Table 3.3. A time lag of about 0.2-0.4 ms was
observed in all cases. Since the period of the Karman vortex shedding was about
D/0.2U∞ ≈ 8 ms, the time lag between the velocity and pressure signals was relatively
small. Comparing these values, we can see the tendency that the observed time lag
between the velocity and pressure signals increases with the length L1 of the SP-probe.

3.4.3 Velocity-pressure Correlation Measurements

The simultaneous measurements of fluctuating velocity and pressure at x/D= 10 in the
wake of a circular cylinder were conducted with the previously determined probe dis-
tances. Figure 3.20 presents profiles of the mean streamwise velocity and the Reynolds
stresses at x/D = 10, comparing those measured by the X-probe in the presence of var-
ious SP-probes with the reference data provided by the previous experiments (Ong and
Wallace, 1996; Zhou and Antonia, 1993). The present experimental results coincided
with each other. The profiles of the mean streamwise velocity U had the minimum
of 0.75U∞ at the center of the wake. The streamwise normal Reynolds stress u2 had
two peaks beside the wake center, and the transverse normal stress v2 showed a single
significant peak at the wake center with magnitude of 0.07U2

∞, which was more than
two times larger than that of the peaks of u2. The Reynolds shear stress uv showed an
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Figure 3.20: Distributions of
mean streamwise velocity and
Reynolds stresses measured by
the X-probe in the presence of
SP-probe in simultaneous mea-
surement of velocity and pres-
sure. Results of all the cases of
the various SP-probes are shown
as various blue symbols and com-
pared with reference data by
Zhou and Antonia (1993) (pur-
ple circle), Ong and Wallace
(1996)(green circle) and present
LES (black line).
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anti-symmetric profile about y/D = 0. It is also shown that the present experimental

results strongly agreed with the reference data provided in the previous experiment by

(Zhou and Antonia, 1993) and Ong and Wallace (1996).

The results obtained by the present LES are also shown in Fig. 3.20 by the black

solid lines. Comparing the experimental and computational results, one can see that

while the streamwise normal Reynolds stresses were somewhat underestimated in the

computation, the present experimental and the computational results were also in ac-

ceptable agreement with each other. In addition, it can be seen that the mean stream-

wise velocity U by the LES exceeded unity at y/D±4, which might be attributable to

acceleration of the flow due to the blockage effect of the cylinder.

Figure 3.21 presents the PSD of the fluctuating velocity measured at the center

of the wake. The transverse velocity component v shows a significant spike of the



3.4 Experimental and Computational Results 45

Figure 3.21: Power spectrum
density of fluctuating velocity u
and v measured at (x/D, y/D) =
(10, 0).
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fluctuation at the frequency of f = 0.19U∞/D (113 Hz in dimensional frequency). On

the other hand, the fluctuation of the streamwise velocity component u did not show

any peak at this frequency, but showed a smaller peak at the double of the vortex

shedding frequency, f = 0.38U∞/D, which resulted from effect of vortices shed from

both sides of the cylinder.

Figure 3.22 shows the profiles of the root-mean-square of the pressure fluctuation

p′. The profiles of p′ measured by the various SP-probes agreed well with each other:

they have two peaks of the pressure fluctuation beside the wake center similarly to the

profile of the streamwise velocity fluctuation u2, and the peak magnitude was about
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Figure 3.22: Pressure fluctuation
√

p2 at x/D = 10D measured by the various SP-probes in simultane-
ous measurement of velocity and pressure. Experimental results are presented by various symbols and
computational result is shown by a black solid line.
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Figure 3.23: Probability density function of pressure fluctuation measured at (x/D, y/D) = (10, 0).
Symbols and black solid line indicate the same results in Fig. 3.22.

0.045ρU2
∞. Comparing with the computational results, one can see that the profiles of

p′ measured by the present experiment were in strong agreement with the computa-

tional results.

The probability density function (PDF) of the pressure fluctuation p measured at

the wake center (x/D, y/D) = (10, 0) is presented in Fig. 3.23. The PDFs of p mea-

sured by the various SP-probe showed the profiles with negative skewness, and were

in good agreement with each other. The computational result shown together also

indicated the distribution with negative skewness and agreed well with the experimen-

tal results, indicating that the fluctuating pressure was successfully measured in the

present measurement.

Figure 3.24 presents the PSD of the pressure fluctuation measured at (x/D, y/D) =

(10, 0.5), comparing the various experimental results with the computational result.

The experimental results showed the profiles of the PSD with a significant peak at the

Strouhal number of 0.19 and the second peak at 0.38. The computational result also

showed similar profile with two obvious peaks, and their peak magnitudes were in

good agreement with those of the experimental results, while a certain disagreement

was seen in the frequencies of the vortex shedding; the computational result showed

the peaks of the PSD at the Strouhal numbers of 0.21 and 0.42. This discrepancy

between the vortex shedding frequencies might be attributable to the flow acceleration

observed in the LES results, shown in Fig. 3.20a.

The signal-to-noise ratio and the uncertainty of the fluctuating static-pressure mea-

surement by the SP-probe were roughly estimated based on the above measurement

results. As illustrated in Figs. 3.18 and 3.19, the fluctuating pressure measured in
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Figure 3.24: Power spectrum density of pressure fluctuation at (x/D, y/D) = (10, 0.5). Symbols and
black solid line indicate the same results in Fig. 3.22.

|y/D| ≥ 3.6 was mainly the background noise. Hence, the signal-to-noise ratio of the

measurement was evaluated as the ratio of the peak magnitude of the measured pres-

sure fluctuation to the pressure fluctuation measured at y/D = 4.0. As the values of p′

at the peak location and at y/D= 4.0 were 4.5×10−2ρU2
∞ and 3.5×10−3ρU2

∞, respec-

tively, the signal-to-noise ratio was approximately 13-to-1; this was relatively smaller

than that of the velocity measurement by the X-probe, which was roughly evaluated by

the same manner to be 35-to-1.

On the other hand, the discrepancy between the experimental and computational re-

sults in Fig. 3.22 was approximately 0.005ρU2
∞ at the wake center, which corresponded

to 10% of the peak magnitude of the pressure fluctuation. Hence the uncertainty in the

fluctuating pressure measurement by the SP-probe was approximately 10%.

Next, the velocity-pressure correlations up and vp are presented in Figs. 3.25 and

3.26. In each figure, the results evaluated with/without the correction of the time-lag

shown in Sect. 3.4.2 are compared, and the computational results are also shown to-

gether by the black solid line. As shown in Fig. 3.25, the profiles of up were mainly

negative across the wake with two significant negative peaks located near y/D = ±1.

The profiles of up measured with the X- and various SP-probes agreed well each other,

and were not affected by the correction of the time lag between the velocity and pres-

sure signals. Comparing the experimental and the computational results, one can see

that they were in fairly good agreement with each other.
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Figure 3.25: Velocity-
pressure correlation up
at x/D = 10; (a) without
correction of time lag, (b)
with correction of time lag.
The symbols and solid line
indicate the same results as in
Fig. 3.22.
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The velocity-pressure correlations vp measured by the X- and various SP-probes

are shown in Fig. 3.26. The profiles of vp were the anti-symmetric profiles about

y/D = 0, and were similar to each other, while certain quantitative difference in the

magnitude of the positive/negative peak at y = ±0.5D can be observed. Comparing

the profiles evaluated with/without the correction of the time lag, one can obviously

see that vp sensitively changed its profiles by the time-lag correction. The values in the

center region of the wake −1 ≤ y/D ≤ 1 were significantly affected and changed the

sign, while the effect of the time-lag correction was not seen much in the outer region

of the wake, |y/D| ≥ 1. Comparing the experimental and the computational results,

one can see that the experimental results evaluated with the time-lag correction were

in acceptable agreement with the computational results.

The uncertainty in the velocity-pressure correlation measurement was also roughly

estimated based on the comparison between the experimental and computational

results. In Fig. 3.25b, the discrepancy between the experimental and computa-

tional results of up was notable at the vortex center, and the deviation was about

0.5× 10−3ρU2
∞. In Fig. 3.26b, the experimental results showed a certain dispersion

of about 0.5×10−3 at the peak location, and the discrepancy between the experimen-

tal and computational results was notable in the region 1 ≤ |y/D|2; both the dispersion

of the experimental results and the deviation between the experimental and computa-
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Figure 3.26: Velocity-
pressure correlation vp
at x/D = 10; (a) without
correction of time lag, (b)
with correction of time lag.
The symbols and solid line
indicate the same results as in
Fig. 3.22.
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tional results were about 0.5× 10−3ρU2
∞. Therefore, it is reasonable to consider that

the uncertainty in the velocity-pressure correlation was about 0.5×10−3ρU2
∞ for both

the measurement of up and vp, which corresponded to 25% and 50% of the peak mag-

nitudes of up and vp, respectively.

3.5 Discussion

For further discussion on the experimental and the computational result of the

velocity-pressure correlation, the velocity-pressure cross-correlations u(t)p(t + τ) and

v(t)p(t + τ) were evaluated based on the computational results. Figure 3.27 presents

the profiles of u(t)p(t + τ) and v(t)p(t + τ) evaluated from the computational results.

The experimental results of up and vp measured by the X- and d05-3 probes (without

the time-lag correction) are also shown together by the black circle plot for compar-

ison. It is shown that the profile of u(t)p(t + τ) is insensitive to the values of τ , but

v(t)p(t + τ) is sensitively affected; and in the case where τ = 0.3 ms, the computa-

tional result of v(t)p(t + τ) agrees well with the experimental result of vp without the

time-lag correction. It should be noted that this value of τ has almost the same mag-

nitude but the opposite sign of the time lag experimentally observed in Sect. 3.4.2.
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Figure 3.27: Velocity-
pressure cross-correlation at
x/D = 10 evaluated from
the computational result: (a)
u(t)p(t + τ); (b) v(t)p(t + τ).
Experimental result measured
by the X- and d05-3 probes
is shown by black circles for
comparison.
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The transport equation of the turbulent kinetic energy k is investigated below in

order to further validate the experimental results of the velocity-pressure correlation.

The production Pk, convection Ck, and turbulent diffusion Dt
k, were evaluated from the

experimental results measured by single use of the X-probe as:

Pk = −uv
∂U
∂y

− v2 ∂V
∂y

, (3.18)

Ck = −U
∂k
∂x

−V
∂k
∂y

, (3.19)

Dt
k = − ∂

∂y

(
u2v+ v3

2

)
. (3.20)

The streamwise gradient of k in Eq. (3.19) was evaluated using values of k measured

at x/D = 10 and 11. The pressure-diffusion term Dp
k was evaluated from the results of

the velocity-pressure correlation measurement as

Dp
k =− 1

ρ
∂vp
∂y

, (3.21)

respectively. Figure 3.28a presents profiles of the pressure diffusion Dp
k evaluated

with/without the time-lag correction based on the measurement results by the X-

and d05-3 probes, comparing them with the other terms of the transport equation.



3.5 Discussion 51

Figure 3.28: Distribution of terms
in the transport equation of the
turbulent kinetic energy at x/D =
10: (a) pressure diffusion, blue
◦ (experiment, with time-lag cor-
rection), green ◦ (experiment,
without time-lag correction) and
red solid line (LES); turbulent
diffusion, ⋄ (experiment) and
chained line (LES); production,
+; convection, ×; (b) dissipa-
tion rate obtained based on ex-
perimental results; by Eq. (3.22),
blue (with time-lag correction)
and green (without time-lag cor-
rection); by Eq. (3.23), black.
Experimental results of pressure-
diffusion term were measured by
the X- and d05-3 probes and
those of the other terms were
measured by single use of the X-
probe.
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It is shown that the pressure-diffusion term is as large as the other terms regardless

with/without the time-lag correction, indicating the importance the role of the velocity-

pressure correlation in the transport of k. With the time-lag correction, the profile of

the pressure diffusion is similar to the profile of the turbulent diffusion, but with the

opposite sign. On the other hand, the profile of the pressure-diffusion Dp
k evaluated

without the time-lag correction has a significant negative peak at the wake center and

is not similar to that of the turbulent-diffusion Dt
k.

The pressure diffusion and turbulent-diffusion terms evaluated based on the com-

putational results are also shown in Fig. 3.28a for comparison. Comparing the ex-

perimental and computational results of the pressure-diffusion term, one can see that

the experimental result of the pressure diffusion evaluated with the time-lag correc-

tion was in better agreement with the computational result than that obtained without

the time-lag correction. The fairly good agreement between the experiment and the

computation was also achieved for the turbulent diffusion, while the experimental re-

sults were somewhat underestimated at the wake center. It should be mentioned that

the computational result of Dt
k was evaluated by Eq. (3.20) omitting the contribution

of vw2 for fair comparison, but adding vw2 does not significantly change the profile

of Dt
k.
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Figure 3.28b presents the dissipation rate of the turbulent kinetic energy which was

indirectly evaluated from the other terms as,

εk = Pk +Ck +Dt
k +Dp

k . (3.22)

According to the definition, εk = ν(∂ui/∂x j)2, the dissipation rate εk should be always

positive. In the case the time-lag correction, the dissipation rate keeps the positive

values across the wake, while the profile in the case of without the time-lag correction

shows negative values at the wake center due to the significant negative peak of the

pressure diffusion.

The dissipation rate was also roughly evaluated from the time series of the fluc-

tuating streamwise velocity measured by single use of the X-probe. According to the

Taylor′s frozen hypothesis (e.g., Bernard and Wallace, 2002) and the identity for the

isotropic turbulence (e.g., Pope, 2000), the dissipation rate can be obtained as

εk = ν
(

∂ui

∂x j

)2

≈ 15ν
(

∂u
∂x

)2

≈ 15ν
(
−1

u
∂u
∂ t

)2

. (3.23)

The dissipation rate evaluated with Eq. (3.23) are also plotted in Fig. 3.28b and com-

pared to those indirectly evaluated by Eq. (3.22). It is shown that the dissipation rate

evaluated with the time-lag correction are in better agreement with that evaluated by

Eq. (3.23). Thus, investigation on the budget of the transport equation of the turbulent

kinetic energy supports that the experimental results of vp evaluated with the time-lag

correction is more feasible.

The velocity-pressure correlation vp is found to be quite sensitive to the time lag

between the velocity and pressure signals while up is insensitive. Figure 3.29 shows

the variation of the velocity-pressure cross-correlation with the time lag measured at

(x/D, y/D) = (10, 0) (by the probe d05-3, again, for instance). Due to the periodic

fluctuation of the velocity and the pressure, u(t)p(t + τ) and v(t)p(t + τ) indicates the

periodic variation with τ . In the variation of u(t)p(t + τ), the node is near τ = 0 s

while the anti-node is near τ = 0 s in the variation of v(t)p(t + τ). Thus, v(t)p(t + τ)
is quite sensitive to change of τ around τ = 0 s, while u(t)p(t + τ) is not.

In addition, the measurement of vp was found to be also sensitively affected by the

geometrical configuration of the pressure-sensing holes, while the measurements of p′

and up were, again, insensitive. Details is described in Appendix B.
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Figure 3.29: Variation of
cross-correlation coefficients
against time lag τ measured at
(x,y) = (10D,0.5D) by probe d05-
3.
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3.6 Summary of this chapter

Simultaneous measurement of fluctuating velocity and pressure by an SP- and X-
probes was performed in a near wake of a circular cylinder, in order to strengthen
reliability of the measurement method. For this purpose, the measurement results were
validated by a quantitative comparison with reference data obtained by a large-eddy
simulation, and the effect of geometry of the static-pressure probe was examined by
comparing the performance of the various pressure probes with different diameters and
lengths.

It was found that the interference between the probes mainly depends on the tube
diameter of the static-pressure probe, and only weakly on the length of the tip section.
The smallest probe distance achieved in the present measurement was 3.0 mm, which
was comparable to the integral length scale of the flow field. The error due to the low
spatial resolution was found to be not significant based on the computational result.

The signal-to-noise ratio of the static-pressure measurement was approximately 13-
to-1, and the experimental results of the pressure fluctuation was in strong agreement
with the computational result.

For evaluation of the velocity-pressure correlation, a certain time lag between the
velocity and pressure signals was observed in the experiment, and it was corrected
based on the preliminary measurement results. It was revealed that the measurement
of correlation between the transverse velocity component and the static pressure vp

was extremely sensitive to such small time lag between the signals, despite the mea-
surement of correlation between the streamwise velocity component and pressure up
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was insensitive. With the time-lag correction, the experimental results of the velocity-
pressure correlation were in quantitatively good agreement with the computational re-
sults, and reliability of the measurement technique was confirmed.

Therefore, it can be reasonably concluded that combination of a hot-wire probe
and a static-pressure probe is a reliable measurement technique for velocity-pressure
correlation measurement, but careful attention is necessary for accurate measurement
of correlation between fluctuating pressure and lateral velocity component.



Chapter 4

Simultaneous Measurement of Three
Velocity Components and Pressure in
Three-Dimensional Turbulent Flow

4.1 Motivation and Outline of This Chapter

Simultaneous measurements of fluctuating velocity and pressure in earlier studies have

been mainly performed in two-dimensional turbulent flow fields, such as a wake of a

circular cylinder (those described in Chap. 3 and, e.g., Kobashi et al., 1960; Shirahama

and Toyoda, 1993), a planer jet (Sakai et al., 2007; Terashima et al., 2012), and a

planer mixing layer (Naka et al., 2006). However, the most of practical engineering

flows are the three-dimensional turbulent flow, and it is, therefore, important to develop

a measurement technique applicable to such three-dimensional turbulent flows.

The measurement technique in which a hot-wire probe is aligned side-by-side with

a static-pressure probe is not appropriate for measurement in three-dimensional flow,

because the hot-wire probe may be in the wake of the pressure probe depending on the

flow direction. On the other hand, the technique proposed by Naka and Obi (2009), in

which a total-pressure probe is inserted to the measuring volume of a hot-wire probe,

is less likely to be affected by the probe interference.

In this chapter, a technique for simultaneous measurement of the three velocity

components and the fluctuating pressure is developed on the basis of the work by

Naka and Obi (2009), in order to investigate the velocity-pressure correlation in three

dimensional turbulent flows. A triple hot-film probe (THF-probe) was used for the

velocity measurement to capture all the three velocity components, and a miniature

bent-type total-pressure probe (TP-probe) was developed for combination with the

55
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THF-probe. The fluctuating static-pressure was evaluated based on the fluctuating

velocity and total pressure directly measured by the THF- and TP-probes, and the for-

mula for static-pressure evaluation proposed by Naka and Obi (2009) was modified in

order to properly incorporate the contribution of the cross-flow velocity components.

The THF-probe was carefully calibrated in the presence the TP-probe by means of the

look-up-table method, so that the effect of probe interference was taken into account.

The newly developed measurement technique was applied to a turbulent wingtip vortex

flow, and the role that the velocity-pressure correlation plays was investigated.

4.2 Indirect Evaluation of Static-Pressure Fluctuation

In the previous study (Naka and Obi, 2009), the fluctuating static pressure ps is calcu-

lated from the fluctuating total pressure pt and the velocity in the streamwise direction

using following relationship:

ps = pt −
ρ
2

(
2Uu+u2 −u2

)
+

ρ
2

∂u
∂ t

∆x, (4.1)

where U and u are the mean and fluctuating streamwise velocity components, respec-

tively, and ∆x is the probe distance. Eq. (4.1) is derived from the unsteady Bernoulli

equation in differential form along the streamline stagnating onto the tip of the TP-

probe, and the velocity along the streamline is replaced by the streamwise velocity

component assuming that the flow angle of attack is not very large.

In the present study, the velocity magnitude vs is used instead of u to obtain a better

applicability to flows at large angles of attack. Accordingly, the relationship between

the instantaneous velocity and pressure is written as

p̃s = p̃t −
ρ
2

ṽ2
s +

ρ
2

∂ ṽs

∂ t
∆x, (4.2)

where [̃] denotes the instantaneous quantity. Here, ṽs is evaluated as ṽs =√
ũ2 + ṽ2 + w̃2, with ũ, ṽ, w̃ being the instantaneous velocities in x-, y-, z-directions,

which are measured by the THF-probe. The fluctuating components are then obtained

by further applying the Reynolds decomposition to Eq. (4.2),

ps = pt −
ρ
2

(
2Vsvs + v2

s − v2
s

)
+

ρ
2

∂vs

∂ t
∆x. (4.3)

The difference between the results obtained by Eqs. (4.1) and (4.3) represents the in-

fluence of cross flow on the pressure measurement. Its remarkably large effect on the
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Figure 4.1: Schematic of the bent-type total pressure probe (dimensions in mm)

wingtip vortex measurements will be demonstrated by inspecting the velocity-pressure
correlation.

4.3 Measurement Technique

4.3.1 Measurement of Fluctauting Total Pressure

A miniature bent-type probe schematically shown in Fig.4.1 was used for the fluctuat-
ing total-pressure measurement. It consists of a bent thin pipe and the joint-screw part.
The inner and the outer diameters of the pipe were 0.4 mm and 0.5 mm, respectively,
and the tip section had a straight part with a length of 1.0 mm, and the following part
was bent by 60◦ with a curvature radius of 3 mm, so that the tip could be inserted into
the measuring volume of the THF-probe from the side. The tip was rounded in order
to maintain good angle response.

The error caused by the cross flow in the fluctuating total-pressure measurement
was already well investigated by Naka and Obi (2009) using a total-pressure probe
with the same inner- and outer-diameter, and it was found that the cross-flow error is
less than 2% of 0.5ρU2

∞ (ρ and U∞ are the density of the fluid and the free stream
velocity, respectively). Although the present TP-probe was bent, the angle response of
this probe can be regarded the same as that of the probe used by Naka and Obi (2009).

The dynamic response of the TP-probe was explored through the same manner as
performed in Sect. 3.2.1.1 using the sound signal generated by a loud speaker. Two
condenser microphones (one with a TP-probe and the other without) were mounted
in front of a loud speaker placed in an anechoic box. The loud speaker generated
sound signals with the frequency in the range from 40 Hz to 10 kHz, and the pressure
fluctuation was measured simultaneously by the two condenser microphones. The
amplitude ratio A and the phase delay ∆θ at each frequency of the pressure fluctuation
were evaluated by comparing the pressure signals. Figure 4.2 shows the variation of
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Figure 4.2: dynamic response of the TP-probe; (a) amplitude ratio A, (b) phase delay ∆θ

the amplitude ratio and the phase delay of the pressure fluctuation measured by the

microphone with the TP-probe. The amplitude increases for frequencies near 500 Hz

and decays at higher frequency ranges. The phase also delays in the high frequency

range.

In order to compensate for these frequency responses, the oscillating air inside the

pipe was modeled as the forced damping oscillation system, and the dynamic response

was approximated to the solution of the normalized equation of motion according to

the following expression:

A =
1√

(1−ω∗)2 +(2ζω∗)2
, (4.4)

∆θ = tan−1
(

2ζω∗

1−ω∗2

)
, (4.5)

where, ω∗ and ζ are the frequency of the sound signal ω normalized by the natural

frequency of the air inside the TP-probe ωn and the damping ratio, respectively. The

values of ωn and ζ were optimized by fitting to the data by using the “fminsearch”

function available in MATLAB ®, and the amplitude ratio and the phase delay calcu-

lated by Eqs. (4.4) and (4.5) were indicated by the red lines in Fig. 4.2. The amplitude

and phase of the pressure fluctuations were corrected using these equations in post

processing by the similar manner described in 3.2.1.4.
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Figure 4.3: Arrangement of new combined probes

4.3.2 Arrangement of TP- and TPF-Probe

The arrangement of the new combined probe, which consists of the TP- and the THF-

probe is shown in Fig. 4.3. Each film of the THF-probe had the sensitivity length of

1.25 mm (the whole length was 3 mm), and each film was positioned perpendicular to

other two. The measurement volume of the THF-probe was a sphere with a diameter

of 3 mm. The TP-probe was inserted inside the measurement volume of the THF-

probe for the simultaneous measurement of velocity and pressure. The mouth of the

TP-probe was set normal to the axis of the THF-probe, and the distance between the

tip of the TP-probe and the center of the measurement volume of the THF-probe, ∆x,

was determined by the investigation of the effect of the probe proximity as described

in Sect. 4.3.3.

4.3.3 Determination of Probe Distance

The distance between the center of the measurement volume of the THF-probe and

the tip of the TP-probe ∆x should be determined by taking both the probe interference

and the spatial resolution of the combined probe into consideration; ∆x should be large

enough to avoid the probe interference, but use of Eq. (4.2) for evaluation of the static

pressure fluctuation requires strong correlation between the total pressure measured by

the TP-probe and the dynamic pressure measured by the THF-probe. The location of

the tip of the TP-probe inside of the measurement volume of the THF-probe should be
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Figure 4.4: Effect of probe
proximity measured in a
turbulent wingtip vortex;
(top) variation of Reynolds
normal stresses and total-
pressure fluctuation, (bottom)
correlation coefficients
between three velocity
components and that between
total pressure and dynamic
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determined after thorough consideration of the trade-off. The effect of probe proximity

was experimentally observed prior to each of the measurements in a wingtip vortex.

The preliminary measurement was undertaken at the vortex center in the stream-

wise location of one-chord-length distance downstream from the trailing edge of an

airfoil. The fluctuating velocities and total pressure were simultaneously measured

with different probe distance ∆x, and the sampling rate and the sampling time were

same as in the main experiments. The variations of the measured statistics against the

probe distance are shown in Fig. 4.4, with the probe distance scaled by the diame-

ter of the TP-probe d. The error bar indicates the range of 95% confidence interval

evaluated based on 12 samples of each statistics. Figure 4.4(a) shows the root-mean-

square values of the velocity/total-pressure fluctuation, normalized by the reference

values measured by single use of the THF- and TP-probes, respectively. Figure 4.4(b)

presents variation of the cross correlation coefficients between the different velocity

components or between the total- and dynamic-pressure fluctuations. It is shown that

the turbulence intensities u2, v2, w2, and p2
t were almost equal to the reference values

between ∆x/d = 1 and 2. The correlation coefficients between three velocity compo-

nents, which should be zero at the center of the wingtip vortex, approached to zero at

∆x/d = 2. The correlation between the total pressure fluctuation pt and the dynamic

pressure fluctuation pd gradually decreased as the probe distance increased. In order

to retain the correlation between pt and pd and, at the same time, reduce the inter-

ference between the probes, the optimal probe distance was determined to be 1.2D,
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Figure 4.5: Configuration at calibration of THF-probe

which corresponds to 0.6 mm, based on these observation. With this probe distance,

the tip of the TP-probe was placed inside the measurement volume of the THF-probe.

Therefore, the spatial resolution of the new combined probe was equivalent to that of

single use of the THF-probe; the sphere with a diameter of 3.0 mm.

4.3.4 Calibration of THF-probe

The output signals from the films of the THF-probe were converted into the three

components of instantaneous velocity vector by means of the look-up-table method.

Since the static pressure fluctuation is evaluated using the velocity, the accuracy of the

velocity measurement is important for static pressure fluctuation measurement. The

look-up-table method was chosen because it does not require any simplification such

as neglecting non-orthogonal configuration of sensors and the flow angle dependency

of coefficients in Jϕ rgensen’s equation in contrast with the calibration technique based

on concept of the effective cooling velocity (Jørgensen, 1971).

In order to take into account the effect of the probe interference, the THF-probe

was mounted with the TP-probe inside of its measuring volume during the calibration.

The output signals from the three sensors, E1, E2, and E3, were recorded with yaw-

and the rotation-angles of the probe. These angles represent the difference between

two coordinate systems as illustrated in Fig. 4.5 where the global coordinate system

xyz was fixed to the laboratory while the probe coordinate system x′y′z′ was fixed to the

probe. By introducing the relationship between the instantaneous velocity ṽs and the
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(a) ũ v.s. voltages. (b) ṽ v.s. voltages.

(c) w̃ v.s. voltages.

Figure 4.6: Iso-contour of the three velocity components, ũ, ṽ and w̃, against the combination of the
output voltages of the THF-probe.

velocity components ũ, ṽ, and w̃, which are defined on the probe coordinate system,

ũ = ṽs cosϕ , (4.6)

ṽ = ṽs sinϕ cosθ , (4.7)

w̃ = ṽs sinϕ sinθ , (4.8)

where ϕ and θ are the yaw- and the rotation-angles, respectively, one can determine

the direction of measured velocity with respect to the laboratory coordinate from the

relationship between ϕ , θ , E1, E2, and E3. The calibration data were obtained at

various ṽs, ϕ , and θ : 2.5 m/s ≤ ṽs ≤ 10.2 m/s (4 points), 0◦ ≤ ϕ ≤ 33◦ (8 points) and

0◦ ≤ θ ≤ 360◦ (31 points) giving 960 combinations of ũ, ṽ, w̃, E1, E2 and E3 in total.

The iso-contours of the three velocity components on the typical look-up table are

presented Fig 4.6. In addition, samples falling out of the look-up-table were converted

using the effective angle technique with a coefficient optimally determined (Ligeza and
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Figure 4.7: Effect of existence of TP-probe inside the measuring volume of THF-probe. Means stream-
wise velocity at x/c = 1.0 (c is chord length of airfoil) are compared.

Socha, 2007).

The effect of calibrating the THF-probe in the presence of the TP-probe is demon-

strated in Fig. 4.7. The distribution of the mean streamwise velocity at x/c = 1 (x

and c are the streamwise location from the trailing edge of the airfoil and the chord

length, respectively) measured by single use of THF-probe is compared with those

measured by the new combined probe. The color indicates the values of the mean

streamwise velocity, and the white arrows show the mean cross-flow components. Fig-

ure 4.7a presents the results measured by single use of the THF-probe, and one may

notice that the shape of the contour shows somewhat triangular shape, which may be

attributable to the non-axisymmetric configuration of the hot-film sensors; due to the

non-axisymmetric sensor configuration, the measurement range of flow-angle of the
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THF-probe, so-called “the acceptance domain” was not axisymmetric (e.g., Bruns and

Dengel, 1998; Roseman et al., 1996), and consequently the sensitivity to the flow di-

rection was non-axisymmetric.

Figures 4.7b and c compare the results measured by the new combined probe cal-

ibrated with and without the TP-probe. It is obviously shown that the result obtained

by the calibration without the TP-probe was affected by the probe interference, al-

though the probe distance was determined based on the investigation of the effect of

the probe interference. On the other hand, the result obtained by the calibration with

the TP-probe agrees well with that measured by single use of the THF-probe.

4.3.5 Instruments and Data Processing

A commercial triple hot-film probe (Dantec, 55R91) was used for measurement of

three velocity components with a constant temperature anemometer (CTA, Kanomax,

1011). For the fluctuating pressure measurement, the same condenser microphone, the

pre- and the main-amplifier as in Chap. 3 were used with the TP-probe. The analog

signals from the CTA and the pressure-measuring system were acquired by a 16-bit

A/D board (PCI-6221, Instrument) with the sampling rate of 10 kHz after through an

analog low-pass filter operated with the cut-off frequency of 2 kHz.

The dynamic response of the TP-probe was compensated for by the same manner

described in Sect. 3.2.1.4. The measured pressure signals were Fourier transformed.

The amplitude change and the phase delay at each frequency were evaluated using

Eqs. (4.4) and (4.5), and the Fourier coefficients of the pressure signals were corrected

by Eq. 3.5. The signals of the total pressure fluctuation was reconstructed based on the

corrected Fourier coefficient by Eq. 3.6. It should be also mentioned that the temper-

ature drift on the CTA output and the phase delay caused by the electric circuit in the

microphone and the pre-amplifier was also corrected by the same manner described in

the previous chapter.

The reduction of the background noise contained in the total-pressure signals was

also conducted as described in Sect. 3.2.1.4. The secondary TP-probe that had the

identical geometric configuration to that of the main TP-probe was placed at the same

streamwise location but outside the turbulent shear layer, and monitored the back-

ground noise. The filter coefficient was optimally determined by the signal measured

by the secondary probe, and the background noise in the signals measured by the main

probe was reduced.
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Figure 4.8: Typical temperature
drift of CTA output (with free steam
velocity of 9.5 m/s)
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The use of Eq. (4.2) requires the frequency characteristics of velocity and pres-

sure signals to be identical. The condenser microphone does not capture signals with

frequencies lower than 20 Hz, and the pressure fluctuation at frequencies higher than

650 Hz is attenuated as shown in Fig. 4.2. Therefore, the band-pass filtering was

applied also in this experiment to both of the velocity and pressure signals before ap-

plying Eq. (4.1) or (4.3). The passed frequency range was from 25 Hz to 650 Hz,

and the MATLAB® function “filtfilt” was used to apply the filtering as in the

previous Chapter. In the following section, the filtered signal was used only for the

calculation of the pressure-related statistics, such as the static pressure fluctuation and

velocity-pressure correlations, and the velocity statistics, such as the mean velocity and

Reynolds stress, were calculated from the unfiltered signals.

4.3.6 Uncertainty Analysis

The random error analysis was also conducted for the measurement in the turbulent

wingtip vortex by the same manner described in Sect. 3.2.5. As the number of the

measurement points was large in this experiment, the integration time for statistics

evaluation was 30 s at each measurement point, so that the total measurement-duration

did not exceeds 4-5 hours. (If the measurement duration was too long, the tempera-

ture drift of the CTA output may seriously contaminate the measurement result). The

uncertainty by the random error with this integration time was evaluated to be, as a

ratio to the peak value of the each quantity, 0.4% in evaluation of the mean streamwise

velocity, 5% in evaluation of the Reynolds stresses.

The systematic error caused by the temperature drift was also checked by the same

manner described in the previous chapter. Figure 4.8 shows the typical change in
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the CTA output measured in the calibration of the THF-probe before and after the

experiment run. The surfaces in the figure indicates the variation of the output voltage

from one of the sensor of the THF-probe against various yaw and pitch angles under

a constant free-stream velocity; the upper and lower surfaces indicate the calibration

results before and after the experiment run, respectively. Although the output voltages

measured after the experiment were corrected based on Eq. (3.7), a certain shift of

the CTA output can be seen between the before- and after-calibrations. By the similar

manner described in Sect. 3.2.5, the error caused by the temperature shift was evaluated

to be 7% of the free stream velocity.

The other possible cause of the systematic error, such as insufficient of the spatial

resolution of the combined probe and the phase lag between the velocity and pressure

signals. The overall accuracy of the fluctuating static-pressure measurement will be

discussed by a comparison with reference data measured by single use of the SP-probe

in Sect. 4.4.2.2.

4.4 Velocity-Pressure Correlation Measurement in a
Turbulent Wingtip Vortex

A turbulent wingtip vortex was chosen as the test case to perform the simultaneous

measurement of three velocity components and pressure. As the wingtip vortex in-

creases the drag and decreases the lift force acting on the wing, there have been a num-

ber of studies on the wingtip vortex by both experimental and numerical approaches

from industrial point of view. Several measurements have been performed to character-

ize the wingtip vortex (e.g., Birch and Lee, 2005; Chow et al., 1997; Devenport et al.,

1996; Gerontakos and Lee, 2006; Heyes et al., 2004), and there are also some com-

putational studies (e.g., Craft et al., 2006; Duraisamy et al., 2007); in addition, some

attempts to control the wingtip vortex have been also reported (e.g., Boesch et al.,

2010; Margaris and Gursul, 2006; Okada and Hiraoka, 2003).

On the other hand, the wingtip vortex flow is a representative example of a

three-dimensional turbulent flow field associated with coherent vortex structure. The

swirling motion of fluid in the wingtip vortex produces significant gradients of both

the velocity and pressure, and the unsteady motion, which is called meandering, re-

sults in significant velocity and pressure fluctuations. Therefore, it is expected that the

velocity-pressure correlation plays an important role in the transport phenomena in this

flow, but the number of earlier studies which focus on this point of view is only few.
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Figure 4.9: Experimental condi-
tion of velocity-pressure correla-
tion measurement in a turbulent
wingtip vortex.
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Table 4.1: Measurement range and spacing between measuring points at each streamwise location.

x/c ∆y, ∆z measurement range
0.25 0.8 mm -1 mm≤ y ≤15 mm, -10 mm≤ z ≤6 mm
0.5 1.0 mm -4 mm≤ y ≤12 mm, -11.5 mm≤ z ≤4.5 mm

0.75 1.0 mm -8,5 mm≤ y ≤11.5 mm, -12.5 mm≤ z ≤7.5 mm
1.0 1.2 mm -14.5 mm≤ y ≤9.5 mm, -13.5 mm≤ z ≤10.5 mm

4.4.1 Experimental Condition

The condition of the simultaneous measurement of velocity and pressure is schemat-

ically shown in Fig. 4.9. A blowing wind tunnel with exit square cross section of

350×350 mm2 was used, and a NACA0012 wing model with a chord length of

c = 200 mm and a semi-span length of b/2 = 150 mm was mounted in the imme-

diate downstream of the exit of the wind tunnel. The angle of attack α was fixed at

10 ◦, and the free-stream velocity and turbulence intensity were 9.5 m/s and 0.6 %,

respectively; consequently, the Reynolds number based on the chord length and the

free stream velocity Rec =U∞c/ν was 1.4×105.

The origin of the Cartesian coordinate system was defined at the end of the trailing

edge of the airfoil, and x-, y-, and, z-axes were taken in the streamwise, transverse, and

spanwise directions. Measurements were performed on planes perpendicular to the

x−axis at various streamwise locations, x/c = 0.25, 0.5, 0.75, and 1.0. The number

of the measurement points at each streamwise location was 21 points in each y− and

z−directions, namely 441 points in total. The measurement range and the spacing

between the measurement points at each streamwise location were chosen according

to the location and the size of the wingtip vortex, and they are summarized in Table 4.1.
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Figure 4.10: Development of mean streamwise velocity distribution

4.4.2 Results

4.4.2.1 Velocity measurement

Development of the mean streamwise velocity and the Reynolds normal stresses are

presented in Figs. 4.10 and 4.11. The values are scaled by the free-stream velocity U∞.

It should be mentioned that the distributions measured with the measurement range

and the point spacing given in Table 4.1 are superimposed upon those measured with a

wider measurement range and point spacing (∆y, ∆z=3 mm), in order to capture an en-

tire picture of the wingtip vortex at each streamwise location. It is shown in Fig. 4.10

that the wingtip vortex changed its location across x-axis as it went downstream, and

the minimum value at the vortex center increased from 0.75U∞ at x/c = 0.25 to 0.8U∞

at x/c = 1.0.

In Fig. 4.11a, it is shown that the streamwise normal stress u2 had a characteristic

distribution at the most downstream location with two peaks located upper and lower

sides of the vortex center. On the other hand, the transverse and the spanwise normal

stress v2 and w2 had a single significant peak at the vortex center. It should be noted that

u2, v2 and w2 are presented in different color scales in Fig. 4.11, and the magnitude

of the streamwise normal stress u2 was smaller by nearly one order than that of the

transverse normal stress v2. It is also shown that the Reynolds normal stresses near the

vortex center increased as the measurement location went downstream, while those in

the shear layer rolling up from the wing decreased.

Such excessively large lateral velocity fluctuation apparent near the vortex center

implies that they did not originate from so-called shear production, but were caused

by the meandering motion of the wingtip vortex. It was already pointed out in many

earlier studies (e.g., Bailey and Taboularis, 2006; Heyes et al., 2004) that the velocity
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Figure 4.11: Development of distribution of Reynolds normal stresses.
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Figure 4.13: Power spectrum den-
sity of transverse velocity at center
of wingtip vortex.
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fluctuation in the wingtip vortex is mostly produced by the unsteady meandering mo-

tion of the vortex, and the magnitude of the velocity fluctuations linearly increases in

the streamwise direction (Devenport et al., 1996). Figure 4.12 presents the variation

of the Reynolds normal stresses at the vortex center in the streamwise direction. The

tendency of the velocity fluctuation caused by the vortex meandering mentioned above

is clearly indicated.

The characteristic of the velocity fluctuation caused by the vortex meandering also

can be seen in the distribution of the power spectrum density (PSD). Figure 4.13

presents the PSD of the transverse velocity component v at the vortex center measured

in various streamwise locations. The PSDs of v was mainly distributed in the lower

frequency range than 100 Hz, and they increased as the measurement location went

downstream while those in the higher frequency range decreased, which indicates that

the meandering motion of the wingtip vortex occurred mainly in the frequency region

lower than 100 Hz. The minor peak appeared near 680 Hz, which corresponded to the

vortex roll-up that occurred in the shear layer surrounding the wingtip vortex.
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Figure 4.14: Arrangement of the new combined probe in simultaneous velocity and pressure measure-
ment.

Figure 4.15: Mean streamwise velocity
distribution at x/c = 1.0 measured by
the new combined probe. Colors show
values of the mean streamwise veloc-
ity, and white arrows indicate cross-flow
vector pattern. The values of mean ve-
locities were obtained by averaging re-
sults measured by four different probe
position shown in Fig. 4.14.
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As shown above, the wingtip vortex had the characteristic velocity distributions

due to the meandering motion at the most downstream location x/c = 1.0. The rest

of this section and the discussion is mainly focused in the results measured at this

streamwise location. In addition, the velocity measurement was somewhat affected

by the non-axisymmetric directional sensitivity of the THF-probe, as already pointed

out in Sect. 4.3.4. In order to minimize this influence, the statistics presented below

were obtained by averaging results measured by the four different probe orientations

schematically shown in Fig. 4.14. The sampling time was 8 s for each probe position,

and consequently the integration time for statistics evaluation was 32 s.

The distribution of the mean streamwise velocity U at x/c = 1.0 is presented in

Fig. 4.15 with white arrows indicating the mean cross-flow pattern. The y- and z-

coordinates are shown in a non-dimensional form denoted by the asterisk: (y∗, z∗) =

((y− yc)/R, (z− zc)/R), where (yc,zc) and R are the center location and radius of the

wingtip vortex, which are defined as the location at which the cross-flow mean veloc-

ity magnitude |V | ≡
√

V 2 +W 2 became its minimum, and the distance between (yc,zc)
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Figure 4.16: Distribution of Reynolds stresses measured at x/c = 1.0.

and the maximum location of |V |; in addition, the vortex radius R was approximately

6 mm at x/c = 1.0. The measurement result of U were somewhat improved by averag-

ing the results measured by the four different probe positions, in that the contour lines

showed almost circular shape, unlike the results shown in Fig. 4.7.

Figure 4.16 presents the distributions of all components of the Reynolds stress at

x/c = 1.0. It should be noted that the normal and shear stresses are shown in different

color scales. As previously mentioned, the distribution of the normal stress component

u2 had two peaks on upper and lower sides of the vortex center. The peak magnitude

was approximately 6.9× 10−3U2
∞. In contrast, the transverse and spanwise normal

stress components v2 and w2 showed a significant single peak at the vortex center, and

the peak magnitudes were 0.05U2
∞ and 0.02U2

∞, respectively. The peak magnitude of

v2 was almost by an order of magnitude larger than that of u2. The shear stress com-

ponents, uv, uw, and vw showed symmetric distributions with the vw component being
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Figure 4.17: Time sequences
of pressure fluctuations mea-
sured at center of a wingtip
vortex (y∗, z∗) = (0, 0): (a)
total pressure fluctuation
(blue) and dynamic pressure
fluctuation (green) directly
measured by the TP- and
THF-probes, respectively;
(b) static-pressure fluctuation
evaluated from the total and
dynamic pressure fluctuation
shown in (a).
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substantially larger magnitude than the others. Such extraordinarily strong anisotropy
of the Reynolds stress was also observed in earlier studies (e.g., Devenport et al., 1996),
and the vortex meandering was considered to be the reason for such an anomaly (Heyes
et al., 2004), as will be explained in Sect. 4.4.3.

4.4.2.2 Fluctuating static-pressure measurement

The static-pressure fluctuation p was evaluated based on the instantaneous velocities
and total pressure fluctuation directly measured by the combined probe, by the man-
ner described in Sect. 4.2. The time sequences of the total- and dynamic-pressure
fluctuations at the vortex center are presented in Fig. 4.17a. The values are scaled by
0.5ρU2

∞, and the dynamic pressure fluctuation was evaluated as that in Eq. (4.3) tak-
ing into account the contribution from the cross-flow velocity components. As shown
in Fig. 4.17a, the time sequence of the dynamic-pressure fluctuation measured by the
THF-probe was quite similar to that of the total-pressure fluctuation measured by the
TP-probe, which was the expected behavior of them, because the static-pressure fluc-
tuation is usually much smaller than the dynamic-pressure fluctuation. The correlation
coefficient between the total- and dynamic-pressure fluctuations was about 0.81. The
pressure fluctuation evaluated from the total- and dynamic-pressure fluctuations based
on Eq. (4.3) is shown in Fig. 4.17b.

Figure 4.18 presents the distribution of the root-mean-square values of the static-
pressure fluctuation p′, comparing those obtained using Eqs. (4.1) and (4.3), in order



74 4. SIMULTANEOUS MEASUREMENT OF THREE VELOCITY
COMPONENTS AND PRESSURE IN THREE-DIMENSIONAL TURBULENT
FLOW

 y∗

 z
∗

 

 

(a) −1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

 y∗

 z
∗

 

 

(b) −1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

 y∗

 z
∗

 

 

(c) −1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Figure 4.18: Distributions of static-pressure fluctuation at x/c = 1.0: (a) Evaluated by Eq. (4.1); (b)
Evaluated by Eq. (4.3); Directly measured by SP-probe (Naka and Obi, 2009). The values are scaled by
ρU2

∞ in each figure.

to address the effect of incorporating the cross-flow velocity components. The direct

measurement result by the SP-probe provided by Naka and Obi (2009) is also given

in Fig. 4.18c as a reference. It is obviously seen that the pressure fluctuation obtained

by Eq. (4.1) was larger in magnitude than that by Eq. (4.3) due to absence of the

cross-flow effect contributions. It is also seen that the result given by Eq. (4.3) was in

stronger agreement with the direct measurement result by the SP-probe; both results

showed two significant peaks at the location corresponding to those of the streamwise

Reynolds normal stress u2, while the result by Eq. (4.1) showed a single broad hill.

This resemblance between the distributions of p′ and u2 can be explained by the me-

andering of the vortex in z-direction, as will be described in Sect. 4.4.3.

The line plots of the static-pressure fluctuations through the vortex center at y∗ = 0

is also presented in Fig. 4.19. The result obtained by Eq. (4.3) strongly agreed with that

directly measured by the SP-probe, although a certain discrepancy of about 0.006ρU2
∞,

which corresponded to 20% of the peak pressure fluctuation, was seen at the vortex
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Figure 4.19: Line plot of static-pressure fluctuation though a center of wingtip vortex at y∗ = 0: blue,
evaluated by Eq. (4.3); green, evaluated by Eq. (4.1); red, directly measured by SP-probe (Naka and
Obi, 2009).

center. Thus, the measurement uncertainty in the static-pressure measurement was

roughly estimated to be 20%.

The signal-to-noise ratio of the static-pressure measurement was roughly esti-

mated. In a separate measurement, the static-pressure fluctuation was measured by

the new combined probe at (y∗, z∗) = (2.17, −1.83), the location far enough from the

vortex center that the measured pressure fluctuation was mainly the background noise,

and it was 0.01ρU2
∞. On the other hand, the maximum magnitude of static-pressure

fluctuation shown in Fig. 4.18 was 0.031ρU2
∞ at (y∗, z∗) = (0.5, 0), and consequently,

the signal-to-noise ratio was roughly estimated to be 3.1-to-1. The signal-to-noise

ratio of the directly measurement by the SP-probe was also estimated by the similar

manner, and it was approximately 5.2-to-1. Therefore, the drawback of the present

method compared to the direct static-pressure measurement by the SP-probe is the

lower signal-to-noise ratio of the indirect static-pressure fluctuation.

4.4.2.3 Velocity-pressure correlation measurement

Figure 4.20 presents the distribution of the velocity-pressure correlations up, vp, and

wp measured at x/c = 1.0, comparing those obtained by Eq. (4.1) and (4.3). The

distributions of the velocity-pressure correlation up evaluated by Eq. (4.1) and (4.3)

agreed well with each other; both of them showed positive values over the entire range

of the measuring area with two slightly visible peaks located upper and lower sides of

the vortex center, which is somewhat similar to the distributions of u2 and p′.
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Figure 4.20: Distribution of velocity-pressure correlation up, vp and wp at x = 1.0c; (left) obtained by
Eq. (4.1), (right) obtained by Eq. (4.3).

On the other hand, the measurement results of vp and wp showed obviously dif-

ferent distribution depending on Eq. (4.1) or (4.3). The result by Eq. (4.1) had distinct

positive and negative peaks located upper and lower side of the cortex center, while

that obtained by Eq. (4.3) changed the sign three times across the measurement range

in the y-direction. The distributions of wp evaluated by different equations indicated

the opposite sign to each other. Thus, the modification in the indirect evaluation of the

static pressure from Eq. (4.1) to (4.3) resulted in a significant difference between the

evaluated distributions of vp and wp, while the modification did not result in apparent

difference in the results of up. The reason of this will be discussed in the next section.
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4.4.3 Discussion

4.4.3.1 Effect of modification in formula for static-pressure evaluation

It has been demonstrated that Eqs. (4.1) and (4.3) provide remarkably different values

of the velocity-pressure correlation, particularly for the vp and wp components. The

reason for this is now addressed by inspecting the contents of these equations. By mul-

tiplying the fluctuating pressure provided by Eq. (4.3) with each fluctuating velocity

component and taking the average, one obtains the following relationships to describe

the velocity-pressure correlations:

up =
[
upt −

ρ
2

(
2Uu2 +u3

)]
− ρ

2

(
2V uv+2Wuw+uv2 +uw2

)
, (4.9)

vp =
[
vpt −

ρ
2

(
2Uuv+u2v

)]
− ρ

2

(
2V v2 +2Wvw+ v3 + vw2

)
, (4.10)

wp =
[
wpt −

ρ
2

(
2Uuw+u2w

)]
− ρ

2

(
2V vw+2Ww2 + v2w+w3

)
. (4.11)

It should be noted that the unsteady terms such as u∂vs/∂ t∆x are omitted as they had

only a minor contribution. The first terms bracketed by [] on the right hand side of each

equation represents the velocity-pressure correlations evaluated by Eq. (4.1), while the

second term represents the additional contribution of the mean cross-flow components

that is introduced in Eq. (4.3).

The dominant terms in each equation, marked by the underline, comprise the prod-

uct of the mean velocity and the normal component of the Reynolds stress. The mag-

nitude of these three terms, Uu2, V v2, and Ww2, are nearly the same although u2 is sig-

nificantly smaller in comparison to the other normal stresses, because it is multiplied

by U , which is the largest among the mean velocity components. As these dominant

terms appear in the additional term in the equation for vp and wp, it is evident that they

were responsible for the aforementioned remarkable difference in distributions of vp

and wp provided by the different formulae for static-pressure evaluation. In contrast,

up was mostly unchanged because the dominant term was already contained in the first

term in Eq. (4.9), and the additional term had only a minor effect.

4.4.3.2 Effect of meandering motion of wingtip vortex

In order to further verify the present measurement results of the velocity-pressure cor-

relations, the relationship between the vortex meandering motion and the induced ve-

locity/pressure fluctuations is discussed below. If the velocity fluctuations measured

by the THF-probe was mainly produced by the vortex meandering, the magnitude
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Figure 4.21: Comparison between mean velocity-gradient and Reynolds normal stresses.

of the measured velocity fluctuation should depend on the velocity gradient. Fig-

ure 4.21 compares the magnitude of the spanwise gradients of the mean-velocity and

the Reynolds normal stresses u2 and v2. As shown, the mean-velocity-gradient ∂U/∂ z

had two significant peaks at the upper and lower side of the vortex center, and ∂V/∂ z

had a single significant peak at the vortex center, which were in quite strong agreement

with the distributions of u2 and v2. This strong resemblance between the distribu-

tions of the Reynolds stresses and the spanwise mean-velocity-gradients implies that

the wingtip vortex was meandering mainly in spanwise direction, and the measured

Reynolds stresses were induced by it.

Next, effect of the vortex meandering on the distribution of the Reynolds shear

stresses is also discussed by similar consideration. The sign of the Reynolds shear

stresses should depend on that of product of the mean velocity gradients. Figure 4.22



4.4 Velocity-Pressure Correlation Measurement in a Turbulent Wingtip
Vortex 79

 

 

-1 0 1

-1

-0.5

0

0.5

1

-50

0

50

y

z*

*

(a) ∂U/∂ z ·∂V/∂ z

 

 

−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

−6

−4

−2

0

2

4

x 10
-3

y

z*

*

(b) uv

 

 

-1 0 1

-1

-0.5

0

0.5

1

-20

0

20

y

z*

*

(c) ∂U/∂ z ·∂W/∂ z

 

 

−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

1

−6

−4

−2

0

2

4

x 10
-3

y

z*

*

(d) v2

Figure 4.22: Comparison between product of mean velocity-gradients and Reynolds shear stresses.

compares the Reynolds shear stresses uv and uw with the products of the spanwise

mean-velocity-gradients ∂U/∂ z · ∂V/∂ z and ∂U/∂ z · ∂W/∂ z, respectively. It is also

obviously shown that the sign patterns of the Reynolds shear stresses were quite simi-

lar to those of the products of the mean-velocity gradients. Therefore, it is reasonably

considered that the velocity fluctuations at x/c = 1.0 were mainly caused by the me-

andering motion in z-direction of the wingtip vortex. The distribution patterns of the

other statistics such as the velocity-pressure correlation also can be estimated by the

similar consideration.

As the distribution of the pressure fluctuation p′ was similar to that of the Reynolds

normal stress u2 (compare Figs. 4.21b and 4.18), the behavior of the pressure fluc-

tuation can be considered to be similar to that of the streamwise velocity fluctuation.

Hence, it is reasonably inferred that the distribution of the velocity-pressure correlation

up should be similar to those of u2 and p′. The present measurement result captured

this tendency (see Fig. 4.20). By the same reason, the distributions of vp and wp should
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Figure 4.23: Reference results by Naka and Obi (2009). (left) up, (center) vp, (right) wp

be similar to those of uv and uw, respectively, and such expected tendency was shown

in the results obtained by Eq. 4.3 in Fig. 4.20. Therefore, it can be concluded that

the characteristics of the velocity-pressure correlation in the wingtip vortex flow were

appropriately captured by the present measurement method.

Now, the present measurement results are compared to those provided in the pre-

vious study (Naka and Obi, 2009), measured in the same experiment condition by

the X-probe and a straight-type TP-probe, in order to examine the superiority of the

present measurement method over the previous measurement technique. The measure-

ment result by the previous measurement technique (Naka and Obi, 2009) is shown in

Fig. 4.23. It is shown that the distributions of vp and wp were similar to the present

measurement results evaluated by Eq. (4.1), as the contribution of the cross-flow com-

ponents was not taken into account in the previous study. The most remarkable dif-

ference between the previous and present measurement results was observed between

the distributions of the velocity-pressure correlation up. The previous result indicated

negative values over the entire measuring range, while the present result showed the

positive values. The negative values of up in the previous measurement might be at-

tributable to error in velocity measurement by the X-probe caused by the velocity com-

ponents perpendicular to the wire plane of the X-probe. Thus, it has been shown that

the velocity-pressure correlation measurement in a turbulent wingtip vortex flow was

obviously improved as compared to the previous study by the present measurement

technique.

4.4.3.3 Transport of turbulent kinetic energy

The transport equation of turbulent kinetic energy was investigated in order to shed

light on the role that the velocity-pressure correlation plays in the transport phenomena

in the wingtip vortex flow. By ignoring the terms containing the streamwise derivative,
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Figure 4.24: Distribution of the individual terms in the transport equation of turbulent kinetic energy;
(a) production, (b) convection, (c) turbulent diffusion, (d) pressure diffusion. The values are scaled by
U3

∞/c.

∂/∂x, one obtains the following expressions:

Pk ≃ −v2 ∂V
∂y

−w2 ∂W
∂ z

−uv
∂U
∂y

−uw
∂U
∂ z

− vw
(

∂V
∂ z

+
∂W
∂y

)
, (4.12)

Ck ≃ V
∂k
∂y

+W
∂k
∂ z

, (4.13)

Dt
k ≃ −1

2

(
∂u2v
∂y

+
∂v3

∂y
+

∂vw2

∂y
+

∂u2w
∂ z

+
∂v2w

∂ z
+

∂w3

∂ z

)
, (4.14)

Dp
k ≃ − 1

ρ

(
∂vp
∂y

+
∂wp
∂ z

)
, (4.15)

with Pk, Ck, Dt
k, and Dp

k representing the production, convection, turbulent diffusion,

and pressure diffusion of the turbulent kinetic energy. Figure 4.24 presents the dis-

tributions of these terms. The production rate Pk was negative near the vortex center

and the reason for this is examined later. The convection Ck was smaller compared to

production and also changed the sign on the cross section; it should be noted that Ck
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Figure 4.25: Individual terms in the transport equation of turbulent kinetic energy; (a) in y-direction at
z∗ = 0.16, (b) in z-direction at y∗ = 0.33

is shown with negative sign to facilitate the comparison with other terms. It is seen
that the turbulent diffusion Dt

k partly compensated for the negative production. The
pressure-diffusion Dp

k changed sign from positive to negative across the vortex cen-
ter. This occurred from the left to right in a symmetric manner about the z-axis as a
consequence of the symmetric distributions of vp and wp (see Fig. 4.16, right).

The balance of each term is presented in the form of a line plot in Fig. 4.25, cutting
through the peaks of the distribution of the diffusion terms. Figures 4.25a and b indi-
cate the y-direction line plots at z∗ = 0.16 and the z-direction line plots at y∗ = 0.33,
respectively. In both graphs, the pressure-diffusion indicated consistently larger val-
ues than the turbulent-diffusion , which is not typical for simple shear flows where the
pressure diffusion can be treated as a fraction of the turbulent diffusion term, as sug-
gested by a classic model of pressure diffusion (Lumley, 1978). Admittedly, the sum
of the terms shown in Fig. 4.25 would yield a finite residual. This is partly because
of the under-estimation of spatial derivatives due to rather coarsely located measur-
ing locations, and partly because of the insufficient accuracy of the pressure-velocity
correlation.

The contents of the production rate Pk are now investigated in order to shed light
on the anomalous behavior of the wingtip vortex flow. It is obvious in Fig. 4.26 that
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Figure 4.26: Contents of the production term

the components related to v2 or w2 showed significant negative values and dominated

others. This is a consequence of the fact that these normal components of the Reynolds

stress are very large as compared to other stress components as a consequence of the

vortex meandering.
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4.4.3.4 Transport of Reynolds stress vw

The transport equation of the Reynolds shear stress vw was also investigated, because it

showed the most significant magnitude and characteristic distribution among the shear

stresses. The production, convection, turbulent diffusion, and pressure diffusion were

evaluated neglecting the streamwise gradient contributions as:

P23 = −v2 ∂W
∂y

−w2 ∂W
∂ z

− vw
(

∂V
∂y

+
∂W
∂ z

)
, (4.16)

C23 = −V
∂vw
∂y

−W
∂vw
∂ z

, (4.17)

Dt
23 = −∂v2w

∂y
− ∂vw2

∂ z
, (4.18)

Dp
23 = − 1

ρ

(
∂vp
∂ z

+
∂wp
∂y

)
. (4.19)

The production rate P23 showed a single distinct positive peak at the vortex center,
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Figure 4.28: PSDs of velocity and
pressure fluctuation measured at the
vortex center at x = 1.0c.
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which was mostly contributed by the first tem in Eq. (4.16), the products of the trans-

verse Reynolds normal stress v2 and the spanwise mean-velocity-gradient ∂W/∂y. The

convection C23 showed a symmetric distribution with respect to both y- and z−axes,

with two positive and negative peaks located near the vortex center, and the magnitude

of those peaks were relatively small, but still comparable to the distinct peak of the

production at the vortex center.

The pressure diffusion Dp
23 showed negative values in the center region of the vortex

and slightly positive values around the negative region, indicating that vw produced by

P23 at the vortex center was transported by Dp
23 to the surrounding region, but the

magnitude was much smaller than that of the peak of P23. On the other hand, the

turbulent diffusion was negligibly small. Also in the transport of the Reynolds shear

stress vw, contribution of the pressure diffusion was more significant than that of the

turbulent diffusion, as a consequence of the significant velocity-pressure correlations

vp and wp produced by the meandering of the wingtip vortex. As no term is found to

be in balance with the production, the production may be mainly compensated by the

redistribution or the dissipation, which are not measured in the present experiment.

4.4.3.5 Frequency range of velocity-pressure correlation measurement

As mentioned in Sect. 4.3.5, the frequency range of simultaneous measurement of

velocity and pressure was 25 Hz≤ f ≤ 650 Hz, because of the dynamic response of

the microphone and the TP-probe. The effect of this limited frequency range on the

velocity-pressure correlation measurement is addressed in the following.

Figure 4.28 compares the PSDs of the fluctuating velocities and static pressure

measured at the vortex center in the streamwise location of x/c = 1.0. As shown, the

profiles of the PSDs of fluctuating velocities had a broad hill located around 18 Hz,
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which was outside of the measurement frequency range of the measurement of static-
pressure fluctuation. on the other hand, the PSD of fluctuating static-pressure showed
a similar profiles to those of fluctuating velocities in the measurement frequency range,
and, therefore, it is inferred that the PSD of the fluctuating static-pressure also would
have a broad hill near 18 Hz similarly to those of fluctuating velocities. The veloc-
ity fluctuation distributed in the frequency range lower than 25 Hz was evaluated to
be 50-60% of the total fluctuation. Therefore, the velocity-pressure fluctuation may
be underestimated by 40-50% due to the limited frequency range in the present mea-
surement, and the true role of the velocity-pressure correlation in turbulence transport
would be more significant than that observed in the present experiment.

4.5 Summary of This Chapter

In this chapter, a method for simultaneous measurement of three velocity components
and fluctuating pressure was developed by using a new probe arrangement comprising
a bent-type total pressure probe and a triple-sensor hot-film probe. The tip of the TP-
probe was inserted into inside of the measurement volume of the THF-probe. Hence
the spatial resolution of the new combined probe was equivalent to that of single use
of the THF-probe; a sphere with a radius of 3 mm. The fluctuating static pressure was
indirectly evaluated from the fluctuating total pressure and velocity, and the formula
for the static-pressure evaluation was modified so that the contribution of the cross flow
was properly taken into account.

Simultaneous measurement of three velocity components and fluctuating pressure
was performed in a turbulent wingtip vortex. The signal-to-noise ratio of the static-
pressure measurement by the new combined probe was roughly estimated to be 3.1-
to-1. The present method provided distribution of the static-pressure fluctuation which
quantitatively agreed with that obtained by a direct measurement by the SP-probe. The
velocity-pressure correlations measurement based on the newly modified formula pro-
vided remarkably different results from those evaluated by the old formula, and the
results provided by the new method were found to be consistent with the Reynolds
stress distribution, which supports validity of the results by the new method. It is clar-
ified that the improvement is due to the inclusion of the lateral velocity components in
the dynamic pressure calculation introduced in the new formulation. The investigation
on the budget of turbulent kinetic energy and the Reynolds shear stress indicated an
anomalous structure of turbulence in the wingtip vortex flow, where the role of pres-
sure diffusion is found to be important.



Chapter 5

Development Fluctuating Hydraulic
Pressure Measurement

5.1 Motivation

While the fluctuating pressure measurements at arbitrary positions using an SP-probe

has been performed in some earlier studies by experiment in air (e.g., Iida et al., 1999;

Sakai et al., 2007; Toyoda et al., 1994; Tsuji et al., 2007), the attempt to conduct fluctu-

ating pressure measurement by the SP-probe in a liquid flow has never been reported,

and up to now the hydraulic pressure measurement has been limited to fluctuating wall-

pressure measurement. However, the technique for measuring fluctuating pressure at

arbitrary positions in liquid flow would be useful in the measurement, for example, in

multiphase flow or the non-Newtonian fluid flow.

The hydraulic pressure measurement at arbitrary positions in turbulent flow is diffi-

cult in that the typical measurement technique for the experiment in air cannot directly

converted to the hydraulic measurement. In the experiment in air, a pressure transducer

is attached directly to an SP-probe and placed inside the flow field of interest with the

SP-probe, which is difficult in the experiment in liquid as the whole part of a pressure

transducer is usually not waterproofed. In addition, a pressure transducer sensitive and

applicable to hydraulic pressure measurement has a sensor diaphragm with too large

diameter to be placed inside the flow. Hence in the hydraulic pressure measurement,

the pressure transducer would be placed outside the flow and connected to the SP-

probe by a tube with a certain length. Therefore, the length and/or the shape of the

tube might affect the fluctuating pressure measurement. A technique to investigate the

characteristics of such a pressure-measuring system is necessary to conduct fluctuating

pressure measurement in liquid flow.

87
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In this chapter, a technique to calibrate dynamic response of a pressure-measuring

system which consists of a pressure transducer, a tube, and an SP-probe is developed

in order to conduct fluctuating pressure measurement by the SP-probe in liquid tur-

bulent flow. A model of the dynamic response of the pressure-measuring system is

derived similarly to those studied in earlier works of the fluctuating hydraulic wall-

pressure measurement, and techniques to evaluate unknown coefficient in the dynamic

response model, i.e. the natural frequency and the damping ratio, are proposed. The

measurement technique developed in this chapter is used in Chap. 6 in order to de-

velop a new measurement method, in which direct single-point-measurement by the

SP-probe is combined with pressure-field evaluation based on PIV measurement.

5.2 Analytical Model for Dynamic Response of Pres-
sure Measuring System

In earlier studies of fluctuating hydraulic-wall-pressure measurement, a strain-gage-

type pressure transducer was used as a pressure sensor and connected to the pressure

tap on the wall by tubing. Dynamic response of such pressure-measuring system has

been investigated in the previous studies of the wall-pressure measurement (Geddes

et al., 1984; Hansen, 1950), and it was pointed out that the dynamic response was non-

flat mainly due to elasticity of the pressure sensor while effect of compressibility of the

fluid is negligible (c.f. Sect. 2.2). The method to correct these effects has been studied

in literatures (Aydin, 1998; Donovan et al., 1994, 1991; Taylor and Donovan, 1992).

In these studies, the behavior of the pressure-measuring system was modeled to be

equivalent to that of a harmonic oscillator with one degree of freedom, and the natural

frequency and damping factor was determined by calibration. In the following, a model

of the dynamic response of a pressure-measuring system for the pressure measurement

at an arbitrary point in liquid flow is considered.

The system, which enables us the fluctuating static-pressure measurement at an

arbitrary point in water, is schematically shown in Fig. 5.1a. It comprises the SP-

probe, tubing and the pressure transducer, and can be simplified as a tube with sudden

contraction connected to the pressure source and the pressure transducer as shown in

Fig. 5.1b. Although the model drawn in Fig. 5.1b is more complicated than that in

Fig. 2.1 because of the sudden change of cross sectional area at the joint of the SP-

probe and the tube, the same expression of fluid motion inside the pressure-measuring
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Figure 5.1: (a) Schematics of
pressure-measuring system; (b) its
model.

system as Eq. (2.14) is used in the following considerations:

I
dQ
dt

+RQ =−(pm − ps) .

It can be considered that the effect of the thin entrance part at the pressure source

is taken into account by the value of the resistance R. As mentioned in Sect. 2.2,

Vol/K ≪ C in experiment in water. Hence, C′ ≃ C. The equation which relates the

true fluctuating pressure at the pressure source ps to the pressure value measured by

the transducer pm is obtained as

IC
d2 pm

dt2 +RC
d pm

dt
+ pm = ps, (5.1)

and the damping ratio and the undamped natural frequency (in rad/s) of the system are

given as:

ζ =
R
2

√
C
I
, ωn =

√
1

CI
, (5.2)

respectively. Solving Eq. (5.1) with a pressure input ps fluctuating at a constant fre-

quency ω , one obtains amplitude ratio A and phase lag ∆θ between pm and ps as:

A =
1√

(1−ω∗2)2 +4ζ 2ω∗2
, (5.3)

∆θ = tan−1
(

2ζω∗

1−ω∗2

)
, (5.4)

where ω∗ is the non-dimensional frequency defined as ω∗ = ω/ωn. The profiles A

and ∆θ against the frequency of the input pressure fluctuation were measured by the



90 5. DEVELOPMENT FLUCTUATING HYDRAULIC PRESSURE
MEASUREMENT

7
.5

 

2
 

36 

1
.2

0
 

11.20 

2
.4

0
 

2 

7
.5

 

1
.5

 

33

0
.9

 

8.5 1.4 

1
.7

7

7
.5

 

1
.0

 
28.8 

0
.6

 

5.3 1 

1
.3

5

53.9 

0
.4

 

0
.8

 

7
.2

 

19.5 

1
.0

 

Probe - d10 Probe - d20

Probe - dProbe - air 15

Figure 5.2: Schematics of static-pressure probes.

dynamic-response calibration, and the damping ratio ζ and the natural frequency ωn

were evaluated by fitting measured variations of A and ∆θ to Eq. (5.3) and (5.4).

5.3 Experimental Apparatus

5.3.1 Pressure-measuring system

Static-Pressure Probe The SP-probes employed in the present study are schemati-

cally presented in Fig. 5.2. There were four types of the SP-probe; the probe-air, d10,

d15 and d20. The probe-air had similar geometric configuration to those employed in

previous experiments in the air (Naka et al., 2006; Toyoda et al., 1994). It consisted

of a thin tube with a circular corn tip, and the outer and inner diameters were 1.0 and

0.8 mm, respectively. There were four pressure-sensing holes on the surface separated

by 90◦ in the circumferential direction and the diameter was 0.4 mm.

The probe d10, d15 and d20 were designed for the hydraulic pressure measurement.

The diameters and lengths for each probe are presented in Fig. 5.2. They were made

of transparent material so that one could check if the bubbles remained inside of the

SP-probe, and the tip was semispherical shape. The number of the pressure-sensing

holes was eight, and their diameter ϕ was determined so that the impedance of the

pressure-measuring system was retained low. To accomplish this, it was assumed that

the pressure loss caused by the eight pressure-sensing holes were equal to that in the



5.3 Experimental Apparatus 91

Figure 5.3: Error in pressure measurement due to cross flow: blue, probe-d20; green, probe-d15; red,
probe-d10; black, probe-air.

tube of the SP-probe for the same volume flow rate. Under the assumption that the flow

through the tube of the SP-probe and that through the eight pressure-sensing holes are

approximated by the Hagen-Poiseuille flow, the volume flow rat in the former and that

through the latter are proportional to d4 and 8ϕ 4, respectively:

8ϕ 4

d4 = 1

ϕ
d

=

(
1
8

)1/4

= 0.59. (5.5)

Therefore, the diameters of the pressure-sensing holes were determined to be 60% of

the tube diameter of the SP-probe. The analysis based on the Hagen-Poiseuille flow

would overestimate the pressure loss caused by the pressure-sensing holes, as there

would be only minor viscous effect. Hence the diameter of the pressure-sensing holes

determined above should be large enough not to cause a major influence to the dynamic

response of the pressure-measuring system.

Error in the pressure measurement by the SP-probes caused by the cross flow was

experimentally explored. The SP-probe was placed in an uniform flow of a wind tun-

nel, and the pressure was measured with various angles of attack. Figure 5.3 shows the

variation of the pressure coefficient defined as

Cp =
p− p0

ρU2
∞

, (5.6)

with p0 being the pressure value measured with the flow angle of 0◦. It is shown that

pressure is underestimated when the flow direction is not parallel to the axis of the

probe. The probe-air shows better angle characteristics than those of the other SP-

probes, which may be attributable to difference in the shape of the tip.
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Table 5.1: Characteristics of pressure transducer; s, sensitivity; V volume of pressure cavity; ∆Vmax,
maximum volumetric displacement.

Range (Pa) s (Pa/V) V (cc) ∆Vmax (cc) C (mm3/Pa)
DP45-1 ±84 16.7 0.16 0.016 0.192
DP45-2 ±167 33.2 0.16 0.016 0.0967
DP103 ±28 5.7 0.57 0.057 1.96

Pressure Transducer A low-range strain-gage-type pressure transducer was used
for pressure sensor in order to sensitively measure the small pressure fluctuation in a
low frequency range. In order to investigate the effect of the elastic compliance C,
three pressure transducers with different C were used for comparison: DP45-1, DP45-
2 and DP103 (Validyne) were employed, and their characteristics are summarized in
Table 5.1.

Tubing A plastic tube was used for tubing between the SP-probe and the pressure
transducer placed outside the flow. The inner diameter and the thickness were 6 mm
and 0.5 mm, respectively, and the length was 0.96 m.

5.3.2 Other instruments and data acquisition

The experiments were undertaken in a closed-loop water tunnel with maximum free
stream velocity of 0.28 m/s. For the other hardware, a carrier modulator (PA501,
Validyne) was used for amplification of the signals from the pressure transducer, and
an analog low-pass filter (DT-6LF2, NF CORPOLATION) and 16 bit A/D convertor
(PCI-6221, National Instruments) were used for filtering and acquisition of samples.

5.4 Dynamic response of Pressure-Measuring System

5.4.1 Response to sinusoidal pressure fluctuation

Response of the pressure-measuring system against pressure input oscillating at a
constant frequency was experimentally explored. The system for this calibration is
schematically shown in Fig. 5.4. The pressure-measuring system to be calibrated was
set up as it was in the main measurement; the SP-probe was placed in the water channel
and connected to the pressure transducer located outside by a tube that was identical
to that used in the main experiment. Oscillatory pressure was generated in a pressure
chamber by driving a piston connected to the pressure chamber using an oscillator,
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Figure 5.4: Schematics of system for calibration of dynamic response of pressure-measuring system.

and it was introduced into the reference port of the pressure transducer. The frequency

and the amplitude of the pressure input were controlled by a function generator. The

true fluctuating pressure signal was monitored by another pressure transducer for ref-

erence, and the amplitude ratio A and the phase delay ∆θ were evaluated by comparing

the pressure signals measured simultaneously by these two pressure transducers.

Figure 5.5 presents the time sequences of the oscillatory pressure in the pressure

chamber measured in the dynamic response calibration, comparing the signals mea-

sured by the main and reference transducers. The calibrated pressure-measuring sys-
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Figure 5.5: Time sequences of oscillatory pressure in the pressure chamber measured in dynamic re-
sponse calibration: blue, main pressure transducer; green, reference pressure transducer. The calibrated
pressure-measuring system comprised the DP45-1 and the probe-d20, the reference pressure transducer
was the DP45-2, and the frequency of the input oscillatory pressure was 2 Hz.
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tem consisted of the DP45-1 and the probe-d20, and the reference pressure transducer

was the DP45-2. The frequency of the input oscillatory pressure was 2 Hz. It is shown

that the pressure signal measured by the main pressure transducer was amplified, and

a phase delay also occurred. The amplitude ratio and the phase lag between the signals

measured by the main and reference pressure transducers were evaluated based on the

Fourier coefficients at the input frequency as:

A( fip) =

√
Bm( fip)B∗

m( fip)

Bs( fip)B∗
s ( fip)

, (5.7)

∆θ( fip) = tan−1

(
Bs( fip)B∗

m( fip)+B∗
s ( fip)Bm( fip)

j
(
Bs( fip)B∗

m( fip)−B∗
s ( fip)Bm( fip)

)) , (5.8)

where fip stands for the frequency of the input oscillatory pressure, and Bm and Bs are

the Fourier coefficients of the pressure signals measured by the main and sub pressure

transducers, respectively.

The dumping ratio ζ and the natural frequency ωn were evaluated based on the

measured profiles of A and ∆θ . The natural frequency ωn was obtained as the fre-

quency at which ∆θ was π/2 by interpolating the measured variation of ∆θ . The

dumping ratio ζ was evaluated from the profile of the amplitude ratio A as

ζ =

√
1−

√
1−A−2

max

2
, (5.9)

where Amax is the maximum value of A. Equation (5.9) cannot be used in the case

where the measuring system is overdamped and the profile of A does not have a max-

imum value. In such a case, the optimal value of ζ was obtained by fitting Eq. (5.3)

to the measured profile of A using “fminsearch”, which is function for optimization,

available in MATLAB®.

The dynamic response of the pressure-measuring system was investigated for var-

ious combinations of the SP-probe and the pressure transducer, and the values of ζ
and ωn are summarized in Table 5.2. The measured variation of A and ∆θ are com-

pared for cases with DP45-1 and various SP-probes in Fig. 5.6 and for cases with the

probe d20 and various pressure transducers in Fig. 5.7. The circles stand for the mea-

sured values, and the solid lines represent the profiles obtained by Eqs. (5.3) and (5.4)

with the calibrated values of ζ and ωn in Table 5.2. Although only the values of A

and ∆θ at vicinity of the natural frequency were used for evaluation of ζ and ωn, the

profiles drawn by Eqs. (5.3) and (5.4) are in good agreement with all the measured val-
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Table 5.2: Dumping ratio and natural frequency of various pressure-measuring systems. R, I and C are
given in mm3/Pa, ×10−2kg/mm4 and mm3/Pa.

DP45-2 DP45-1 DP103
SP-probe air d10 d15 d20 air d10 d15 d20 air d10 d15 d20

ζ 1.5 0.41 0.20 0.16 1.9 0.52 0.24 0.20 4.0 1.1 0.55 0.46
ωn 19.7 17.4 19.3 20.3 12.1 11.7 13.2 13.7 2.88 3.52 4.58 4.78
R 1.6 0.49 0.21 0.16 1.7 0.46 0.19 0.15 1.4 0.325 0.122 0.098
I 2.7 3.4 2.8 2.5 3.6 3.8 3.0 2.8 6.1 3.8 2.4 2.2
C 0.0967 0.192 1.96

Figure 5.6: Dynamic response
of pressure measuring sys-
tems with DP45-1 and various
SP-probes: blue, probe-d10;
green, probe-d15; red, probe-
d20; black, probe-air. Circle
plots and solid line show the
measured values and the fitted
profiles, respectively.

ues throughout entire the calibrated frequency range, which indicates that the model

Eq. (5.1) approximates well the behavior of the present pressure-measuring system.

Comparing the dynamic response of the pressure-measuring systems with different

SP-probes shown in Fig. 5.6, one can obviously see that the resonance peak magnitude

of A became smaller as the SP-probe becomes thinner. Especially in the case with the

probe-air, the system was overdamped and the evaluated value of the damping ratio

ζ was much larger than those of the system with the other SP-probes. On the other

hand, the variations of ∆θ crossed ∆θ = π/2 around 2 Hz regardless of size of the

SP-probe, indicating that the natural frequency ωn was affected only weakly by size of

the SP-probe.

The results presented in Fig. 5.7 indicate that the compliance C significantly

changes both ζ and ωn. As C increases, the natural frequency ωn was shifted toward

the lower frequency region, and also the system became more damped. This can be
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Figure 5.7: Dynamic re-
sponse of pressure measuring
systems with probe-d20 and
various pressure transducers:
blue, DP45-2; green, DP45-2;
red, DP103

explained by Eq. (5.2) as C appears in both ζ and ωn.

The fluid resistance R and the inertance I were also evaluated based on Eq. (5.2),

and the values are summarized in Table 5.2. One can see that R significantly increased

as the tube of the SP-probe became thinner, indicating that R primarily represents the

effect of the viscosity of the water inside the tube of the SP-probe. Hence, the size of

the SP-probe mainly affected the damping ratio ζ through the value of R, and did not

the natural frequency ωn because R does not appear in ωn (see Eq. (5.2)). On the other

hand, I was relatively insensitive both to the size of the SP-probe and to the compliance

of the pressure transducer.

5.4.2 Step-response test

Response to a step input was examined for further investigation on the dynamic re-

sponse of the pressure-measuring systems. A sudden pressure drop was generated us-

ing a system schematically sown in Fig. 5.8. The SP-probe of the pressure-measuring

system to be calibrated was fixed in the water phase in a pressure box. A T-shape tube

was connected to the air phase in the pressure box at one end and to a piston at another

end, and the other end was closed by a membrane of soap solution. The pressure in

the air phase in the pressure box was kept higher than the atmospheric pressure by the

piston, and sudden pressure drop was generated by breaking the membrane of soap

solution.
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Figure 5.8: Schematics of system for step-response test.

The behavior of the measuring system against the step input is described by the

following differential equation:

d2 pm

dt2 +2ζωn
d pm

dt
+ω2

n pm = 0. (5.10)

Equation (5.10) can be easily solved, and the analytical step response of the pressure-

measuring system is obtained as:

pm

p0
=


e−ζωnt

(
cosqt +

ζωn

q
sinqt

)
(ζ < 1)

p2

p2 − p1
e−p1t − p1

p2 − p1
e−p2t (ζ > 1)

, (5.11)

where p0 is the height of the step input, and q, p1 and p2 are respectively defined as:

q = ωn

√
1−ζ 2,

p1 = ωn(ζ +
√

ζ 2 −1),

p2 = ωn(ζ −
√

ζ 2 −1).

Figure 5.9 presents the step response of the measuring systems with DP45-1 and

various SP-probes, comparing those measured and predicted by Eq. (5.11). The mea-

sured responses are indicated by the blue, green, cyan, and red lines for the probe-d20,
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Figure 5.9: Comparison of measured and predicted step response of pressure-measuring system with
DP45-1. Probe-d20, blue and “· · ·”; probe-d15, green and “−−”; probe-d10, cyan and “−·−”; probe-
air, red and “—”.

d15, d10, and air, and it is shown that step response of the system with the probes-

d10, d15, and d20 showed the overshoot, but that of the system with the probe-air was

overdamped and did not oscillate. The step responses predicted by Eq. (5.11) with

the values of ζ and ωn in Table 5.2 are also presented in Fig. 5.9 by the black dotted,

dashed, chained, and solid lines for the probe-d20, d15, d10, and air. The predicted step

response for the case with the probes-air and d10 were in strong agreement with the

measured step responses, and those for the case with probes-d15 and d20 also agreed

fairly well with the measured step response while certain underestimate of overshoot

can be seen. This results also supports consistency of the present calibration results.

5.4.3 Effect of tube on dynamic characteristics of systems

The present pressure-measuring system has tubing with a certain length between the

SP-probe and the the pressure transducer, unlike those used in the measurements in

air, where the transducer is directly embedded to the SP-probe. The dynamic charac-

teristics of such a pressure-measuring systems may depend on the length and/or the

shape such as straight, curved, or looped. In this subsection, such effect of the tubing

is addressed by the step-response test.

Effect of tubing length The effect of the tubing length was examined by comparing

the step response for different tubing lengths. Three tubes were used for comparison:

tubes with lengths of 0.46 m, 0.96 m and 1.9 m. It should be noted that the tube with

length of 0.96 m was identical to that used in the main experiment.
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Table 5.3: Parameters of pressure-measuring system with different tubing length.

L (m) ζ/ζ0 ωn/ωn0 R/R0 I/I0
0.46 1.1 1.26 0.94 0.86
0.96 1 1 1 1
1.9 0.94 0.76 1.23 3.73

Figure 5.10: Step response of pressure measuring systems with probe-d20, DP45-1 and tubing with
different lengths.

Figure 5.10 compares the step responses of the pressure-measuring systems with

the DP45-1, the probe-d20, and the three different tubes. It is shown that the step re-

sponse was clearly affected by the length of the tubing. The parameters of the dynamic

response for each case were evaluated by fitting Eq. (5.11) to the measured step re-

sponse, and the obtained values are summarized in Table 5.3. The values are scaled

by those in the case of the tubing length being 0.96 m. It is shown that both R and I

increased as the tubing length increased. The increase of R was attributable to increase

of the area of inner wall of the tube, where the viscous drag acted on the oscillating

fluid inside the tubing. The increase of I was simply interpreted as the increase of the

fluid mass inside the pressure-measuring system.

The natural frequency of the system ωn moved toward the lower frequency range as

the tubing length increased due to the increasing I (see Eq. (5.2)). The damping ratio ζ
was the function of both R and I, and decreased as the tubing length increased because

the variation of I was more significant than that of R. Thus, the tubing length affects

both the damping ratio and the natural frequency of the pressure-measuring system

through the fluid inertance I.
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Figure 5.11: Step response of pressure measuring systems with same SP-probe, tubing, pressure trans-
ducer but different shape of tubing.

Effect of tubing shape The effect of shape of the tubing is examined. The step re-

sponses of the pressure-measuring system composed of same SP-probe, same pressure

transducer, and same tube was measured and compared for different three tube shapes:

straight, looped, and arched. The step response measured with different tubing shape

are compared in Fig. 5.11. It is indicated that the step responses were almost identical

to each other and the tubing shape did not affect the dynamic characteristics of the

pressure-measuring system.

5.5 Fluctuating Pressure Measurement in a Wake of a
Circular Cylinder

5.5.1 Experimental condition

Fluctuating pressure measurement was performed in a wake of a circular cylinder. The

measurement was undertaken in a closed-loop water channel. A circular cylinder with

the diameter D of 20 mm was placed in a free steam of the water channel, and the

free stream velocity was fixed at U∞ = 0.28 m/s. The temperature of the water was

39◦C during the measurement. The origin of the Cartesian coordinates was placed

at the center of the cylinder and the x− and y−axes were taken in the streamwise

and transverse directions, respectively. The Reynolds number based on U∞ and D,

Re =U∞D/ν , was 7800, and the measurements were conducted at x/D = 6.

The main SP-probe was placed in the wake, and the secondary SP-probe, which

had the same geometry as the main probe, was placed at the same streamwise location
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Figure 5.12: Measurement conditon.

but outside the wake to monitor the background noise on the fluctuating pressure. The

background noise on the pressure signal measured by the main probe was reduced

by the same manner proposed by Naguib et al. (1996). The DP45-1 was used with

the SP-probes d15 and d20, but the DP45-2 was used for with the SP-probe d10 and

air, because of the better dynamic response of the pressure-measuring system with the

DP45-2. A sampling rate and sampling time at each measurement point were 100 Hz

and 300 s, respectively.

The signals of fluctuating pressure were corrected based on the calibration results

of the dynamic response of the pressure-measuring system by the procedure described

below. Applying the Fourier transform to the measured pressure signals, we evaluated

the complex Fourier coefficient at n-th Fourier mode Bn. The amplitude change and

the phase delay at n-th frequency fn caused by the dynamic response of the SP-probe,

namely An and ∆θn, were evaluated by Eqs.( 5.3) and (5.4) with the values of ωn and

ζ in Table 5.2. Using these values of An and ∆θn, Bn was corrected as

B̂n =
Bn

An {cos(∆θn)+ j sin(∆θn)}
, (5.12)

where j is the imaginary unity, and the pressure signals were reconstructed by applying

inverse Fourier transform as

p =
N

∑
n=1

B̂n exp(− j2π fnt) . (5.13)

As the sampling time was 300 s, the frequency resolution of the Fourier transform was

1/300 Hz. Besides, a low-pass filtering a cut-off frequency of 8 Hz was applied to the
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Figure 5.13: Distribution of mean
pressure and at x/D= 6 in a wake of
a circular cylinder: blue, d20; green,
d15; red, d10; black, air.

corrected pressure signals, in order to filter out the high-frequency noise. The FFT, in-
terpolation, and low-pass filtering included in the above procedures were conducted by
using the functions “fft”, “interp1”, and “filtfilt” available in the MATLAB®

library.
It should be mentioned that the measurement location x/D = 6 belonged to the

flow region associated with relatively strong velocity fluctuation, in which the pres-
sure measurement by the SP-probe might be contaminated due to the cross flow effect
described in Fig. 5.3. However, as the purpose in the present chapter is to develop a
calibration technique of dynamic response of a system for pressure measurement in
water, the overall accuracy of the pressure measurement is not addressed, and, instead,
a focus is put on correction of the measured pressure signal based on the result of the
dynamic-response calibration.

5.5.2 Results and discussion

The distributions of the mean pressure P at x/D = 6 measured by the four different
SP-probes are presented in Fig. 5.13. The values are scaled by ρU2

∞, and the mean
pressure values at y/D = 3.0 are taken to be zero. It should be also mentioned that
the pressure in the range of y/D < −2.0 was not measured by the probes d10 and air
due to the limitation of the traverse equipment. The profile of P measured by all the
SP-probes show symmetric profiles with respect to y/D = 0 and take the minimum of
about −0.1ρU2

∞ at the wake center. The agreement between these results is reasonably
good.

Figure 5.14a presents the distributions of the root-mean-square of the pressure fluc-
tuation obtained from the uncorrected pressure. The values of the pressure fluctuation
p′ are scaled by ρU2

∞. The profiles of the uncorrected p′ measured by the various SP-
probes show much different distributions. Those measured by the probes d10, d15, and
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Figure 5.14: Distribution of pres-
sure fluctuation at x/D= 6 in a wake
of a circular cylinder: (top) uncor-
rected, (bottom) corrected. Col-
ors indicate same SP-probes as in
Fig. 5.13

−3 −2 −1 0 1 2 3
0

0.02

0.04

0.06

0.08

p
′
/
ρU

2 ∞

−3 −2 −1 0 1 2 3
0

0.02

0.04

0.06

0.08

y/D

p
′
/
ρU

2 ∞

d20 indicate the two peaks of the pressure fluctuation located beside the wake center,

but the peak magnitude is different from each other. On the other hand, the profile of

p′ measured by the probe-air shows much smaller value and has no peak of fluctuation.

Figure 5.14b presents the profiles of the pressure fluctuation p′ evaluated from

the pressure corrected based on the calibration results of the dynamic response of the

pressure-measuring system. The profiles of p′ measured by the four SP-probes are in

good agreement with each other despite of the profiles much different from each other

before the correction. Especially, the result measured by the probe-air was drastically

changed by the correction; two peaks of the fluctuation appears at y/D =±1.

Figure 5.15 presents the power spectrum density (PSD) of the fluctuating pressure

at y/D =−1.0, comparing the results measured by the various SP-probes. The profiles

of the PSD of the uncorrected pressure are show in Fig. 5.15a. All of the profiles

measured by the four different SP-probes have a significant peak at f = 2.6 Hz, which

corresponds to the Strouhal number St = f D/U∞ of 0.186. This peak was obviously

caused by the Karman vortices shed from the cylinder. The difference between the

results measured is significant in the frequency range 1 Hz ≤ f , including the vortex

shedding frequency. The PSDs measured by the probe-d10, d15, and d20 have the

broad hill, which was caused by the resonance. On the other hand, the profile of the

PSD measured by the probe-air does not show such broad increase because the system

with the probe-air is overdamped.

In Fig. 5.15b, it is shown that the PSDs of the measured pressure are in good agree-
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Figure 5.15: Power spectra den-
sity of pressure fluctuation mea-
sured at y/D = −1.0: (top) un-
corrected, (bottom) corrected; blue,
d20; green, d15; red, d10; black, air.

ment with each other after the correction. The broad hill apparent in the profiles of

the uncorrected PSD measured by the SP-probe d10, d15 and d20 disappear although

the significant peak by the Karman vortex shedding still remain. The profile of the

PSD measured by the probe air also drastically changed by the correction. This agree-

ment between the pressure fluctuation by the correction supports validity of the present

measurement technique.

In order to further examine the measurement results, the probability density func-

tion (PDF) of fluctuating pressure was investigated at y/D = 1.0 and 3.0; the former

was the location where the pressure fluctuation reached a local maximum, while the

latter was outside the wake region where the pressure fluctuation is so weak that basi-

cally only the background noise was measured. Figure 5.16 presents the PDFs at these

locations measured by the four SP-probes after the correction of the dynamic response

was made. The results measured by the four different SP-probes agree well with each

other. The PDFs measured at the edge of the wake y/D = 3.0 are concentrated around

p/ρU2
∞ = 0, while the PDFs measured at the peak location y/D = 1.0 show smooth

distributions with a notable negative skewness. Both distributions are smooth and free

from scratch noise of any kind. Based on these observations, we consider that the noise

level of the pressure measurement was sufficiently small.@ The pressure fluctuation
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Figure 5.16: Probability density
function of fluctuating pressure:
(a) measured at y/D = 3.0, (b) mea-
sured at y/D = 1.0. Colors indicate
same SP-probe as in Fig. 5.13
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at y/D = 1.0 was about 0.052ρU2
∞ (evaluated as the average of results by the four

SP-probes), while that measured at y/D = 3.0 was 0.0081. Consequently, the signal-

to-noise ratio of the pressure measurement was roughly evaluated to be 6.6-to-1.

The appropriateness of the correction based on the present calibration results is also

supported by the higher moment of the pressure fluctuation. Figure 5.17 presents the

distribution of the skewness factor of the pressure fluctuation, defined as S ≡ p3/p′3,

comparing the profiles evaluated from the measured pressure signals before and after

the correction. The profiles of S evaluated without the correction show the negative

values of skewness across the wake, and have two negative peaks located at y/D =±2.

Among the results, those measured by the probe-air shows much larger magnitude of

the skewness than those measured by the other probes in the center region of the wake.

On the other hand, the profiles of S evaluated with the correction are in fairly good

agreement with each other, which also supports the appropriateness of the correction

on the measured pressure based on the calibration results.

As shown in the above discussion, the measured fluctuating pressure was examined

from different aspects including the second- and third-moments, PSD, and PDF, and

these results measured by the four different pressure-measuring systems showed a clear

consistency with each other. These observations supports a fair reliability of the present

method of dynamic-response calibration.
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Figure 5.17: Distribution of skew-
ness factor at x/D = 6 in a wake of a
circular cylinder: (top) uncorrected,
(bottom) corrected. The colors indi-
cate same SP-probe as in Fig. 5.13

5.6 Summary of This Chapter

A technique for fluctuating static-pressure measurement at an arbitrary point in tur-
bulent flow in water was developed using a pressure-measuring system comprising
an SP-probe, a strain-gauge-type pressure transducer, and a tube connecting them. A
model of behavior of the pressure-measuring system was introduced, and a calibration
technique for determining the parameters in the model equation was developed. The
fluctuating pressure measurement was performed in a wake of a circular cylinder. The
frequency range of the present measurement technique was 0 ≤ f ≤ 8 Hz, and the
spatial resolution was from 2.4× 2.4× 3.2 mm3 to 1.0× 1.0× 0.4 mm3, depending
on the SP-probe. The signal-to-noise ratio was approximately 6.6-to-1. The pressure
related statistics measured by four different pressure-measuring systems, including the
second- and third-moments, power spectrum density, and probability density function,
were in good agreement with each other, after the correction based on the dynamic-
response calibration. This demonstrates that the fluctuating hydraulic-pressure was
successfully measured by the developed technique and fluctuating pressure at an arbi-
trary point in water is possible.



Chapter 6

Hybrid Method of PIV-Based Pressure
Evaluation and Direct Measurement
by Static-Pressure Probes

6.1 Motivation

Certain successful results of the velocity-pressure correlation have been obtained by

the direct measurement method, where the miniature pressure probe is combined with

a hot-wire probe, by the several earlier studies (Naka and Obi, 2009; Naka et al., 2006;

Sakai et al., 2007; Terashima et al., 2012; Tsuji et al., 2007) and the previous chapters

of this thesis. However, this measurement technique is limited to the single-point mea-

surement; in addition, it cannot be applied to the flow region where instantaneous flow

direction has large angle of attack to the probe axis, such as a high turbulence inten-

sity region or a recirculation region, mainly due to error in the pressure measurement

caused by the cross-flow effect.

On the other hand, the PIV-based pressure evaluation, by which instantaneous

pressure filed is numerically derived from instantaneous velocity field measured by

PIV, has been intensively studied in recent years (e.g., Ghaemi et al., 2012; Liu and

Katz, 2006; Obi and Tokai, 2006; Pröbsting et al., 2013; van Oudheusden, 2013), as

mentioned in Sect. 1.2. Thanks to the non-intrusive nature of PIV measurement, this

method can be applied to flow regions where the direct measurement techniques can-

not be used. It is also quite useful for investigating the pressure-related statistics, in

that both the instantaneous fields of velocity and pressure are obtained.

Despite such great advantages, there remain issues of the PIV-based pressure eval-

uation that need to be further addressed, such as specification of the boundary condi-

107
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tion. Information of velocity primarily gives the Neumann-type boundary condition as

the pressure gradients are supplied by evaluating the terms in the momentum equation,

while some extra efforts are required to identify the Dirichlet-type boundary condition;

the most straightforward way is to directly measure the pressure in the PIV measure-

ment domain, which has never been attempted in earlier studies (at least, to the best of

the author′s knowledge) partly due to the technical difficulties in measuring fluctuat-

ing pressure. Alternatively, in some of the earlier studies, the pressure on the boundary

was estimated from the measured velocity data by assuming a potential flow or a steady

flow (e.g., De Kat and van Oudheusden, 2012; Ghaemi et al., 2012; Ishii et al., 2008;

Pröbsting et al., 2013).

The PIV-based pressure evaluation has another shortcoming, in that the pressure

evaluation is easily affected by the noise involved in PIV data (Charonko et al., 2010;

De Kat and van Oudheusden, 2012). The equation used to derive pressure, such as

the Poisson equation for pressure, contains spatial and temporal derivatives of instan-

taneous velocity, the evaluation of which amplifies the effect of the measurement noise

in PIV data.

In this chapter, it is aimed to improve these shortcomings of the PIV-based pres-

sure evaluation method by combining it with direct single-point measurement by the

SP-probes. The technique for fluctuating pressure measurement in liquid flow devel-

oped in the previous chapter is combined with time-resolved planar PIV measurement,

and instantaneous velocity field and fluctuating pressure at single point are measured

simultaneously. The shortcomings of the PIV-based pressure evaluation, such as the

low signal-to-noise ratio and the specification of the pressure value, is overcome by

using the pressure signals directly measured by the SP-probe as reference to extract

the pressure data of the coherent structure and to specify the pressure value. Simulta-

neous measurement of fluctuating velocity and pressure was performed in a turbulent

wake behind a circular cylinder, where the recirculation region exists and the direct

measurement technique for the velocity-pressure correlation measurement cannot be

applied. The pressure-related statistics such as the velocity-pressure correlation and

the pressure-strain correlation were evaluated, and their roles in the transport of the

Reynolds stresses were investigated.
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6.2 Evaluation of Instantaneous Pressure Field

6.2.1 Basic Equation and Boundary Condition

There are several ways to numerically reconstruct the pressure field from the measure-

ment data of the PIV, such as directly integrating of the pressure gradient obtained

based on the momentum equation (e.g., Liu and Katz, 2006) and solving the Poisson

equation for pressure (e.g., De Kat and van Oudheusden, 2012; Ghaemi et al., 2012;

Obi and Tokai, 2006; Pröbsting et al., 2013). Charonko et al. (2010) compared several

numerical methods and reported that solving Poisson equation is more robust to the

noise involved in the PIV data than the other numerical method. In the present study,

the Poisson equation for pressure was used for numerically valuating pressure.

Based on the Navier-Stokes equation for the incompressible flow, the pressure gra-

dient is obtained as

∂ p̃
∂xi

=−ρ
(

∂ ũi

∂ t
+ ũ j

∂ ũi

∂x j

)
+µ

∂ 2ũi

∂x2
j
, (6.1)

where ρ is density of the fluid, and ui and p are instantaneous velocity and pressure,

respectively. When the flow field of interest is fairly homogeneous in the z-direction,

the two-dimensional approximation can be applied, and the pressure gradient in the x-

and y-directions are approximated as:

∂ p̃
∂x

≃ −ρ
(

∂ ũ
∂ t

+ ũ
∂ ũ
∂x

+ ṽ
∂ ũ
∂y

)
, (6.2)

∂ p̃
∂y

≃ −ρ
(

∂ ṽ
∂ t

+ ũ
∂ ṽ
∂x

+ ṽ
∂ ṽ
∂y

)
, (6.3)

where u and v are the velocity components in the x- and y-directions, respectively. It

should noted that the viscous terms of Eq. (6.1) are omitted under the assumption of

sufficiently high Reynolds number. Taking divergence of the pressure gradients, one

obtains the 2-D approximated Poisson equation for pressure:

∂ 2 p̃
∂x2 +

∂ 2 p̃
∂y2 =

∂
∂x

[
−ρ
(

∂ ũ
∂ t

+ ũ
∂ ũ
∂x

+ ṽ
∂ ũ
∂y

)]
+

∂
∂y

[
−ρ
(

∂ ṽ
∂ t

+ ũ
∂ ṽ
∂x

+ ṽ
∂ ṽ
∂y

)]
. (6.4)

The source terms on the right-hand-side can be evaluated from the PIV data. Hence,

one can obtain the instantaneous pressure field from the PIV data by numerically solv-
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ing Eq. (6.4) with the proper boundary condition.

The boundary conditions are specified by virtue of Eqs. (6.2) and (6.3), which

provides the Neumann-type condition. It should be mentioned that one needs reference

pressure to specify the pressure values; in the present study, instantaneous pressure

directly measured by the SP-probe is used as the reference, as will be described in

Sect. 6.3.4.

6.2.2 Extraction of Data of Coherent Structure from PIV Data

Measurement noise involved in PIV data greatly affects the evaluation of instanta-

neous pressure field, because the source terms of Eq. (6.4) include temporal and spatial

derivatives of instantaneous velocity. In order to separate the meaningful data of coher-

ent structure from the noise, the proper orthogonal decomposition (POD) was applied

as performed by Charonko et al. (2010).

The pressure gradients were evaluated from the PIV data by Eqs. (6.2) and (6.3),

and the POD was applied to the data set of the velocity and the evaluated pressure gra-

dient. After the POD was applied, the fluctuating velocities and the pressure gradients

associated with the coherent structures can be extracted by reconstructing the PIV data

using only the several lowest modes as:

ˆ̃um = U +
m

∑
k=1

ai(t)ηk, (6.5)

ˆ̃um = V +
m

∑
k=1

ai(t)ξ k, (6.6)

∂̂ p̃
∂x m

=
∂P
∂x

+
m

∑
k=1

ai(t)ϕ k, (6.7)

∂̂ p̃
∂y m

=
∂P
∂y

+
m

∑
k=1

ai(t)ψk. (6.8)

where [] stands for the averaged values, [̂]m for the instantaneous quantities recon-

structed from the lowest m POD modes, ηk, ξ k, ϕ k, and ψk are the k-th POD bases of

the velocities and the pressure gradients, and ak(t) is the k-th POD coefficient common

to all the POD bases. The proper value of m was determined based on the reference

signal directly measured by the SP-probe, as described in Sect. 6.3.4. The recon-

structed pressure gradients ˆ∂ p/∂xm and ˆ∂ p/∂ym were used to evaluate the content

of ∂/∂x[] and ∂/∂y[] in the right-hand-side of Eq. (6.4) and to specify the boundary
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condition. The reconstructed velocities ûm and v̂m were used to evaluate the pressure-

related statistics in Sect. 6.5.

6.2.3 Numerical Methods

Equation (6.4) was discretized by means of the finite volume method with second order

accuracy. Denoting by P the node at which the equation to be solved is discretized and

those surrounding it by E, S, W, and N, a discrete form of the Poisson equation is

∆y
∆x

(ϕE +ϕW )+
∆x
∆y

(ϕN +ϕS)−2
(

∆x
∆y

+
∆y
∆x

)
ϕP = S, (6.9)

where S is the source terms in the right-hand-side, which was evaluated as

S =

[
∂
∂x

(
∂̂ p̃
∂x m

)
+

∂
∂y

(
∂̂ p̃
∂y m

)]
∆x∆y, (6.10)

with ∆x and ∆y being the grid spacing in the x- and y-directions, respectively. The

temporal and spatial derivatives in the source term S were evaluated based on the PIV

data using the central-difference-scheme with second order accuracy.

The numerical solution was obtained by the successive over-relaxation (SPR)

method. The iterative procedure was continued until the residual became 1/1000 of

that at the first iteration. The iteration number necessary for convergence was 10,000.

6.3 Experiment

6.3.1 Flow System

The test section is schematically shown in Fig. 6.1. The measurements were un-

dertaken in a closed-loop water channel with a cross-sectional area W × H being

330× 140 mm2 (W and H are the width and the height of the cross section, respec-

tively). A circular cylinder, which had a diameter D of 20 mm and spanned the height

of the channel, was placed in the test section; consequently the aspect ratio D/H

and the blockage coefficient D/W were 0.14 and 0.061, respectively. The origin of

Cartesian coordinates was fixed at the center of the cylinder, and the x, y, and z axes

were taken in the streamwise, transverse, and spanwise directions. The measurement

domain of the PIV was placed immediately behind the cylinder, 0.6 ≤ x/D ≤ 4.5,

−2.1 ≤ y/D ≤ 1.9. The temperature of the water was 25◦C during the experiment.
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Figure 6.1: Schematics of test sec-
tion.
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The free-stream velocity U∞ was 0.28 m/s with turbulence intensity of 3%, and the

Reynolds number based on D and U∞ was 7800. The vortex shedding frequency was

2.6 Hz, corresponding to the Strouhal number St = f D/U∞ of 0.19.

6.3.2 Direct Single-Point Measurement of Fluctuating Pressure

The direct single-point measurement of fluctuating pressure was conducted by means

of the technique developed in Sect. 5. The SP-probe 20 was employed (the schematics

is shown in Fig. 6.2). As will be described later, three SP-probes were used for simul-

taneous measurement with a planar PIV: two SP-probes were used as the main probes

located inside the measurement domain of the PIV for simultaneous measurement, and

the other SP-probe was a sub probe for monitoring a background noise loaded on the

pressure signals measured by the two main SP-probes. The pressure-measuring system
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developed in Chap. 5 was used; the SP-probes were connected to pressure transducers
mounted outside the water channel by plastic tubes with a length, inner diameter, and
thickness of 0.96 m, 6 mm, and 0.5 mm, and the DP45-1 and 2 were used with the
two main SP-probes and the sub SP-probe, respectively. The signals from the pressure
transducer was acquired by a 16-bit DAQ board (PCI 6221, National Instruments).

6.3.3 Velocity Measurement by PIV

Instantaneous velocity field was captured by means of a time-resolved planar PIV.
A high-speed camera (FASTCAM SA3 model, Photron) with an 85 mm lens (Nikkor
85 mm f2.8D, Nikkon) was combined with a continuous laser (LYPE2-SG-WL532CW
LYPE) with a wave length and a maximum output power of 532 nm and 2 W, respec-
tively. The resolution of the high-speed camera was 1024×1024 pixel2. White Nylon
12 particles, with a mean diameter and a specific gravity were 90 µm and 1.02, respec-
tively, were used as a tracer.

The acquired images were processed by a house-made three-step algorithm based
on the FFT-based cross-correlation method, in which the basic PIV, the discrete-
window-shift PIV, and the central-difference-image-correction method (Wereley and
Gui, 2003) were applied in the first, second, and third step with increasing spatial

resolution. Size of the interrogation area was 48× 48 pixel2 in the first and second
steps, and 20×20 pixel2 in the third step, which corresponds to spatial resolution of
1.63×1.63 mm2. The data points were located with overlap ratio of 50%, and 99×97
data points were in the PIV measurement domain. The sub-pixel displacement was
evaluated based on the Gaussian fitting. The outliers were detected by the median
filtering (Westerweel, 1994), and replaced by the average of the velocity vectors at sur-
rounding eight neighbor data points; the typical number of the detected outliers was
less than 0.1% of the data points.

The overall accuracy of the house-made PIV algorithm was addressed by Suryadi
(2007) using artificial particle images by Okamoto et al. (2000), and uncertainty in

evaluation of the particle displacement was found to be approximately 0.2 pixel, which
corresponds to 3% of U∞.

6.3.4 Simultaneous Measurement of Velocity and Pressure

Measurement system The system for simultaneous measurement of velocity and
pressure is schematically shown in Fig. 6.3. Two SP-probes were employed; the
SP-probes 1 and 2 were located at (x1/D, y1/D) = (4.3, 1.0) and (x2/D, y2/D) =
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Figure 6.3: System of simultane-
ous measurement of velocity and
pressure by time-resolved planar
PIV and SP-probes.
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(4.3, −1.9), respectively, where velocity fluctuation was relatively moderate in the

measurement domain of the PIV and the accuracy of the pressure measurement was

retained. According to velocity measurement by the PIV, fluctuations of flow angle at

the location of the SP-probes 1 and 2 were 19◦ and 7.0◦, respectively. Consequently,

uncertainties of the pressure measurement by the SP-probes 1 and 2 were 3.3% and

0.2% of ρU2
∞, according to Fig. 5.3. The pressure signals measured by the SP-probe 2

were used as reference for the PIV-based pressure evaluation as explained later, and

those measured by the SP-probe 1 were used for validation of the evaluated pressure.

In addition, a third SP-probe for monitoring the background noise was placed at the

same streamwise location but outside the wake. Based on the pressure signals mea-

sured by the sub SP-probe, the background noise loaded on the signals measured by the

main SP-probes were canceled by the optimal filtering scheme (Naguib et al., 1996).

The SP-probes were fixed 10 mm below the laser sheet to avoid reflection of the laser.

Spanwise coherence of the flow field was first examined by a two-point pressure

measurement. Figure 6.4 presents fluctuating pressure measured at two points located

at the position of SP-probe 2 (x2, y2) and spatially separated by a spanwise distance of

10 mm. As shown, the time sequences of the fluctuating pressure at the two points are
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Figure 6.4: Time sequences of fluctuating pressure measured at two points located at the position of
SP-probe 2 (x2, y2) and spatially separated in spanwise direction by 10 mm distance.
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quite similar to each other, and the correlation coefficient between them is 0.83. This

indicates a sufficient degree of spanwise coherence of the flow structure, and justifies

the use of the pressure signal directly measured by the SP-probe 2 as reference for

pressure evaluation based on the PIV measurement. The spanwise coherence was also

investigated at the position of the SP-probe 1 (x1, y1) by the same manner, and the

correlation coefficient between the pressure signals is 0.63.

Synchronization of PIV and direct pressure measurement Synchronization of the

PIV measurement and the pressure measurement by the SP-probes was operated by a

32-bit PC. The PC generated a pulse to trigger the recording of images by the high-

speed camera. The trigger signal was recorded with the pressure signal with a sampling

rate of 10 kHz, so that pressure samples acquired simultaneously with image acquisi-

tion by the high-speed camera can be extracted from the measured pressure signals by

the rising edge of the trigger signal.

The samples of instantaneous pressure acquired simultaneously with velocity mea-
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surement by the PIV were extracted from the measured pressure signals in the post

processing. As schematically shown in Fig. 6.5, the trigger signals and the pressure

signals were recorded together by the PC. The timing of image acquisition by the PIV

corresponds to those of the rising edges of the trigger signals, which occur at t = t0, t1,

t2 · · · . As the i-th velocity field was evaluated from the i−1th and ith images, the sam-

ples of instantaneous pressure acquired simultaneously with the PIV measured were

those measured at t = (t0 + t1)/2, (t1 + t2)/2 , (t2 + t3)/2 · · · .

Reference pressure signals for PIV-based pressure evaluation The value of m in

Eqs. (6.5)-(6.7) was determined based on the pressure signals directly measured by the

SP-probe 2. Reference streamwise pressure gradient was approximately evaluated as

∂ p̃spp

∂x
≃−1

ũ
∂ p̃spp

∂ t
, (6.11)

where p̃spp stands for the instantaneous pressure directly measured by the SP-probe 2,

and ũ is the instantaneous streamwise velocity measured by the PIV at the same posi-

tion. The value of m was determined so that ∂̂ p/∂xm at (x2, y2) has high correlation

with ∂ p̃spp/∂x.

The values of the instantaneous pressure evaluated by numerically solving Eq. (6.4)

were specified by the instantaneous pressure directly measured by the SP-probe 2 as

p̃cor(x,y, t) = p̃(x,y, t)−
(

p̃(x2,y2, t)− p̃spp(t)
)
. (6.12)

6.4 Result

6.4.1 Velocity Measurement and the POD Analysis

Figure 6.6 presents a sample of instantaneous velocity field measured by the PIV. The

black arrows indicate the pattern of the flow direction and the color shows the magni-

tude of the velocity
√

ũ2 + ṽ2 scaled by the free-stream velocity U∞.

The instantaneous pressure gradients were evaluated from the PIV data using

Eqs. (6.2) and (6.3), and the POD bases of the velocities and pressure gradients ξ ,

η , ϕ and ψ were obtained by means of the snapshot POD (Sirovich, 1987). In the
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Figure 6.6: Instanta-
neous velocity field;
color indicates

√
u2 + v2

and black arrows show
pattern of flow direction.
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snapshot POD analysis, a matrix of the PIV data X was used:

X =



 u


t0

 u


tt
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· · ·

 v


tn−1

 v


tn ∂ p
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 ∂ p
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, (6.13)

where {}ti stands for a column vector obtained by sorting the data of instantaneous

distribution of the velocity or pressure gradient at t = ti into one column. Then, the

following eigen value problem of a symmetric matrix QX = XT X was solved:

QX γk = λkγk, (6.14)

where λk and γk are the k-th eigen value and vector, respectively. The POD bases in

Eqs. (6.5)-(6.8) were contained in the eigen vector γ as[
ηT

k ξ T
k ϕ T

k ψT
k

]T
= Xγk

/√
λk . (6.15)
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Figure 6.7: POD base of fluctuating velocity ξ and η .
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Figure 6.8: POD base of fluctuating pressure gradient ϕ and ψ .

The eigen value λk and the eigen vector γk were evaluated by numerically solving the

eigen value problem Eq. (6.14) using a function “eig”, available in MATLAB® library.

Figures 6.7 and 6.8 present the evaluated POD bases of the fluctuating velocities

and pressure gradients. For each component, the first four modes are shown for in-

stance. All the POD bases show symmetric distributions with respect to y/D = 0.

Figure 6.9 shows the fluctuating component of the streamwise pressure gradient

at (x2, y2), comparing those measured by the SP-probe 2 (∂ pspp/∂x) and evaluated

from the PIV data with/without the POD (∂̂ p/∂x5, for instance, and ∂ p/∂x). It is

indicated that the PIV result without the POD ∂ p/∂x showed much larger amplitude

of fluctuation than the result by the SP-probe ∂ pspp/∂x. On the other hand, the result

obtained from the first five POD modes ∂̂ p/∂xm agreed well with ∂ pspp/∂x.

Figure 6.10 shows the amplitude ratio of ˆ∂ p/∂xm to ∂ pspp/∂x and the correlation
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Figure 6.9: Fluctuation of streamwise pressure gradient at (x2, y2); black solid line, ˆ∂ p/∂x5 (PIV, with
POD, modes 1-5 are taken into account); gray chained line, ∂ p/∂x (PIV, without POD); red solid line,
∂ pspp/∂x (SP-probe 2).

coefficient between them, which are respectively defined as:

A =

√√√√√( ∂̂ p
∂xm

)2/(
∂ pspp

∂x

)2

, (6.16)

C =

∂̂ p
∂xm

∂ pspp

∂x√√√√( ∂̂ p
∂xm

)2(
∂ pspp

∂x

)2
. (6.17)

The amplitude ratio monotonically increased as the number of POD modes taken into

account increased, and became about unity around the mode 5. It is shown that the

correlation coefficient had quite large value about 0.6 around mode 5, and decreased

with the number of POD modes taken into account. Therefore, it was reasonable to

determine that the first five POD modes should be taken into account for the pressure

evaluation. Figure 6.11 shows the cumulative sum of the first m-th eigen values scaled

by the total energy. The sum of the eigen values of the first five POD modes was about

50% of the total energy, which implies that the pressure gradients evaluated from the

PIV data without special treatment were seriously contaminated by the noise.

6.4.2 Evaluation of Instantaneous Pressure Field

As described in Sect. 6.2.1, instantaneous pressure field was evaluated by virtue of

Eq. (6.4), under assumption that the flow phenomena under investigation has a suf-
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Figure 6.10: Variation of amplitude ra-
tio and correlation coefficient between
ˆ∂ p/∂xm and ∂ pspp/∂x
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Figure 6.11: Cumulative sum of eigen values; N is the total number of POD modes.

ficient degree of two-dimensionality in the z-direction. In order to justify the use of

Eq. (6.4) for evaluation of instantaneous pressure field in this study, a residual of the

two-dimensional continuity equation, ∂u/∂x+ ∂v/∂y, was investigated. Figure 6.12

presents the residual magnitude of the continuity equation of the mean-velocity field

and the residual fluctuation of the continuity equation of the fluctuating velocity field

obtained with/without the POD. It is shown by Figs. 6.12a and b that the measured

mean-velocity field sufficiently satisfied a two-dimensional continuity, while the in-

stantaneous field obtained without the POD did not as indicated by the significant

fluctuation of the residual. Such significant fluctuation of ∂u′/∂x+∂v′/∂y was due to

both the motion of the three-dimensional small-scale vortices and the effect of noise
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Figure 6.12: Two-dimensional divergence of velocity field: (a) divergence magnitude of mean velocity

field |∂U/∂x+∂V ∂y|; (b) fluctuation of divergence obtained without POD
√
(∂u/∂x+∂v/∂y)2; (c)

fluctuation of divergence obtained with POD
√
(∂ û5/∂x+∂ v̂5/∂y)2 (the first five modes were taken

into account).

involved in the PIV measurement. On the other hand, as shown in Fig. 6.12 c, the POD

analysis drastically reduced the residual fluctuation to the same order as the residual

of the continuity equation of the mean velocity field, which indicates that the fairly

two-dimensional flow structure was successfully extracted by the POD. It is therefore

reasonably considered that the use of Eq. (6.4) was appropriate to evaluate instanta-

neous pressure based on the POD-applied velocity fields.

Now, the source terms in Eq. (6.4) were evaluated using ˆ∂ p/∂x5 and ˆ∂ p/∂y5, and

the instantaneous pressure field was evaluated by numerically solving it. The values

of the evaluated pressure were specified by using Eq. (6.12) based on the reference

pressure directly measured by the SP-probe 2. Figure 6.13 shows the instantaneous

pressure field evaluated from the velocity shown in Fig. 6.6, comparing those evalu-

ated with/without the POD. The streamlines drawn by smoothly connecting velocity
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Figure 6.13: Instantaneous pressure dis-
tribution evaluated from PIV data; (a)
without POD, (b) with POD, mode 1-5
are taken into account.
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vectors are shown together. In both cases, the location of the minima of the pressure

corresponded to the pattern of the streamlines, but the pressure distribution and the

streamline pattern were smoother in the case with the POD than that without the POD.

Figure 6.14 shows the fluctuating pressure at (x1, y1), comparing those directly

measured by the SP-probe 1 and evaluated based on the PIV data. It is shown that the

fluctuating pressure evaluated from PIV data without the POD had higher-frequency

fluctuations than the directly measured data, and the amplitude of the high-frequency

fluctuations in the PIV data without the POD was much larger. The correlation coef-

ficient between them was 0.53. On the other hand, the fluctuating pressure evaluated

with the POD showed a very similar pattern to the direct measurement result by the

SP-probe 1, and the correlation coefficient between them was improved to 0.74. The

fluctuation of pressure evaluated based on the PIV data and directly measured by the

SP-probe 1 were 0.055ρU2
∞ and 0.062ρU2

∞, respectively. The difference between them

was 0.007ρU2
∞, and it was on the same order as that of the uncertainty in the direct

pressure measurement by the SP-probe 1 mentioned in Sect. 6.3.4. Therefore, the un-

certainty in the pressure evaluation was approximately 0.007ρU2
∞, which corresponded



6.4 Result 123

0 1 2 3 4 5

−0.2

−0.1

0

0.1

0.2

0.3

 t (s)

p
U

2

 

 

ρ

Figure 6.14: Fluctuating pressure at (x1,y1); black solid line, PIV with POD, mode 1-5; gray chained
line, PIV without POD; red solid line, SP-probe 1.
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Figure 6.15: Distribution of velocity-pressure correlation up: (a) without POD; (b) with POD, modes
1-5 were taken into account.

to 13% of the evaluated pressure fluctuation.

The velocity-pressure correlations up and vp were evaluated based on the mea-

surement results, and are shown in Figs. 6.15 and 6.16, comparing those obtained

with/without the POD. The results with the POD were evaluated taking into account

the POD modes 1-5. It is shown that the velocity-pressure correlation up were mainly

negative in the entire wake region, and showed a symmetric distribution with respect

to y/D = 0 with two significant negative peaks located immediately behind the circular

cylinder, (x/D, y/D) = (1.5, ±0.5). The peak magnitude of up was about 0.09ρU3
∞.

On the other hand, the velocity-pressure correlation vp showed an anti-symmetric dis-

tribution with negative values in y/D ≤ 0 and positive values in y/D ≥ 0, and the peak

magnitude was approximately 0.025ρU3
∞, relatively small as compared to that of up.
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Figure 6.16: Distribution of velocity-pressure correlation vp: (a) without POD; (b) with POD, modes
1-5 were taken into account.

Comparing the results obtained with/without the POD, one can see that the results of

the velocity-pressure correlation measurement were improved by the hybrid method, in

that distributions of up and vp obtained with the POD analysis were more symmetrical

with respect to y/D = 0 than those obtained without the POD.

It was demonstrated that the instantaneous pressure field was successfully derived

from the PIV data by using the instantaneous pressure directly measured by the SP-

probe as the reference signals. The pressure-related statistics in flow regions where

the direct measurement technique cannot be applied are now accessible by the present

method. In the next section, the pressure-related statistics evaluated by the present

hybrid method are further examined, and the role of the pressure-related statistics in

transport of the Reynolds stresses in the flow region immediately behind a circular

cylinder is investigated.

6.5 Discussion

6.5.1 Validation/Verification of Pressure-Related Statistics

The pressure-related statistics are further validated and verified in the following, in

order to further examine reliability of the present measurement results. Figure 6.17

shows the distribution of the mean pressure P, the root-mean-square of the pres-

sure fluctuation p′ and the magnitude of the mean pressure gradient, defined as√
(∂P/∂x)2 +(∂P/∂y)2. The mean pressure is shown with streamlines evaluated
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Figure 6.17: Distribution of pressure
statistics obtained based on PIV re-
sult with POD; (a) mean pressure P,
(b) pressure fluctuation p′, (c) pressure
gradient

√
(∂P/∂x)2 +(∂P/∂y)2.
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from the mean velocity distributions. It is shown that the mean pressure had the min-

imum inside a recirculation region and recovered in the downstream. The pressure

fluctuation showed a symmetric distribution with respect to y/D = 0 and had two sig-

nificant peaks located downstream of the cylinder around (x/D, y/D) = (1.5, ±0.5).

Comparing with the mean pressure gradient shown in Fig. 6.17c, one can see that the

peak locations of p′ corresponded to those of the peak of the mean pressure gradi-

ent. These peak locations of the pressure fluctuation and the mean pressure-gradient

corresponded to those of up (see Fig. 6.15).

The signal-to-noise ratio of the evaluated pressure is now estimated by the simi-

lar manner to those described in previous chapters. It is reasonably considered that
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Figure 6.18: Distribution of mean
pressure and pressure fluctuation at
x/D = 3; black solid line, PIV with
POD; gray chained line, PIV with-
out POD; red circle, SP-probe.
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the upstream corner of the measurement domain (x/D, y/D) = (0.6, −2.1) is a lo-

cation far enough from the shear layer to assume the pressure fluctuation measured

here to be mainly the background noise. In Fig. 6.17b, the pressure fluctuation at

this location was 0.016ρU2
∞, and the maximum pressure fluctuation was 0.23ρU2

∞

at (x/D, y/D) = (1.7, −0.37). Consequently, the signal-to-noise ratio was approx-

imately 14-to-1, while that of the pressure evaluation without the POD was evaluated

by the same manner to be 2.6-to-1. Hence, the signal-to-noise ratio of the pressure

evaluation was significantly improved by the hybrid method.

The profiles of the mean pressure and the pressure fluctuation at x/D = 3 are pre-

sented in Fig. 6.18, comparing those obtained based on the PIV and those directly

measured by the SP-probe. The pressure in y/D ≤−1 was not measured in the direct

measurement because of the limitation of the equipment to traverse the SP-probe. The

cross-flow error contained in the mean pressure measured by the SP-probe was cor-

rected based on the observation on the cross-flow effect in described in Fig. 5.3. The

mean flow angle against the SP-probe was evaluated from the PIV data by

ϕ = tan−1
(

v′

U

)
, (6.18)

and the values of the mean pressure were corrected as

Pcor = P−Cp(ϕ), (6.19)
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where Cp(ϕ) was obtained by interpolating the profile of the pressure coefficient shown

in Fig. 5.3. It is shown in Fig. 6.18 that the use of POD in the pressure evaluation

did not make a significant difference in the mean pressure profile, and those results

obtained based on the PIV data were in strong agreement with the result of the direct

measurement by the SP-probe. On the other hand, the fluctuation of pressure evaluated

by the PIV data with the POD was smaller than that obtained without the POD, and

agreed more reasonably with the result of the direct measurement.

Next, the statistics related to correlation between the velocity and pressure fields

are further investigated. In order to verify them, a focus is made on a relationship

between pressure-related terms in the transport equation of the Reynolds stresses uiu j

introduced in the following. The fluctuating pressure originally appears in the transport

equation of the Reynolds stress as the velocity pressure-gradient correlation Πi j, which

is defined as

Πi j =− 1
ρ

(
ui

∂ p
∂x j

+u j
∂ p
∂xi

)
. (6.20)

In the framework of the Reynolds-stress closure, Πi j is often decomposed as

Πi j = Dp
i j +ϕi j, (6.21)

where Dp
i j and ϕi j are the pressure diffusion and the redistribution, which are respec-

tively defined as:

Dp
i j = − 1

ρ

(
∂ui p
∂x j

+
∂u j p
∂xi

)
, (6.22)

ϕi j =
1
ρ

p
(

∂ui

∂x j
+

∂u j

∂xi

)
. (6.23)

The decomposition of Πi j into Dp
i j and ϕi j has been conventionally preferred because

of an important physical meaning of ϕi j; the trace of ϕi j is zero, and consequently ϕi j

does not appear in the transport equation of the turbulent kinetic energy, which implies

that ϕi j redistributes energy among the Reynolds stresses (e.g., Pope, 2000).

Equation (6.21) is now used to verify the velocity-pressure correlation and the

pressure-strain correlation obtained in the present study. The velocity pressure-

gradient correlation Πi j was evaluated using only the non-POD-applied velocities by

virtue of Eqs. (6.2) and (6.3), while the pressure diffusion Dp
i j and the redistribution

ϕi j were evaluated using the POD-applied velocities û5
′ and v̂5

′ and the pressure p′
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Figure 6.19: Comparison between the left-hand and right-hand sides of Eq. (6.21).

obtained by numerically solving Eq. (6.4); and whether Eq. (6.21) was satisfied was

examined. It should be emphasized that p′ to be examined was used only in evaluation

of the right-hand-side of Eq. (6.21), but not used in evaluation of the left-hand-side.

Figure 6.19 shows a comparison between the distribution of Πi j and Dp
i j+ϕi j of the

transport equation of Reynolds stresses. It is shown that sums of the pressure diffusion

and the redistribution are in quite good agreement with the velocity pressure-gradient
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correlations for all components of the Reynolds stresses. The correlation coefficients

between them were 0.98 between Π11 and Dp
11 +ϕ11, 0.98 between Π22 and Dp

22 +ϕ22

and 0.99 between Π12 and Dp
12 +ϕ12, which supports the consistency of the pressure-

related statistics evaluated in the present study.

6.5.2 Transport Equation of Reynolds Stress

The role of the pressure-related terms in the transport of the Reynolds stresses is now

focused. The transport equation of the Reynolds stresses uiu j is written as

Ci j = Pi j +
(

Dt
i j +Dp

i j

)
+ϕi j + εi j, (6.24)

where Pi j, Ci j, Dt
i j are the production rate, the convection, and the turbulent diffu-

sion. It should be noted that the viscous diffusion in Eq. (6.24) is omitted because

of sufficiently high Reynolds number. For evaluation of the pressure related terms,

the fluctuating velocities reconstructed from the first five POD modes, namely û5 and

v̂5, and the pressure evaluated based on them were used. The other terms without the

fluctuating pressure, Pi j, Ci j, and Dt
i j were also evaluated based on the POD-applied

velocities for fair comparison with the pressure-related terms. For simplicity, the no-

tation [̂]5 is omitted in the following discussion; for example, û5 p and û5v̂2
5 are simply

written as up and uv2. In the following, each terms in the transport of the Reynolds

stresses u2, v2 and uv were evaluated and the balance between them was investigated.

6.5.2.1 Transport of Reynolds normal stress u2

Each term in the transport equation of the Reynolds streamwise normal stress u2 was

evaluated as:

P11 = −2
(

u2 ∂U
∂x

+uv
∂U
∂x

)
, (6.25)

C11 = −U
∂u2

∂x
−V

∂u2

∂y
, (6.26)

Dt
11 = −∂u3

∂x
− ∂u2v

∂y
, (6.27)

Dp
11 = − 2

ρ
∂up
∂x

, (6.28)

ϕ11 =
2
ρ

p
∂u
∂x

, (6.29)

ε11 = −P11 +C11 −Dt
11 −Dp

11 −ϕ11. (6.30)
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It should be noted that the dissipation rate ε11 was indirectly evaluated as a residual on

the transport equation, while the other terms were directly evaluated from the measure-

ment results. Figure 6.20 presents the distribution of the streamwise normal Reynolds

stress u2 and the evaluated terms in the transport equation. It is shown that the dis-

tribution of u2 had two broad hills around (x/D, y/D) = (2,±0.5), and also had two

thin regions with high intensity of fluctuation located upstream of the two broad hills.

The former was consequence of the periodic motion of the large vortices shed from the

cylinder, while the latter was the turbulence produced in the shear layer separated from

the cylinder.

The production rate P11 had the significant positive values at the locations corre-

sponding to the thin shear layer separated from the cylinder and the broad hills of u2.

On the other hand, P11 also showed two significant negative peaks inside the recircula-

tion region located around (x/D, y/D) = (1.3, ±0.5), and the peak magnitude was as

large as that of the positive peaks in the downstream. This significant negative produc-

tion was caused by the second termin Eq. (6.25); the Reynolds shear stress uv showed

the opposite sign inside the recirculation region to that of uv in the downstream region

(see Fig. 6.22).

Focusing on the pressure-related terms, one can obviously see that the pressure

diffusion Dp
11 mainly compensated for the production rate P11; it showed a quite similar

distribution to that of the production rate P11, which had two significant positive peaks

located around (x/D, y/D) = (2, ±0.5) and two negative peaks inside the recirculation

region (x/D, y/D)= (1.3, ±0.5). The distribution of Dp
11 indicates that the streamwise

normal stress u2 produced by P11 in the downstream region of the recirculation region

was transported upstream by Dp
11 and expended by the sink of P11 located inside the

recirculation region.

On the other hand, the redistribution ϕ11 had a relatively minor contribution as

compared to the pressure diffusion. It was mainly negative in the entire region of

the measurement domain, and showed relatively large magnitude values in the regions

corresponding to the thin shear layer separated from the cylinder and two broad hills

of u2, which indicates an energy exchange from u2 to the other components of the

Reynolds normal stresses.

For the other terms, the turbulent diffusion Dt
11 was not as large as the pressure dif-

fusion, but partly compensated for the production rate. The convection term indicates

that u2 produced in the thin shear layer separated from the cylinder was transported

downstream by the mean flow. The dissipation rate ε11 indirectly evaluated from the

other terms mainly took negative values, which is consistent with the definition of ε11
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Figure 6.20: Distribution of Reynolds stress u2 and balance in transport equation.
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and supported the validity of the evaluation of the other terms based on the present

experimental result.

6.5.2.2 Transport of Reynolds normal stress v2

Terms in the transport equation of the Reynolds transverse normal stress v2 were eval-

uated for the measurement results as:

P22 = −2
(

uv
∂V
∂x

+ v2 ∂V
∂y

)
, (6.31)

C22 = −U
∂v2

∂x
−V

∂v2

∂y
, (6.32)

Dt
22 = −∂uv2

∂x
− ∂v3

∂y
, (6.33)

Dp
22 = − 2

ρ
∂vp
∂y

, (6.34)

ϕ22 =
2
ρ

p
∂v
∂y

, (6.35)

ε22 = −P22 +C22 −Dt
22 −Dp

22 −ϕ22. (6.36)

The distribution of the lateral component of the normal Reynolds stress v2 and the

terms in the transport equation are shown in Fig. 6.21. The Reynolds stress v2 showed

a single significant peak at (x/D, y/D) = (2.0, 0), and the peak magnitude was about

two times larger than that of the streamwise normal stress u2. This significant lateral

velocity fluctuation in excess of the streamwise velocity fluctuation was consequence

of the periodic motion of the large-scale vortex shed from the cylinder.

The production P22 had a single significant peak at (x/D, y/D) = (2.0, 0), and this

was caused by the normal stress v2 itself and the gradient of the mean velocity V in the

y-direction (cf. the second term in Eq. (6.31)).

Comparing the evaluated terms in the transport equation, one can see that the pres-

sure diffusion Dp
22 mainly compensated for the significant positive peak of the produc-

tion P22, and transported v2 from the wake center to the side. The redistribution was

slightly negative in the wake center, but positive in the region along the shear layer

separated from the cylinder, indicating that v2 received the energy from u2.

The turbulent diffusion Dt
22 was relatively smaller than Dp

22 but had similar contri-

bution. The convection −C22 was negative beside the significant peak of the production

and positive in the downstream location. The distributions of Dp
22, Dt

22, and −C22 in-

dicate that v2 produced in the wake center was carried to the side of the peak location
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Figure 6.21: Distribution of Reynolds stress v2 and balance in transport equation.
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of P22 by the diffusion terms, and then convected to the downstream by the mean flow.

6.5.2.3 Transport of Reynolds shear stress uv

Next, the budget of the transport equation of the Reynolds shear stress uv was investi-

gated. Each term in the transport equation was evaluated as:

P12 = −u2 ∂V
∂x

−uv
∂V
∂y

−uv
∂U
∂x

− v2 ∂U
∂y

, (6.37)

C12 = −U
∂uv
∂x

−V
∂uv
∂y

, (6.38)

Dt
12 = −∂u2v

∂x
− ∂uv2

∂y
, (6.39)

Dp
12 = − 1

ρ

(
∂up
∂y

+
∂vp
∂x

)
, (6.40)

ϕ12 =
1
ρ

p
(

∂u
∂y

+
∂v
∂x

)
, (6.41)

ε12 = −P12 +C12 −Dt
12 −Dp

12 −ϕ12. (6.42)

The Reynolds shear stress uv and the terms in the transport equation are presented

in Fig. 6.22. The distribution of the shear stress uv was anti-symmetric with respect

to y/D = 0. One can see clearly that the two primary peaks of the shear stress were

located at the streamwise location of x/D= 2.0, showing the significant positive values

in y ≤ 0 and the negative in the other region. Furthermore, there were the other two

peaks located inside the recirculation region, at x/D = 1.3, taking the opposite sign to

that in the downstream region.

Investigating the distribution of the production rate P12, one can easily see that

the primary peaks of the shear stress uv located at x/D = 2.0 were maintained by the

significant production at the corresponding location. However, there was no production

that maintains the secondary peaks of uv inside the recirculation region.

Focusing on the pressure-related terms, one can see that both the pressure diffusion

Dp
12 and the redistribution ϕ12 were as large as the production rate P12. Interestingly,

the pressure diffusion Dp
12 took different signs in the region along the thin shear layer

separated from the cylinder and in the downstream region, where the periodic oscilla-

tory motion of the large vortex was dominant. The distribution of Dp
12 indicates that

uv produced in the downstream location was transported to the shear layer in the up-

stream location. The redistribution of ϕ12 showed the anti-symmetric distribution with
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Figure 6.22: Distribution of Reynolds stress u′v and the balance in transport equation.
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Figure 6.23: Distribution of
Reynolds shear stress and balance
in transport equation at x = 1.3D;
(a) Reynolds shear stress uv, (b)
budget of transport equation; blue,
P12; green, Dp

12 + ϕ12, red, Dt
12,

cyan, others
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opposite sign to P12. The sum of the pressure-related terms Dp
12 +ϕ12 mainly compen-

sated for P12 (see Fig. 6.19), which indicates that the shear stress uv produced by P12

was mainly expended by the redistribution of ϕ12 after being carried by the pressure

diffusion Dp
12.

The other terms had only a minor role compared to the pressure-related terms. The

convection −C12 indicates the shear stress uv was slightly carried from the region along

the thin shear layer to the downstream. The turbulent diffusion Dt
12 was much smaller

than the pressure diffusion Dp
12. The dissipation rates ε12 indirectly evaluated from the

other terms was also reasonably small, which also supports consistency of the present

measurement results.

As mentioned above, the Reynolds shear stress uv showed secondary peaks inside

the recirculation region, although the production that maintained them was not ob-

served. Figure 6.23 present the profile of uv and the terms in the transport equation at

x/D= 1.3 across the peaks of uv in the recirculation region. As shown in Fig. 6.23a, uv

inside the recirculation region took the negative and positive values in −0.5 ≤ y/D ≤ 0

and 0 ≤ y/D ≤ 0.5, respectively. The peaks located outside −0.5 ≤ y/D ≤ 0.5 was

caused by the thin shear layer separated from the cylinder.

In Fig. 6.23b, it is shown that P12 was not the source, but was rather the sink of

uv in the recirculation region. On the other hand, the pressure-related terms Dp
12 +ϕ12

mainly supplied the shear stress. The turbulent diffusion Dt
12 was not as large as the
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pressure-related terms, but partly supported the profile of uv. The other terms did not
have significant contribution in the recirculation region. Thus, the two peaks of uv in
the recirculation region were maintained mainly by the pressure-related terms.

6.6 Summary of This Chapter

In this chapter, a hybrid method of the PIV-based pressure field evaluation and direct
single-point measurement by SP-probes was developed. Pressure fluctuation associ-
ated with large-scale vortex structure was extracted from PIV data by means of the
POD, and the instantaneous pressure directly measured by the SP-probe was used for
reference to determine valid number of POD modes to be taken into account for the
pressure evaluation.

The hybrid method was applied to measurement in a very near wake of a circular
cylinder. The extracted fluctuating pressure from the PIV data by the hybrid method
was quite in strong agreement with direct measurement results. The signal-to-noise
ratio of the pressure evaluation was significantly improved from 2.6-to-1 to 14-to-1
by the hybrid method, and the uncertainty of the pressure evaluation was 13%. The
verification on the evaluated pressure-related statistics using the relationship between
the pressure related terms in the transport equation of the Reynolds stresses indicated
certain consistency of the present measurement results of the pressure-related statis-
tics. Thus, the pressure-related statistics in flow regions where the direct measurement
technique cannot be applied is now accessible.

By the investigation on budget of the transport equations of the Reynolds stresses, it
was revealed that the pressure-related statistics have significant contributions to trans-
port of the Reynolds stresses. In particular, the Reynolds shear stress in the recircula-
tion region is found to be maintained mainly by the pressure-related statistics.
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Chapter 7

Summary and Conclusion

7.1 Technical Achievements for Development in Mea-
surement Techniques

In the present thesis, the series of work aiming at further development in techniques
for simultaneous measurement of fluctuating velocity and pressure were done on the
three different topics:

1. Validation of the existing measurement technique, in which a miniature static-
pressure probe are combined with a hot-wire probe

2. Development of a technique for simultaneous measurement of three velocity
components and fluctuating pressure

3. Development of a hybrid method of PIV-based pressure evaluation and direct
single-point measurement of static pressure by the SP-probes

Achievements of the present study on each topic are summarized below.

1. Validation of the existing measurement technique
Aiming at validation of the existing measurement method, the measurement re-
sults obtained by a combination of a miniature static-pressure probe (SP-probe)
and an X-type hot-wire probe (X-probe) were compared with reference data ob-
tained by a large-eddy simulation (LES). The measurement results of the pres-
sure fluctuation and the velocity-pressure correlation were in fairly good agree-
ment with the computational results, and the reliability of the existing technique
was confirmed. In addition, it was revealed that the measurement of the velocity-
pressure correlation vp is extremely sensitive to a small time lag between the
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velocity and pressure signals and the geometrical configuration of the pressure-

sensing holes of the SP-probe. Therefore, it can be reasonably considered that

the measurement method in which a Pitot-tube-type pressure probe is combined

with a hot-wire probe is a reliable method for simultaneous measurement of fluc-

tuating velocity and pressure, but special attention is necessary for measurement

of correlation between the transverse velocity component and pressure.

2. Measurement in three-dimensional turbulent flow
A new probe system comprising a bent-type total pressure probe (TP-probe)

and a triple-sensor hot-film probe (THF-probe) was developed for simultaneous

measurement of three velocity components and pressure in three-dimensional

turbulent flow. The spatial resolution of the new combined probe was equivalent

to that of single use of the THF-probe: a sphere with a diameter of 3.0 mm. The

frequency range and the signal-to-noise ratio of the fluctuating pressure mea-

surement were 25 ≤ f ≤ 600 Hz and 6-to-1, respectively; the frequency range

was equivalent to that of the fluctuating pressure measurement by the SP-probe,

while the signal-to-noise ratio was smaller that of the measurement by the SP-

probe due to indirect measurement of static pressure. The pressure fluctuation

measured by the new probe system was validated by a comparison with a ref-

erence results provided by single use of the SP-probe, and they were in good

agreement with each other. The measurement results of velocity-pressure cor-

relations were also found to be consistent with the Reynolds stresses, which

supports a reliability of measurement by the newly proposed technique. There-

fore, the newly proposed probe system is useful for simultaneous measurement

of fluctuating velocity and pressure in three-dimensional turbulent flow.

3. Hybrid measurement method of PIV and SP-probes
A hybrid method of the PIV-based pressure evaluation and direct single-point

pressure measurement by the SP-probes was developed, aiming at improving the

shortcomings of the PIV-based pressure evaluation such as a low signal-to-ratio

and specification of boundary condition. The proper orthogonal decomposition

was applied to the PIV data in order to extract pressure fluctuation caused by the

large-scale vortex structure, and the number of the POD modes used to recon-

struct the pressure field was determined based on the pressure signals directly

measured by the SP-probes. The signal-to-noise ratio of the PIV-based pressure

evaluation was significantly improved from 2.3-to-1 to 14-to-1, by the hybrid

method. The fluctuating pressure obtained by the hybrid method strongly agreed
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with the reference direct measurement results by single use of the SP-probe,

which indicates validity of the measurement by the hybrid method. The velocity-

pressure and pressure-strain-rate correlations obtained by the hybrid method

were also examined by focusing on the relationship between the pressure-related

terms of the transport equation of the Reynolds stresses, and consistency with the

velocity pressure-gradient correlation was confirmed. Therefore, it is reasonable

to consider that the reliability of the PIV-based pressure evaluation was signifi-

cantly improved by hybrid with direct pressure measurement by the SP-probe.

Thus, applicable range of the technique for simultaneous measurement of fluctu-

ating velocity and pressure was significantly expanded and reliabilities of the mea-

surement techniques were also strengthened in the present study. The direct point-

measurement technique is now applicable to both two- and three-dimensional turbulent

flow fields. Simultaneous measurement of instantaneous velocity and pressure fields is

also possible by the hybrid method.

7.2 Role of Pressure-Related Statistics

Turbulent Wingtip Vortex
The role of the velocity-pressure correlation in a turbulent wingtip vortex flow

was investigated evaluating the terms in the transport equation of the turbulent

kinetic energy and the Reynolds stresses. The pressure-diffusion was found to

be much larger than the turbulent diffusion and play a significant role in the

transport equation of the turbulent kinetic energy. This significant contribution

of the pressure diffusion was produced by the unsteady motion of the wingtip

vortex with directional preference.

Near Wake of Circular Cylinder
The velocity-pressure correlation was measured at different streamwise locations

in a near wake of a circular cylinder by different approach. The pressure diffu-

sion in the transport equation at x/D = 10 (x is streamwise coordinate axis and

D is the cylinder diameter) measured by the direct measurement technique was

found to be comparable to the other terms.

The pressure-related statistics were also investigated in the flow region imme-

diately behind a circular cylinder. In the transport equation of all the Reynolds
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stress components, the pressure diffusion was found to play a distinct role. Es-
pecially, the Reynolds shear stress shows characteristic peaks inside the recircu-

lation region while the normal stresses were almost zero, and this distribution of
the shear stress were found to be maintained mainly by the pressure diffusion

and the redistribution.

In both flow fields, the pressure-diffusion was found to play an important role in

the transport equation of the turbulent kinetic energy and the Reynolds stresses, and the
significant importance of the pressure diffusion was a consequence of strong pressure

fluctuation caused by motion of the large-scale vortices. Thus, investigation on the
velocity-pressure correlation is crucial to understand the structure of such complex

turbulent flows from the view point of the Reynolds-averaging framework.

7.3 Direction for Further Development of Measure-
ment Technique

Direct Measurement Technique
A probe configuration comprising the TP-probe and THF-probe provided the
measurement results with a certain reliability, but a room for improvement re-

mained in the relatively narrow measuring range of the cross-flow angle on the
velocity measurement. In the velocity measurement, a certain influence by the

narrow acceptance range of the THF-probe was observed, and it may have con-
taminated the static-pressure measurement. Therefore, it may further improve

the quality of the simultaneous measurement of velocity and pressure to enlarge
the measurement range of flow angle by, for example, using a four-sensor hot-

wire/film probe, which has larger acceptance range.

Measurement Method Based on PIV and SP-Probe
Although certain successful results were obtained by the proposed hybrid
method, the POD procedure extracted only the pressure fluctuations caused by
the largest vortex structure, and the higher POD modes not taken into account for

the pressure evaluation may contain the meaningful information of the pressure
fluctuation by the smaller structure.

One of the possible reasons is that the POD analysis may not be the best decom-
position method to extract the pressure fluctuation related to the vortex structures

from the measurement noise. As the POD bases are perpendicular to each other,
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the smaller structure may not be successfully extracted by the POD. Use of other
decomposition method, such as the dynamic mode decomposition, may result
in further improvement the extraction of meaningful data from the measurement
noise.

Furthermore, in the present study, the 2D approximation was used in the pressure
evaluation. While this approximation was valid for the largest structure, it may
not for the smaller structure. Therefore, use of the 3D velocity measurement
method, such as the tomo-PIV, may result in further improvement in capturing
the pressure fluctuation caused by the smaller structure.
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Appendix B

Effect of Geometrical Configuration of
Pressure-Sensing Holes of SP-probe

The measurement of vp was also found to be sensitive to the configuration of the

pressure-sensing holes of the SP-probe. Figure B.1 shows the profiles of the pres-

sure fluctuation p′ and the velocity-pressure correlations up and vp measured by the

probe d07-1 with three different circumferential orientation of the SP-probe: The

SP-probe was rotated about its axis by the rotation angle ϕ as schematically shown

in Fig. B.1a, and the velocity-pressure correlation measurements were repeated three

times with different values of ϕ by 90◦. One should note that the time lag between the

velocity and pressure signals was not corrected for these results. It is shown in Fig. B.1

that the profiles of p′ and up are identical to each other regardless of the circumferential
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Figure B.1: Distribution of pressure-related statistics measured by probe d07-1 at x/D = 10 with three
values of ϕ different form each other by 90◦.
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160 B. EFFECT OF GEOMETRICAL CONFIGURATION OF
PRESSURE-SENSING HOLES OF SP-PROBE

Figure B.2: Variation of pres-
sure fluctuation and velocity-
pressure correlation against ϕ
measured by probe d07-1 at
(x/D, y/D) = (10, 0).
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orientation of the SP-probe, but the profiles of vp are sensitively affected.

Figure B.2 shows the variation of the measured pressure fluctuation p′ and the
velocity-pressure correlations up and vp against the circumferential orientation the
SP-probe ϕ . The results were measured by the probe d07-1 at the center of the wake.
It is clearly shown that the measured values of p′ and up are insensitive to ϕ , whilst
those of vp show significant variation.

In order to further investigate the effect of the circumferential radiation angle ϕ , the
PSDs of fluctuating pressure and real part of cross spectrum between p and v are shown
in Figs. B.3 and B.4, respectively, comparing those measured at ϕ = 0◦ and 80◦. As
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Figure B.3: PSD of fluctuating pressure measured by probe d07-1 at (x/D, y/D)= (10, 0): blue, ϕ = 0◦;
green, ϕ = 80◦.
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Figure B.4: Real part of cross spectrum between fluctuating velocity v and pressure p measured by the
X- and d07-1 probes at (x/D, y/D) = (10, 0): blue, ϕ = 0◦; green, ϕ = 80◦.

shown in Fig. B.3, the PSD of p measured at ϕ = 0◦ showed a significant single peak

at f D/U∞ = 0.38, similarly to the PSD profile of the fluctuating streamwise velocity

u show in Fig. 3.21. On the other hand, the PSD profile of p measured at ϕ = 80◦

was similar to that at ϕ = 0◦, but had a small peak at the vortex shedding frequency

f D/U∞ = 0.19 as well as the primary peak at f D/U∞ = 0.38. As the magnitude of the

peak at f D/U∞ = 0.19 was much smaller than that of the primary peak at f D/U∞ =

0.39, the pressure fluctuation measured at ϕ = 80◦ was almost same to that measured

at ϕ = 0◦ despite the difference between the PSD profiles.

Figure B.4 presents the profiles of real part of the cross spectrum between p and

v. It is shown that, in the case of ϕ = 0◦, the fluctuating velocity v and pressure p

were not correlated throughout the measured frequency range, because v and pressure

p were fluctuating at different frequencies from each other; p was mainly fluctuating at

f D/U∞ = 0.38, while v was fluctuating at f D/U∞ = 0.19 (see Figs. 3.21 and B.3). On

the other hand, in the case of ϕ = 80◦, v and p had significant correlation at f D/U∞ =

0.19. It is reasonable to consider that the small pressure fluctuation at f D/U∞ = 0.19

shown in Fig. B.3 had a certain correlation with the fluctuating velocity v.

As shown in the above discussion, the variation of the measured velocity-pressure

correlation vp with the circumferential rotation angle ϕ was attributable to the strange

pressure fluctuation measured at the vortex frequency f D/U∞ = 0.19. In the following,

the relationship between this pressure fluctuation at the vortex shedding frequency and

the geometrical configuration of the SP-probe is further discussed.

Figure B.5 shows a schematic explanation of the relationship between the geo-
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Figure B.5: Schematic explanation of effect of geometrical configuration of the SP-probe on velocity-
pressure correlation measurement: (a) SP-probe exposed to velocity vector with angle of attack α ; (b)
fluctuation of v; true dynamic pressure fluctuation pd,v; signal of pd,v measured by an SP-probe with
non-axisymmetric sensitivity.

metrical configuration of the SP-probe and the velocity-pressure correlation measure-

ment. As shown in Fig. B.5a, the SP-probe was exposed to velocity vector with a

certain instantaneous flow angle α in the range of −15◦ ≤ α ≤ 15◦ during the mea-

surement, and consequently the static-pressure measured by the SP-probe may con-

tain a part of the dynamic pressure caused by the cross-flow velocity component v,

namely pd,v = 0.5ρv2. As the transverse velocity component v was fluctuating at the

vortex shedding frequency f D/U∞ = 0.19 with symmetric profile at the wake center

(Fig. B.5b), the true dynamic pressure pd,v should be fluctuating at f D/U∞ = 0.38 as

schematically drawn in Fig. B.5c. However, if the sensitivity of the SP-probe to the

cross-flow effect was asymmetric with respect to α = 0◦ due to, for example, non-

axisymmetric configuration of the pressure-sensing holes, the signal of pd,v actually

measured by the SP-probe may be as such shown in Fig. B.5d. The signal of pd,v drawn

in Fig. B.5c obviously has the power at f D/U∞ = 0.38 but does not at f D/U∞ = 0.19,

and consequently does not have any correlation with v. On the other hand, the signal

of pd,v in Fig. B.5d is also mainly fluctuating at f D/U∞ = 0.38 similarly to that of

pd,v in Fig. B.5c, but the waves with smaller and lager amplitude are alternatively re-

peated, which results in the lowest frequency component of the Fourier series being at
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Figure B.6: Pressure-sensing hole of the SP-probe; (a) and (b) pressure-sensing holes of probe d07-1
at circumferential orientations different from each other by 90◦, (c) schematics of hole configuration of
probe 8, (d) pressure-sensing hole of probe d05-2.

f D/U∞ = 0.19. Thus, the signal of pd,v drawn in Fig. B.5d may have a certain power

not only at f D/U∞ = 0.38, but also at f D/U∞ = 0.19, as the pressure signal measured

at ϕ = 0◦ in Fig. B.3; and consequently it may have a certain correlation with v.

Next, the configuration of the four pressure-sensing holes of the SP-probe was in-

vestigated using a digital microscope. Figures B.6a and b compare configuration of the

pressure-sensing hole of the probe d07-1 at two different circumferential orientations.

There are two values indicated in each picture: the values denoted by 1 (value 1) are

the measured diameter of the pressure-sensing hole, and those denoted by 2 (value 2)

are the distance between the center of the hole and the edge of the surface of the probe

which is marked by a blue broken line. In Fig. B.6a, one of the pressure-sensing hole is

seen with the value 2 approximately being 0.35 mm. In Fig. B.6b, the probe d07-1 was

rotated in the circumferential direction by 90◦, and the measured value 2 is 0.43 mm.

This difference of the value 2 between Figs. B.6a and b corresponds to deviation from

the axisymmetric position by 10◦, as schematically shown in Fig. B.6c. Such deviation

of the configuration from axisymmetric form was observed in the probes d07-1, 2 and

d10, which had a relatively large probe diameter d among the various SP-probes. For

the probes with the diameter of 0.5 mm, the configuration of the pressure holes was
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relatively accurate, but some of them had burr on the pressure holes (the probe d05-
2 is shown in Fig. B.6d, for instance). Such imperfect geometrical configuration of
the pressure-sensing holes might result in the effect of the circumferential orientation
of the SP-probe on the measurement of the velocity-pressure correlation vp shown
in Fig. B.2. Thus, the measurement of the velocity-pressure correlation vp was also
found to be quite sensitive to the configuration of the pressure sensing-holes, while the
measurement of the fluctuating pressure and the velocity-pressure correlation up were,
again, insensitive.



Appendix C

Simultaneous Measurement of
Velocity and Pressure by the THF- and
TP-Probes in a Wake of a Circular
Cylinder

Simultaneous measurement of three velocity components and pressure by the THF-

and TP-probes was performed in a turbulent wake of a circular cylinder prior to the
measurement in a turbulent wingtip vortex, as a preliminary application of the mea-

surement technique, and the measurement results were quantitatively compared with

the experimental and computational results provided in Chap. 3. In this appendix, this

preliminary measurement is described.

C.1 Experimental Condition

The measurements were undertaken in the same wind tunnel as in the experiments

described in Chap. 3. Since the measurement volume of the THF-probe was much

larger than that of the X-probe, a circular cylinder with diameter D of 20 mm was

used in order to maintain the relative spatial resolution of the measurement. The free
stream velocity U∞ was 3 m/s, and the Reynolds number based on D and U∞ was 3900.

The definition of the coordinate system was same as in Chap. 3, and the measurement

location was x/D = 10. The sampling rate and the integration time for evaluation of

statistics were 10 kHz and 180 s, respectively.

The typical acceptance domain of the THF-probe is a corn with tip angle of 35◦,

and the shape of the acceptance domain is not axisymmetric with respect to the axis
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166 C. SIMULTANEOUS MEASUREMENT OF VELOCITY AND
PRESSURE BY THE THF- AND TP-PROBES IN A WAKE OF A CIRCULAR
CYLINDER

TP- 
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Figure C.1: Configuration of Combined probe in velocity-pressure correlation measurement

of the THF-probe due to the non-axisymmetric configuration of the three hot films.

Therefore, in order to minimize such effect of non-axisymmetric configuration, the

measurement results measured with three different circumferential orientation of the

combined probe shown in Fig. C.1 were averaged to obtain statistics.

C.2 Results and Discussion

The mean streamwise velocity and the Reynolds stresses measured by the new com-

bined probe are shown in Fig. C.2 with the reference data measured by the X- and

SP-probes (d05-3, for instance) and predicted by the LES. All the results are scaled

by the free stream velocity U∞. It is shown in Fig. C.2a that the profile of the mean

streamwise velocity U measured by the new combined probe had velocity deficit of

0.25U∞ at the wake center, and agreed well with the other reference results.

The Reynolds stresses measured by the new combined probe are presented in

Figs. C.2b and c. It is shown by the results measured by the THF-probe that the trans-

verse component v2 was the dominant among the Reynolds normal stresses, and the

spanwise component w2 was as large as the streamwise component u2 in the center

region of the wake. The results of u2 and v2 measured the new combined probe were

in good agreement with the experimental reference data by single use of the X-probe.

The computational results of u2 and v2 obtained by the LES also agreed well with the

measurement results by the present experimental results, although a certain disagree-

ment was seen between the results of the spanwise normal stress w2. As shown in
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Figure C.2: Mean streamwise ve-
locity and Reynolds stresses at
x/D = 10 in a wake of a circular
cylinder; ◦ THF- and TP-probe, ×
X-probe, - LES; (a) mean stream-
wise velocity U , (b) Reynolds nor-
mal stresses u2 (blue), v2 (green),
w2 (red), (c) Reynolds shear stress
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Figure C.3: Power spectra of fluc-
tuating velocity u and v measured
by the THF-probe at the wake cen-
ter.
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Fig, C.2c, the results of the Reynolds shear stresses uv measured by the present com-

bined probe showed an anti-symmetric profile with respect to y/D = 0, and it was also

in quite good agreement with the other reference results.

Figure C.3 shows the typical PSDs of the fluctuating velocities u and v measured by

the THF-probe in the presence of the TP-probe at the center of the wake. The PSD of v

showed a significant peak of the velocity fluctuation at the frequency f = 30 Hz, which

was the vortex shedding frequency corresponding to the Strouhal number of 0.2, and



168 C. SIMULTANEOUS MEASUREMENT OF VELOCITY AND
PRESSURE BY THE THF- AND TP-PROBES IN A WAKE OF A CIRCULAR
CYLINDER

Figure C.4: Distribution of
pressure-related statistics at
x = 10D. ◦, THF- and TP-probe;
×, X- and SP-probe (d05-3, for
instance); -, LES.
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the PSD of u also indicated a peak of the fluctuation at the vortex shedding frequency

f D/U∞ = 0.2 as well as at f D/U∞ = 0.4, although the measured location is the center

of the wake.

Figure C.4 presents the pressure-related statistics measured by the new combined

probe, comparing them with those measured by the X- and SP-probe and predicted

by the LES. It is show that the results measured by the new combined probe were in

qualitative agreement with the reference results, although certain quantitative discrep-

ancy was indicated; the pressure fluctuation and the velocity-pressure correlation up

measured by the present method showed two peaks beside the center of the wake simi-

larly to the reference results, but the magnitudes were larger than those of the reference

data throughout the wake. The velocity-pressure correlation vp measured by the new

combined probe changed its sign across the wake similarly to the reference data, but

the profiles was not anti-symmetric about y/D = 0 with the magnitude of the positive

peak located at y =−0.5D being two times larger than those of the reference results.

The possible cause of the discrepancy between the pressure-related statistics is fur-

ther investigated below. Evaluation of static-pressure fluctuation by Eq. (4.3) requires

accurate measurement of both the total- and the dynamic-pressure fluctuations. As the
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Figure C.5: Coherence and phase
lag between total pressure fluctu-
ation measured by TP-probe and
dynamic pressure fluctuation mea-
sured by THF-probe.
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dynamic-pressure fluctuation is usually much larger than the static-pressure fluctua-

tion, the measured total- and dynamic pressure fluctuations should be highly correlated

with each other. In order to investigate the correlation between the total- and dynamic-

pressure fluctuations directly measured by the new combined probe, the coherence and

the phase lag between them were evaluated as

coh =

∣∣Spt pd

∣∣2
Sp2

t
Sp2

d

(C.1)

∆θ = tan−1
[
I(Spt pd)

R(Spt pd)

]
, , (C.2)

where Spt pd is the cross spectrum between the total- and dynamic-pressure fluctuation,

and R and I stands for the real and imaginary part of a complex quantity, respectively.

The coherence coh can be interpreted as the correlation coefficient between two signals

at each frequency.

Figure C.5 presents the coherence and the phase lag between the total- and the

dynamic-pressure fluctuations. It is shown that coh indicated high correlation between

the total- and dynamic-pressure fluctuations in the low frequency range around the

vortex shedding frequency, but the phase lag ∆θ was about -0.7 rad at the vortex shed-

ding frequency. This implies that the total and the dynamic pressure may not be in

balance, which may results in overestimation of the static-pressure fluctuation and the
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Figure C.6: Histogram of instan-
taneous angle of attack of velocity
vector against THF-probe at center
of wake.
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The phase lag between the total- and dynamic-pressure fluctuations may be at-

tributable to the large fluctuation of the instantaneous angle of attack of the velocity

vector which exceeded the range of the acceptance domain of the THF-probe. Fig-

ure C.6 shows the histogram of the instantaneous flow angle at the center of the wake

evaluated from the instantaneous velocity measured by the THF-probe as

ϕ̃ = tan−1

( √
ṽ2 + w̃2

ũ

)
. (C.3)

The histogram of ϕ̃ did not show a symmetric profile with respect to ϕ̃ = 0◦, although

it was measured at the wake center; furthermore, a strange peak appeared near 30◦. As

the limit of the flow-angle range of the acceptance domain was approximately ±35◦,

the strange peak was attributable to the samples outside the acceptance domain. The

phase lag between the total- and dynamic-pressure fluctuations shown in Fig. C.5 may

be due to such inaccurate velocity measurement.

Although certain quantitative discrepancy was observed, the measurement results

obtained by the combined probe were in qualitative agreement with the reference re-

sults. One should note that the time lag between the signals of velocity and pressure

was not corrected in this measurement, while the correction was necessary in the ex-

periment described in Chap. 3 to achieve good agreement between the experimental

and computational results. The reason of the agreement may be because of the differ-

ent experimental condition from that of the experiment described in Chap. 3. As the

cylinder diameter and the free-stream velocity were twice and half of those in the ex-

periment described in Chap. 3, respectively, the typical time-scale of the fluid motion
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in the present experiment was four times larger than that in the reference experiment.
Therefore, even if a time lag as large as that observed in the reference experiment ex-
isted also in the present experiment, the influence should be four times smaller. Hence,
the fairly good agreement between the present and the reference results was achieved
without the time-lag correction.



172 C. SIMULTANEOUS MEASUREMENT OF VELOCITY AND
PRESSURE BY THE THF- AND TP-PROBES IN A WAKE OF A CIRCULAR
CYLINDER


