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Abstract

Turbulent flow measurements were conducted between two bluff bodies set in uniform flow in tandem arrangement. The velocity field
obtained with PIV was averaged with respect to either time or phase of periodic pressure oscillation induced by vortex shedding from the
bluff body, i.e., Reynolds decomposition or three-level decomposition. The Reynolds stresses caused by periodic fluid motion was found
excessively large compared with those related to turbulent fluctuations in the entire flow field in observation. The PIV data were used to
solve the discrete Poisson equation of instantaneous pressure. The effect of organized vortex motion caused strong correlations between
velocity and pressure gradient when observed from the framework of the Reynolds averaging.
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1. Introduction

Turbulence models based on the Reynolds-averaged
Navier—Stokes (RANS) approach often fail to predict flows
associated with massive separation, in contrast to LES
which can correctly capture large-scale turbulent fluid
motion typically found in such flows. It is generally recog-
nized that the poor performance of the RANS models is
due to the shortcomings of the statistical approach itself
in representing the coherent structure in turbulence. On
the other hand, the development of conventional RANS
models have relied upon the knowledge of simple shear
flows in nearly equilibrium state; hence it is likely that
the turbulent transport process, which is relatively impor-
tant in non-equilibrium flows, is not correctly incorporated
into the existing models. In particular, the treatment of
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pressure diffusion transport, which is strong in free shear
flows, is still far below a satisfactory level, partly because
of the relatively few experimental information on the pres-
sure—velocity correlation. The knowledge about such pro-
cesses in flows in an out-of-equilibrium state is desired
for the development of RANS-based turbulence models.

The turbulent wake of a bluff body put in a uniform flow
is a typical example of a problem where RANS-based mod-
els exhibit their disadvantage. The length of the wake cal-
culated by RANS models is usually too long compared
to experiment and/or LES (e.g., Bosch and Rodi, 1998).
This is usually attributed to the vortices shed from the
body; hence the application of unsteady RANS (URANS)
has become attractive as an alternative to LES (Iaccarino
et al., 2003). The theoretical basis for URANS is, however,
not firm enough to make this approach a standard tool for
engineering design. Detailed discussions based on experi-
mental data are desired.

Turbulent flows associated with periodic motion have
often served as attractive topics for experiments in the past.
The three-level decomposition technique (Hussain and
Reynolds, 1970) has been used as a standard tool to
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analyze the interaction between periodic motion and turbu-
lence, though its application in experiments is slightly dif-
ferent according to the types of oscillation. From an
experimental point of view, the flows under external peri-
odic forcing (e.g., Yoshioka et al., 2001a,b) are convenient
for phase-averaging because the oscillation frequency is
known. On the other hand, flows comprising natural vortex
shedding as represented by the wake of a bluff body require
certain treatment for acquisition of meaningful data (Lyn
and Rodi, 1994). In any case, the separation of oscillatory
motion from turbulent fluctuation is of primary impor-
tance for the discussion of organized vortex structure in
turbulent flows.

The present study considers the flows associated with
natural vortex shedding at nearly constant frequency.
Such problems have been considered by Lyn and Rodi
(1994) as well as Lyn et al. (1995). The interest in the pres-
ent study is to analyze the suitability of URANS approach
to this kind of flow. The three-level decomposition is
applied to separate organized, oscillatory fluid motion
from turbulent fluctuation, so that the influence of the
shed vortex becomes evident. Furthermore, the instanta-
neous pressure field is estimated from the velocity data
obtained with PIV, so that the effects of the oscillatory
motion can be considered in terms of pressure-related
statistics. The principle of the pressure field evaluation is
introduced in the next section together with its assessment
using numerical simulation. Following the presentation of
the velocity field, discussions are made on possible
requirements for the RANS approach to handle this kind
of flow.

2. Principle of the pressure field evaluation
2.1. Basic equations

The Poisson equation for pressure is derived from the
divergence of Navier—Stokes equation. Applying the conti-

nuity equation, one obtains the following expression:
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where p and G denote instantaneous pressure and velocity,
respectively. Note that the unsteady term disappears due to
continuity. This equation is solved for the instantaneous
pressure p for the known velocity field appearing on the
right-hand-side under appropriate boundary conditions.
When the flow field in consideration is fairly homogeneous
in one direction, the two-dimensional approximation can
be made. Assuming the fluid motion and its spatial deriva-
tive in z-direction are negligible, Eq. (1) may be approxi-
mated as
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The terms on the right-hand-side are available from con-
ventional PIV measurement, hence Eq. (2) can be solved
under suitable boundary conditions as discussed below.

2.2. Boundary conditions

Because of the elliptic nature of the Poisson equation,
boundary conditions are required for all boundaries
surrounding the region of interest. To specify the Neumann
condition, the pressure gradient normal to the boundaries
was estimated using of Euler’s equation of fluid motion
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with u,, and u, being the velocity components in n- and
s-directions, respectively, where n is taken normal to the
boundary. As will be described below, time resolution of
available PIV is too low to estimate the unsteady term,
so it is omitted for simplicity. The velocity data obtained
by PIV is supplied to Eq. (3), which is then used to specify
the boundary condition of Eq. (2). The possible errors due
to the neglect of the unsteady terms and the two-
dimensional approximation will be discussed below.

2.2.1. Numerical method

The numerical solution of Eq. (3) was obtained by
means of a finite-volume method. In the computation
domain, control volumes (CV) were placed at grid points
of even interval. Denoting the variable at the center of each
CV by subscript P and those surrounding it by E, W, N,
and S, a discrete equation was derived from Eq. (2) as

. 1, . . .
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with S being the source term of the right-hand-side of Eq.
(2):
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The contents of S were calculated by differentiating the
velocity data obtained by PIV measurement. The matrix
of the calculation grid was 56 x 60 in x- and y-directions.
The iterative line-by-line method was adopted to solve

Eq. (4).

2.3. Assessment using numerical simulation

The above-mentioned method of the pressure field eval-
uation has two approximations, i.e., the neglect of three-
dimensional fluid motion and the steady state simplification
of the boundary condition. These issues were addressed by
using the data set of numerical simulation for turbu-
lent wake of a rectangular cylinder in a uniform flow. The
computation was performed in the region covering
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Fig. 1. Comparison between numerical simulation and the present method: (a) instantaneous velocity field, (b) instantaneous pressure (simulation) and

(c) instantaneous pressure (present method).

25H x 5H x 10H in x-, y- and z-directions, with H being the
length of the rectangular cylinder cross section. The number
of control volumes were 142 x 130 x 26, where a second-
order finite-volume method was applied. Based on H and
the uniform mean velocity, U,, the Reynolds number was
Re = 1100. Statistics presented below were calculated aver-
aging over 2400 samples of velocity—pressure fields. Fig. 1
shows instantaneous velocity vectors and pressure field of
the numerical simulation, comparing the pressure field eval-
uated by present method. Eq. (3) without the unsteady term
was applied as boundary condition except for the wall of the
cylinder where zero pressure gradient 0p/0x =0 was
applied.

In the simulated pressure field, Fig. 1(b), it is observed
that there are two local minima at points (x/H,y/H) =
(0.8,0.6) and (0.4,—0.2). A comparison of these pressure
distributions with the instantaneous velocity field shown
in Fig. 1(a) reveals that these pressure minima are well cor-
related with the location of vortices. In the pressure field

evaluated by the Poisson equation, Fig. 1(c), two local min-
ima at the same locations are observed. The result indicates
that the pressure field behind a cylinder is well correlated
with the two-dimensional velocity field. This supports the
assumption that the two-dimensional approximation in
the present method is acceptable.

Next, the uncertainty due to the approximated bound-
ary condition was examined by referring the correlation
between pressure field evaluated by the Poisson equation
and that of the simulation. Fig. 2 shows the correlation
coefficient of the simulated pressure and the pressure
deduced from the present method (R) at various x — loca-
tions in the wake. R ranges from 0.6 to 0.8 at various
streamwise locations along the centerline of the bluff body.
However, it is rather low near the boundaries. These small
values of R can be attributed to the neglect of the unsteady
terms in Eq. (3) to specify the boundary conditions.
Although the discrepancy is somewhat high near the
boundaries, the instantaneous pressure can be evaluated
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Fig. 2. Correlation of pressure field between the simulation and the
present method.

by the present method with satisfactory accuracy in most of
the domain.

3. Experiment
3.1. Test section

The flow around a pair of bluff bodies as shown in
Fig. 3, representing a recent multiple bridge construction
(e.g., Vezza and Taylor, 2003), was considered. The issue
here was the wind load exerted on the body which was
located in the wake of another, i.e., the vortex shed from
the upstream body impinges on the second body and causes
a fluctuating force with significant amplitude. To under-
stand the flow dynamics in such a configuration, the pres-
ent study focuses on the region between the two bodies, as
shown by a box marked with broken lines.

The measurements were performed in a closed loop cir-
cuit of water. The cross section of the working section was
rectangular (0.13 m x 0.3 m), and the bluff bodies were set
0.75m from the entrance of the working section whose
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total length was 1.9 m. The dimension of the bluff body
H was 30 mm, yielding a blockage ratio of 0.1 and an
aspect ratio of 4.3.

The velocity of the oncoming uniform flow U, was var-
ied through the range 0.1 m/s < U, < 0.3 m/s. The Rey-
nolds number based on H and U, was 3000 < Re < 9000.
The free stream turbulence was measured to be below
1%. The mean flow was observed to be homogeneous in
the spanwise direction; hence the velocity measurements
were undertaken at the center of the span.

3.2. PIV measurements

A PIV system comprising an 8-bit digital camera with
1008 x 1018 pixels (REDLAKE, ES1.0) and a ND:YAG
Laser with 30 mJ output power (New Wave, Solo PIV)
was used. The thickness of the light sheet was approxi-
mately 1 mm. White Nylon 12 particles, 90 um in mean
diameter and with a specific gravity of 1.02 were used as
a tracer. A pair of successive images were acquired with a
frame grabber (National Instruments, PCI-1422) and sent
to a 32 bit PC at a interval of Ar= 2.5 ms controlled by
an external trigger (National Instruments, PCI-6602). The
resulting conversion factor to yield physical length was
0.055 mm/pixel. The velocity vectors were evaluated by
direct correlation method using an interrogation area of
32 x 32 pixels with 50% overlap in both directions, and
erroneous vectors were eliminated by applying a spatial fil-
ter. The percentage of the erroneous vectors per image was
approximately 5%. In order to assure the independence of
each velocity data for statistic processing, the acquisition
rate was determined to be 1 Hz which was on the same
order of the vortex shedding frequency.

3.3. Phase detection

The phase-averaging of the velocity field was conducted
with reference to pressure fluctuations on the surface of the
upstream body. The instrumentation illustrated in Fig. 4
was used to synchronize the pressure and PIV measure-
ments. The reference pressure was measured on the round
surface of the body, cf. Fig. 5(a); this location was selected
because strong velocity fluctuations were observed in preli-
minary measurements using LDV (not shown). The static
pressure was sensed at a round hole of 1.0 mm in diameter

2H

Downstream column
2H

Ly

Fig. 3. Measurement area.
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Fig. 5. Principle of the phase-averaging with respect to the pressure on the
surface of the body: (a) location of the pressure measurement and (b)
definition of ¢4, g to detect phase.

and evaluated with a precision transducer (Validyne,
DP103) in differential mode with respect to the pressure
measured on the wall of the water channel at a position
away from the obstacle, (x/H,y/H)=(-8.5,—2.8). The
analogue electronic signal was amplified and digitized with
a 16 bit A/D converter (National Instruments, PCI-6040E)
at a rate of 400 Hz. The pulse signal for controlling the PIV
was recorded simultaneously with the pressure signal for
detection of phase as described later. Since the frequency
of vortex shedding was evaluated to be f; = 2.1 Hz by pre-
liminary experiments, a low-pass filter at 4 Hz was applied

10°
E, 10
107°
0 0.1 0.2 0.3 0.4
(a) St=fH/U,

to the pressure signal to prevent aliasing distortion of the
signal.

The phase with respect to the dominant frequency of the
pressure fluctuations was evaluated according to the prac-
tice proposed by Lyn and Rodi (1994). As illustrated in
Fig. 5(b), the phase angle ¢ was detected as follows: A pair
of successive peaks were sought in the low-pass filtered
fluctuating pressure signal and the instants at which the
pressure reaches maxima were specified as 7, and fp,
respectively. The instant at which the velocity data was
stored, #p, was used to determine the phase according to

tp — I

¢_2“t3ftA' (5)
Note that the time tp was the midpoint of the instants at
which two successive images were acquired. This procedure
was necessary to allow a slight change in the frequency of
regular vortex shedding. The spectra of the filtered fluctu-
ating pressure, shown in Fig. 6(a), indicates the dominant
frequency of St =f,H/U ~ 0.21, though, at the same time,
a significant amount of the fluctuation exists at a lower fre-
quency than f;. These slow fluctuations resulted in the mod-
ulation of vortex shedding frequency, as illustrated by the
probability density function of the characteristic period
(tB — IA), in Flg 6(b)

The velocity data were separated into 20 groups accord-
ing to ¢, so that each group corresponded to a discrete
phase angle of A¢ = 0.1x, the average over each group pro-
viding a discrete variation over 0 < ¢ < 2n. When the char-
acteristic period (tg — ta) did not satisfy the condition
0.5 <fytg — ta) < 1.5, the pressure fluctuation was consid-
ered to be out of phase, and the corresponding velocity
data were rejected. As a consequence, the valid data were
approximately 82.2% of whole sample of 8000 points,
resulting in about 330 samples for every phase angle band.
It should be noted, however, that the all data, i.e., 8000
points, were used for time-averaging.

4. Results
4.1. Effect of Reynolds number

The length of the time-averaged recirculation zone is
first examined because it is known to reflect the gross influ-

ence of the variation of Reynolds number on flow around a
bluff body (Zdravkovich, 1997). Fig. 7 presents the length

0.10

0.05

Probability

Fig. 6. Characteristics of pressure fluctuation on the surface of the body: (a) spectrum of filtered pressure fluctuation and (b) PDF of characteristic period.
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Fig. 7. Length of recirculation zone behind the body in upstream side.

of the recirculation zone xr, determined as the streamwise
coordinate on the centerline at which the streamwise mean
velocity changes its sign, as a function of Reynolds num-
ber. Note that xg is normalized by H. It is indicated that
the recirculation zone reaches the second body at lower
Reynolds number, Re < 4000, while xg stays nearly con-
stant for 4000 < Re < 9000, yielding xg = 0.8. This is in
good accordance with a separate experiment conducted in
a wind tunnel (Kuroda et al., 2003). The results shown
in the subsequent sections are obtained at Re = 9000 so
that the influence of Reynolds number is minimized.

4.2. Streamlines

The phase-averaging procedure described in the preced-
ing section enables the instantaneous velocity to be decom-
posed into the periodically varying part and fluctuations
around it:

= () + u;, (6)

where the velocity in bracket, u;, is phase-averaged velocity
that varies with time or with phase ¢. Fig. 8(a) shows the
streamline pattern obtained by smoothly connecting the
time-averaged velocity vectors. A pair of recirculation
zones is observed behind the upstream body. On the other

hand, the phase-averaged streamlines obtained from u;,
shown in Fig. 8(b) and (c), demonstrate the evolution of
a wavy pattern as a consequence of the shed vortex. The
phase ¢ = 0 corresponds to the instant at which the fluctu-
ating pressure detected on the body surface reaches the
maximum. In reference to the location of the pressure mea-
surement, cf. Fig. 5(a), it is recognized that a vortex is
about to leave the opposite side of the body.

4.3. Reynolds stresses

The instantaneous velocity @i, may also be expressed by a
sum of mean velocity U,, periodic component #;, and tur-
bulent component u! as

Ifti:Ui—l-Ijli—i-u;. (7)

Subtraction of the mean velocity U; from (u;) introduced in
Eq. (6) provides the periodic velocity fluctuation #;, so that
the periodic and turbulent velocity fluctuation are distin-
guished from each other.

The distribution of streamwise normal component of
Reynolds stress #? is shown in Fig. 9, comparing the Rey-
nolds stresses calculated from the time average of whole
sample to those calculated from the periodic velocity fluc-
tuation and turbulent components. The u2-component
shows two separate regions of high intensity, located
along the shear layer separated from the upstream body.
It reaches the maximum at x/H 0.5, and gradually
decreases downstream. Comparing the turbulent and peri-
odic parts, one can see that the turbulent part is concen-
trated in the near-wake region where a pair of steep
peaks is observed, while the periodic part develops in the
middle of the observed field, reflecting the fluctuation due
to shed vortices.

The shear stress component uv shown in Fig. 10 resem-
bles that of the #?> component in the sense that there are
two separate peaks, positive and negative, along the sepa-
rated shear layer. The evolution of the periodic part,
Fig. 10(c), occurs in the middle of the two bodies, in accor-
dance with the observation of #2 in Fig. 9(c).

In contrast to these two components, the v2-component
shown in Fig. 11 indicates qualitatively different tendency;
a broad peak is located in the center of the wake and a
notable peak is observed right in front of the downstream
body. The decomposition of this quantity into turbulent

Fig. 8. Comparison of streamlines: (a) time-averaged streamline, (b) phase-averaged streamline at ¢ = 0 and (c) phase-averaged streamline at ¢ = 0.7x.
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Fig. 11. Transverse normal component of Reynolds stress: (a) ?/Ug (total), (b) ﬁ/Uﬁ (turbulent) and (c) i‘_z/Uf (periodic).

and periodic parts reveals the fact that the strong fluctua-
tions are mostly due to the periodic motion, i.e., the peri-
odic vortex shedding from the upstream body. It is
interesting to note that the distribution of the turbulent
part shows a pair of peaks at x/H = 0, the same location
as those of the other components, implying that the fluctu-
ation at this location is a consequence of the energy redis-
tribution as it would occur in canonical shear flows. In
contrast, the periodic part shows nothing common to the
distribution of turbulence; the strong peak in front of the
second body is considered to be a consequence of

the flip—flop motion of the impinging streamline there, as
inferred from Fig. 8(b) and (c).

5. Discussion

From the results presented in the preceding section, it is
expected that the URANS approach predicts the present
flow with reasonable accuracy because the oscillatory vor-
tex motion may well be captured. At the same time, it is
unlikely that the existing RANS provides the strong peak
of v? component in front of the downstream body. A
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straightforward conclusion might be: Use the URANS
instead of RANS. However, what to do when the organized
vortex motion is not that evident, such that the spectrum of
velocity fluctuation has no significant peak but only a
broad distribution? In the present section, a possible mod-
ification to the models within the framework of RANS
approach is discussed.

The unsatisfactory performance of the RANS models is
often attributed to the existence of coherent structure in
massively separated shear layer. However, once averaged
over a sufficiently long time, there is no trace of coherence
in the governing equation. For the improvements of RANS
models, the discussions should be restricted to the terms
appearing in the exact transport equation of Reynolds
stresses. The most probable element that may reflect the
large-scale vortex motion would be the terms containing
velocity—pressure correlation, i.e., pressure diffusion and
re-distribution. Here, these two terms are treated together
as velocity—pressure gradient correlation.

Taking advantage of the PIV measurement, the distribu-
tion of instantaneous pressure gradient is inferred by solving
discrete Poisson equation of pressure by the method
described in Section 2. The results are presented in Fig. 12

for the three components of Reynolds stress under
consideration
op op

Ox;
The role of this term may be interpreted as the composite
of pressure diffusion and re-distribution of Reynolds stres-
ses. Since the pressure diffusion does not appear in diver-
gence form in the individual stress equation, this term
does not reflect the transport of stress. Nevertheless, the
comparison with the corresponding production term

___ou; ____ou;
Py = _Puiukakj — pujux o (9)

well explains the function of these processes. The produc-
tion term of individual Reynolds stress shown in Fig. 13
points to the fact that the term II; functions as a sink,
for example, it is readily seen that P;; and Il;; show ana-
logue distributions with opposite sign. The same is true
for Py, and Il;,. However, the situation is different for
the transverse normal stress component 12, namely, the
production term P,, becomes negative in front of the

(c)

Fig. 12. Correlation of velocity and pressure gradient. (a) I1y;/(H/pU?), (b) H12/(H/pU?) and (c) My /(H/pU?).

Fig. 13. Production term of total Reynolds stresses. (a) Py /(H/pU?), (b) P12/ (H/pU?) and (c) Px/(H/pU?).
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downstream body where v? shows an extreme peak. Inter-
estingly, this peak is provided by the Il,, term shown in
Fig. 12(c).

The negative Py, is a consequence of the product of the
corresponding Reynolds stresses and the mean shear rates:
The contents of P, are

PZZZ—ZW%—:—ZUZZ—Z (10)
and it is readily inferred from the observation of the time-
averaged streamline pattern in Fig. 8(a) that the sign of the
mean shear rate 0V/0y is always positive in front of the
downstream body, and when it is multiplied by large 2,
the second term in Eq. (10) becomes negative and contrib-
utes as a large sink. On the other hand, the large I15, is due
to a positive correlation of v and 9p/dy. The strong fluctu-
ating pressure gradient in front of the downstream body is
caused by the flip—flop motion of the impinging streamline
as illustrated in Fig. 8(b) and (c), and this oscillatory mo-
tion results in the strong correlation between the fluctuat-
ing velocity and pressure gradient as found in a similar
configuration (Tokai and Obi, 2005). It is therefore under-
stood that the excessively large Reynolds stress related to
oscillatory or organized turbulent motion is a consequence
of the strong correlation between the fluctuating velocity
and pressure gradient.

The above observation points to the fact that the oscil-
latory fluid motion is represented by the velocity—pressure
gradient term from the RANS point of view, which has
not been considered within the conventional framework.
In addition, the strong anisotropy of the normal stress
components is another unusual factor, because the com-
mon algebraic relationship between Reynolds stresses can-
not express such a strong anisotropy. Although any
concrete modeling strategy is not known at the present,
the modification of the existing RANS model for this pro-
cess may improve the prediction in flows with massive sep-
aration, and if it is possible, the differential Reynolds stress
model that expresses the transport of individual stress com-
ponent is probably the only candidate.

6. Conclusions

The flow around a pair of bluff bodies set in tandem in
uniform flow has been experimentally investigated. The

three-level decomposition of the velocity data obtained
by PIV has revealed that the strong turbulence intensity
found between the bodies is caused by the oscillatory
motion due to vortex shedding. The effect of vortex motion
is recognized as a strong correlation between velocity and
pressure gradient. The generally recognized poor perfor-
mance of RANS models in predicting this kind of flows
is attributed to the absence of such terms that represent this
process.
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