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Abstract: In the present study, a bypass passive jet flow control method was proposed to mitigate
unsteady wind loads and to manipulate the flow field around a single box girder of a bridge.
With a geometric ratio of 1:125, the single box girder model was determined using the cross-section
of the Great Belt East Bridge. During the experiments, one test model without control was adopted,
while five different test models with different suction/jet configurations were employed to analyze
the effects of the control method and to reveal the underlying mechanism of different control schemes.
The incoming wind speed was fixed to 12 m/s and the wind attack angles were changed from —20° to
20°, resulting in a corresponding Reynolds number of Re = 0.28 x 10°-0.74 x 10° based on the different
attack angles. A six-component force balance, a set of digital sensor array (DSA) pressure transducers,
and a particle image velocimetry (PIV) system was used to measure the aerodynamic forces, pressure
distributions, and flow fields around the test models to evaluate the control effectiveness of different
control cases. Detailed flow structures are presented and discussed for two test cases when the angles
of attack are +15° and —20°. The effects of control on the aerodynamic forces were first investigated
to determine and select the best one out of five control cases. The pressure distributions on the
surface of the test model without control and the best control case were then compared to evaluate
the control effectiveness of the pressure gradient and the fluctuating pressure coefficients. The flow
fields around the test models demonstrate that the bypass passive jet flow control could decrease
vortex strength, delay flow separation, and change recirculation region and size. The results of the
aerodynamic forces, pressure distributions, and flow fields indicate that the bypass passive jet flow
control method results in effective control.
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1. Introduction

Long-span bridges are usually adopted to allow people to cross rivers or straits, and have been
widely built throughout the whole world. In particular, a considerable amount of large-span bridges
(i.e., suspension bridges and cable-stayed bridges) have been constructed or are under construction in
China, with the rapid development of the economy in the last three decades. However, with an increase
in span, long-span bridges become more flexible and more prone to vibrating under unsteady
wind loads. Although the cross-section of a single box girder is generally designed to be similar
to a streamline, the alternating vortex shedding from the upper and lower surfaces of the girder cannot
be completely eliminated and will probably result in vortex-induced vibrations (VIVs) [1].
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There can be different behaviors of frequent VIVs in long-span bridges because of differences in the
cross-sections of the main girders [2-4]. However, unsteady vortex shedding from the girders should
be mainly responsible for the occurrence of VIVs. Larsen et al. [5] performed a field investigation on
the VIV of the Great Belt East Bridge (Storebeelt Suspension Bridge) in Denmark. This bridge was often
observed to vibrate in low wind speeds of 4-12 m/s, with the single mode vibrations of a relatively
large amplitude excited by vortex shedding. Fujino and Yoshitaka [6] observed a significant vibration
due to vortex shedding on the Trans-Tokyo Bay Crossing Bridge. The first-mode VIV with a maximum
amplitude exceeding 50 cm peaked at the wind speed of 16-17 m/s. Li et al. [7] conducted a field
measurement on the Xihoumen Suspension Bridge, which is the longest suspension bridge in China.
The investigation results indicated that the VIV occurred more frequently at a low wind speed range of
6-10 m/s, with the wind direction being nearly perpendicular to the bridge axial line. As mentioned
in the above three bridges, the VIVs of these long-span bridges occurred at wind speeds of 4-17 m/s,
which was a frequent in-situ wind speed range at these bridges. It could be concluded that the VIVs
will frequently appear at low speeds if there are no control measures implemented on these bridges.

Two kinds of control strategies (i.e., active and passive control methods) have been developed
to mitigate the wind-induced vibrations of long-span bridges. Larsen et al. [8] designed tuned mass
dampers (TMDs) to control the potential wind-induced vibrations of the Great Belt East Bridge.
The time-domain simulation results indicated that the girder and TMD responses did not exceed
the maximum allowable values. The TMDs were then applied to control the VIVs of the Rio-Niter6i
Bridge in Rio de Janeiro, Brazil [9,10]. The numerical simulation results showed that the TMDs
under active control had a better performance in reducing and controlling the responses of the VIVs.
Zhang et al. [11] employed an active span-wise suction method to control the vortex shedding from
the test models of the Great Belt East Bridge.

The alternative approach was the passive aerodynamic method, which employed accessory
components on the bridges, such as guide vanes [5] and wing plates [12,13] to improve aerodynamic
performance. It was found that the guide vanes were effective in suppressing vortex-induced vertical
oscillations of the suspension bridge of the Great Belt Bridge, as reported in Larsen et al. [5]. In addition,
the airflow around the main girder could be modified by attaching or adjusting some non-structural
parts (such as railings, parapets, maintenance rails and collision barriers) with specific shapes at the
specific positions of the main girder [14,15]. El-Gammal et al. [16] used the span-wise sinusoidal
perturbation method (SPPM) module in both the leading and trailing edges of the plate girder bridge.
The experimental results indicated that VIV responses could be dramatically suppressed with higher
wave steepness.

Based on the research findings by Baek and Karniadakis [17] and Chen et al. [18], a bypass passive
jet flow control method was proposed to control the flow field around the test models of the Great
Belt East Bridge in the present study. Different from the study of Baek and Karniadakis [17] and
Chen et al. [18], the challenge of the present flow control is that the connected channel set in the bridge
deck has a relatively longer length with a larger fluid resistance than that of the circular cylinder;
moreover, the present flow control need be beneficial in manipulating the separated flow of the bridge
deck at different angles of attack. Therefore, it is necessary to investigate the underlying mechanism of
bypass passive jet flow control for a bridge deck. The control principles of this method are described
as follows. First, the suction/jet holes were set at a region close to the leading/trailing edges of the test
models, respectively, with the suction holes connected to the jet holes through the bypass channels.
The incoming airflow entered from the suction holes, progressed through the channels, and then blew
out from the jet hole into the wake flow. Thus, the flow would be modified and the aerodynamic
effects changed.
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2. Experiment Setup and Model Configuration

2.1. Model Configuration

The experiment was conducted in a small-scale closed-circuit wind tunnel, i.e., SMC-WT1
(Harbin Institute of Technology, Harbin, China) at the Joint Laboratory of Wind Tunnel and Wave
Flume, Harbin Institute of Technology. The test section was made of transparent plexiglass with
a cross-section of 505 mm x 505 mm and length of 1050 mm, as shown in Figure 1. The wind speed
can be continuously adjusted from 0 to 25 m/s with minimum steps of 0.05 m/s, and the turbulence
intensity of the incoming airflow is less than 0.4%.
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Figure 1. A sketch view of the test section.

The Great Belt East Bridge in Denmark is the third longest suspension bridge in the world with
a main span of 1624 m. The cross-section of the main girder is a single box with a width and height of
31.0 m and 4.34 m, respectively. With a relatively small aspect ratio (width/height), VIVs excited by
the vortex shedding excitation at a low wind speed range of 4-12 m/s was observed in this bridge [5].
Therefore, the main girder of the Great Belt East Bridge was chosen for the research objective in the
present experimental study. A high-precision 3D printing technology was employed to manufacture
a segment model of the main girder by using a PLA (polylactic acid) plastic material. A geometric scale
ratio of 1:125 was determined, although it was relatively smaller because of the limitation of the test
section size. Scaling the model by a factor of 125 has an impact on the Reynolds number of the flow.
As reviewed by Larose and D’Auteuil [19], the Reynolds number sensitivity of the aerodynamics of
bluff bodies with sharp edges and concluded that ignoring the Reynolds number effect of bluff bodies
such as box-like bridge decks can lead to systematic errors. Larsen et al. [20] conducted an investigation
on the vortex characteristics of a twin box bridge section at different Reynolds numbers. In our group,
the Reynolds number effects of twin-box girders have always been a hot topic. A recent report can
be found in Li et al. [21].It should be mentioned that we could never reach the real Reynolds number
level in the atmospheric boundary layer wind tunnel, due to the limitations of test section and the
maximum wind speed. We also noticed that the Reynolds number was much smaller in comparison
with real bridges. However, the present study focuses on the fundamental side, and we aim to reveal
the flow characteristics around the scaled models with and without control. For the segment model,
the accessory members of the single box girder bridge were neglected and the slope of the upper
surface was considered as shown in Figure 2.

Figure 2a shows the geometric information for the cross-section of the segment model, where the
width and height are 248.0 mm and 34.7 mm, respectively, according to the geometric scale ratio.
The dimension of the segment model in the span-wise direction is 480.0 mm, due to the size limitation
of the test section. With this relatively small aspect ratio, the vortex shedding of the test segment
model will be easily observed, and the potential vortex-induced vibration can be controlled when
the alternating vortex shedding is suppressed. In the present study, a bypass passive jet flow control
method was proposed to manipulate the vortex shedding in the test model.
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Five test models with bypass passive jet flow control are shown in Figure 2b—f, respectively.
The test models for the five control cases have the same external dimensions as Case 0 (Figure 2a).
To transport the airflow from the positive side to the negative pressure region and ensure that the upper
surface of the girder is not affected, suction/jet holes were only manufactured on the leading/trailing
edges of the test models, respectively, which were connected by the hollow channels. As shown in
Figure 2e, the height of the connected channel is 2.5 mm, the thickness of the wall is 1.5 mm, and the
height of the suction/jet hole is one tenth of the cross-sectional height of the test model (i.e., 3.47 mm).
The three suction/jet holes are equidistantly-distributed on the leading and trailing edges of the lower
surface. The suction/jet holes of the upper surface are set on the center of the leading /trailing edges of
the lower surface, respectively. Combined with Figure 2b—f, the five proposed control schemes are

listed in Table 1.

Table 1. Control schemes of the test models.

Control Suction/Jet  First Row of Suction/Jet Second Row of Third Row of
Case Holes on US Holes on LS Suction/Jet Holes on LS  Suction/Jet Holes on LS Jsue
Case 0 closed closed closed closed 0
Case 1 open closed closed closed 0.0667
Case 2 open open closed closed 0.1333
Case 3 open open open closed 0.2000
Case 4 open open open open 0.2667
Case 5 closed open open open 0.2000

Note: US = upper surface and LS = lower surface.

In order to evaluate the effectiveness of the control for the five different control schemes,
a non-dimensional suction/jet momentum coefficient /s, was defined in the present study as follows:

N
n (HUsucLsuC + Z iHLsuc’-zsuc)
=

]suc = HL ! (1)

where N = 1-3 is the suction/jet hole number on the leading or trailing edge of the lower surface in the
cross-section; 1 = 16 is the suction/jet hole number along the span-wise direction; Hyjs,, is the height
of the suction/jet hole on the upper surface; Hjg, is the height of the suction/jet hole on the lower
surface; Lg;, is the length of the suction/jet hole; H is the height of the cross-section of the test model;
and L is the span-wise length along the test model.

The suction/jet momentum coefficients for the five control cases and Case 0 are listed in Table 1.
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Figure 2. Geometry information of the cross-section of the segment models and five control schemes
(unit: mm). (a) Case 0; (b) Case 1; (c) Case 2; (d) Case 3; (e) Case 4; (f) Case 5.
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Figure 3 provides a view of the model from the downstream side. Two end plates were installed on
both ends of the model to avoid the effects of having free ends and to improve the accuracy of the test
results. The length of the suction/jet holes is 20 mm in the span-wise direction, the distance between
two neighboring suction/jet holes is 10 mm along the span-wise direction, while the suction/jet holes
at both ends are 5 mm from the edge of the model.

Suction/Jet Holes Pressgze Taps

L

10 mm 20 mm 5 mm

s L ,
\ End Plate End Plate / :
Iron rod End Plate

Figure 3. View of the model from the downstream direction.

2.2. Experimental Setup for Aerodynamic Force Measurements

A six-component force balance (Model Gamma SI-600-60, ATI Industrial Automation) was
employed to obtain the values for all aerodynamic forces (i.e., lift, drag and moment of the test models,
Figure 3). The force balance was mounted on a frame outside the wind tunnel using a threaded iron
rod. The sampling frequency and time of the force balance were set to 1000 Hz and 90 s, respectively.

The lift, drag, and moment coefficients (i.e.,.C;, C; and C; can be obtained by applying
aerodynamic forces to the test models at different wind attack angles, as follows:

F

C=-_ =
' eus’

2 Cp=-—2_ 2
5B " jpUB? ?

where U =12 m/s is the wind speed of the incoming airflow, which is calculated by the static pressure
and total pressure tested by a Pitot tube; B is the width of the test model; p is the air density, which was
chosen as 1.225 kg/m?; and F;, F; and F,, are the drag, lift, and moment per unit length, respectively.

2.3. Experimental Setup for Pressure Measurements

The pressure measurement section was located at the center of the test model (Figure 3). In the
present study, 46 taps were arranged around the pressure measurement section (Figure 4). The pressure
taps were connected to three units of digital sensor arrays (DSA3217, Scanivalve Corp®, Liberty Lake,
WA, USA) by using polyvinyl chloride (PVC) tubes for pressure data acquisition. These PVC tubes
had an internal diameter of 0.9 mm and a length of 0.5 m. The precision of the DSA 3217 Model
is £0.05% of the full-scale range (+10 inches of HyO). During the surface pressure measurements,
the sampling frequency and time of each pressure tap were set as 312.5 Hz and 32 s, respectively.
Based on the work of Irwin et al. [22] and Chen et al. [18], it can be expected that there are relatively
small and negligible effects of the tubing system on the pressure measurements for the present test
cases, such as the amplitude, attenuation and the phase lag of the instantaneous pressure signals.
However, the blockage ratios were 6.67-17.85%, which correspond to the wind attack angle range of
0-20° in the current study. The solid blockage and the wake blockage effects of the test models on the
pressure measurements were corrected, as suggested by Barlow et al. [23].
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Figure 4. The distribution of pressure measurement taps.

The pressure coefficients distributed around the surface of the test models can be obtained by the
pressure measurement system as follows:

Pi — Peo
Cpi = 3

where p; is the surface static pressure on the test model and p« is the static pressure at the inlet of the
test section.

2.4. Experimental Setup for PIV Measurements

In addition to the aerodynamic forces with a six-component force balance and the surface pressure
measurements with the DSA pressure transducers, a particle imaging velocimetry (PIV) technique was
employed to characterize the flow characteristics of the test models with and without control. The laser
plane was located at the center of the seventh row of suction/jet holes, which were numbered from
right to left in the span-wise direction (Figure 3). The experimental setup of PIV measurements is
illustrated in Figure 1.

During the PIV measurements, the incoming airflow was seeded with 1-5 pum oil droplets by using
a droplet generator. It was checked whether the seeding particles mixed thoroughly and uniformly
or not (i.e., homogeneous seeding) during the experiments. The seeding density was found to be
adequate for interrogation with interrogation regions of 32 x 32 pixels. This kind of particle seeding
has been a long established method. Identical fog machines, oils, and set-ups have been used in
a number of previous studies (e.g., [18,24-27]). In addition, as proposed in Samimy and Lele [28],
that particle response could be well characterized by 7, the ratio of particle response time to the flow
time scale (Stokes” number), and only particles with T > 0.05 were found to misrepresent the flow
features. In the present experiment, 7 is estimated as: T = 7, /7 = 1.77 x 1073, which is less than 0.05.
Therefore, we believe the particle movement is able to represent the fluid velocity.

INlumination was provided by a double-pulsed Nd:YAG laser (Vlite 200, Beamtech Optronics
Co., Ltd., Beijing, China), which emitted two pulses of 200 m]J at the wavelength of 532 nm with
a repetition rate of 2 Hz. The laser sheet was generated by a set of mirrors as well as spherical and
cylindrical lenses, which can shape the emitting laser beam. In the measured region, the thickness of
the laser sheet was about 1.0 mm. Using two independent laser arms, two laser sheets generated by
one laser were manipulated to illuminate both the upper and lower sides of the test models. The laser
energy was divided into two parts. This system was elaborately designed and carefully examined
by the laser manufacturer. When the center of the target plane was about 1050 mm away from the
lens of the laser arms, the laser energy reached the maximum. A 14-bit (1600 x 1200 pixels) CCD
(charge-coupled device) camera (pco.1600, PCO AG., Kelheim, Germany) was used to record images
for the PIV measurements. The CCD camera and double-pulsed Nd:YAG lasers were connected to
a workstation (host computer) via a Digital Delay Generator (Model 575-8C, Berkeley Nucleonics,
San Rafael, CA, USA), which controlled the timing of the laser illumination and the image acquisition.
The CCD camera was carefully aligned and was perpendicular to the laser planes using the spirit level.
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Instantaneous velocity vectors can be obtained by frame-to-frame cross-correlation operation
of the images obtained by the PIV system. The MATLAB codes to process the PIV images were
developed by the third author and Hui Hu of lowa State University [18,24,26,29]. There was another
post-processing step for filtering/deletion of spurious vectors after image processing. However,
the experimental results were maintained high-quality, as the valid vectors are mostly calculated to be
about 98% in the present experiment.

In the cross-correlation operation, a 32 x 32 pixel interrogation window was adopted, with
the interrogation window overlapped by 50%. When the instantaneous velocity vector (u, v) in the
flow field was determined, the corresponding span-wise vorticity w, could be calculated. In each
case, the mean velocity, turbulent kinetic energy (TKE = 0.5 x (u’ 2 4o 2) JUz), swirling strength,
separation point, and other flow field characteristics were then obtained from instantaneous PIV
measurements. Three-hundred pairs of images were collected for each case during the experiments.
The image had a physical area of 338 mm x 254 mm. The interrogation window was 32 x 32 pixels,
corresponding to an area of 7 mm X 7 mm. Since an effective overlap of 50% of the interrogation
windows was adopted in PIV image processing, the resultant spatial resolution was 3.5 mm x 3.5 mm
for the PIV measurements. In this experiment, the uncertainty of instantaneous velocity measurements
was about 5.43%.

3. Results and Discussion

3.1. Analysis of Aerodynamic Coefficients

After acquiring the aerodynamic forces by a six-component force balance, the mean values
(i.e., C;_mean, C;_mean, and C,,_mean) and the fluctuations (i.e., C;_rms, C;_rms, and C,,_rms) of the
instantaneous aerodynamic force coefficients were obtained through statistical analysis. In the present
study, C;_mean was measured to be 0.061 at a wind attack angle of 0°, which is close to the result of
0.064 from Taylor et al. [4] and the numerical simulation result of 0.060 from Frandsen [30].

Figure 5 shows the mean values of the lift, drag, and moment coefficients for all test models at
wind attack angles ranging from —20° to 20°. The reduction of aerodynamic coefficients is defined as:

reduction = Case0 — Casei(i = 1,2,3,4,5) 4)
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Figure 5. Comparison of mean aerodynamic force coefficients between five control cases and Case 0 at
different wind attack angles. (a) C;_mean; (b) C;_mean; (c) C;;,_mean.
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When reduction is close to zero, it means this modification has little effect on the Case 0 model.
For the mean drag coefficient, the five control cases are close to the Case 0, although there is a small
difference at a large negative attack angle (e.g., —20°). With respect to the mean lift coefficient,
control cases 2-5 achieved a small reduction while the Case 1 had no distinct change compared with
the Case 0 at negative attack angles. For this mean lift coefficient, the control cases 2—4 also had
a reduction, while control cases 1 and 5 were close to Case 0 at positive attack angles. For the mean
moment coefficient at negative attack angles, control cases 2-5 achieved a decrease and Case 1 had no
noticeable change in comparison with Case 0. At positive attack angles, Case 5 was close to Case 0,
while the other control cases achieved a distinct decrease.

Figure 6 illustrates the fluctuations (RMSs: root-mean-square values) of the lift, drag, and moment
coefficients for all test models at the wind attack angle range of [-20°, 20°]. At a large negative attack
angle (e.g., —20°), the control effectiveness of the five control cases is [17.91%, 70.16%, 71.41%, 83.73%,
18.81%]; [16.32%, 66.73%, 68.65%, 93.15%, 6.59%]; and [4.13%, 59.45%, 61.52%, 65.28%, 25.22%] for the
lift, drag, and moment coefficient RMSs, respectively. Control cases 2—4 had a large decrease in the
RMSs of the aerodynamic coefficients, while Case 4 had the best control effectiveness. Cases 1 and
5 had a small control effectiveness, because the suction/jet holes were only located on the upper or
lower surfaces.

For Case 0 at positive attack angles, the peaks appear at the angle of 15° for the lift and drag
coefficients, with the maximum value occurring at the angle of 10°. For the peak value suppression at
the angle of 15°, the control effectiveness of the five control cases is [7.04%, 19.29%, 12.38%, 23.25%,
8.53%]; [9.32%, 15.65%, 9.09%, 18.76%, 5.91%]; and [15.00%, 24.98%, 25.57%, 25.55%, 7.37%] for the
lift, drag, and moment coefficient RMSs, respectively. Control cases 3 and 4 are better than the other
control cases. Combining the control effectiveness at the angles of —20° and 15°, Case 4 should be the
best control case.
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Figure 6. Comparison of aerodynamic force coefficient fluctuations between five control cases and
Case 0 at different wind attack angles. (a) C;_rms; (b) C;_rms; (c) C;_rms.

Following this, the integral of the C;;_mean along a wind attack angle from —20° to 20° was
performed to evaluate the work done by the moment (Table 2). The results indicate that control cases
2—4 had smaller values compared to Case 0, while Case 4 had the smallest value, which indicates the
best control effectiveness.
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Table 2. Integral of C;;,_mean along the wind attack angle.

Control Case Case 0 Case 1 Case 2 Case 3 Case 4 Case 5
Cpu_mean * (attack angle) 5.26 +0.017 4.80 £0.003 4.65 +0.007 4.58 +0.006 4.48 £0.004 4.88 4 0.002

* Cy_mean (attack angle) is the integral of C;,_mean along the wind attack angle.

According to the above analysis, further pressure distributions and flow structures around
the test models will focus on the best control case (Case 4) at two larger wind angles of —20° and
15°. The control philosophy in the present study was to form a communicating channel between
the windward and leeward surface of the test model and to generate a passive jet into the wake.
The transportation capability of flow between windward decides the flow control effectiveness.
With more holes being manufactured, the fluid transporting capacity was more powerful and the
interaction between the jet vortex and wake flow was enhanced. Similar findings have been discussed
in Chen et al. [18] and Gao et al. [31].

3.2. Analysis of Surface Pressure Distributions

Figure 7 shows comparisons of the distributions of the mean and fluctuating pressure coefficients
around the test models with and without control at a negative wind attack angle of —20°. As shown in
Figure 7a, the mean pressure coefficients on the upper surface of Case 0 and Case 4 are close to each
other. Furthermore, the pressure gradients are positive and the flow will not separate from the upper
surface. For Case 0, the fluctuating pressure coefficients are smaller on the windward side on the upper
surface, as shown in Figure 7b. In the region near the trailing edge of the upper surface, the fluctuating
pressure coefficients were relatively larger, which may be induced by the interaction between the
alternating wake flows from the upper and lower surfaces. The fluctuating pressure coefficients on the
upper surface of the test model in control Case 4 were slightly lower compared to Case 0.

At the negative attack angle of —20°, the flow separation is mainly located on the lower surface.
On the windward side of the lower surface, the adverse pressure gradient region of the Case 4 is
wider than the Case 0 (Figure 7c), resulting in decreased fluctuating pressure coefficients in this
region compared to the Case 0 results (Figure 7d). However, on the leeward side of the lower surface,
the pressure gradients of Case 4 are decreased and the fluctuating pressure coefficients obtain a great
reduction in comparison with Case 0 (Figure 7c,d). Combining the fluctuating pressure coefficients
on the whole lower surface, the total aerodynamic force coefficients (i.e., the lift, drag, and moment
coefficients) should be greatly reduced in the Case 4, which has also been validated by the results in
Figure 6.
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Figure 7. Distributions of mean and RMS (root-mean-square) values of pressure coefficients at the
wind attack angle of —20°: (a,b) are the upper surface and (c,d) are the lower surface.
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Figure 8 presents the comparisons of the distributions of the mean and fluctuating pressure
coefficients around the test models with and without control at a positive wind attack angle of 15°.
At this angle, the flow separation is mainly located on the upper surface. On the leeward side of the
upper surface, there is a large decrease in mean pressure coefficients and the adverse pressure gradient
obtains an obvious reduction (Figure 8a). Following this, there is a dramatic decrease in fluctuating
pressure coefficients of Case 4 compared to Case 0 results, as shown in Figure 8d.

The results shown in Figure 8c,d are similar to those in Figure 7a,b. The mean pressure coefficient
distributions of Case 0 and Case 4 are close to each other. The fluctuating pressure coefficients are
slightly smaller than the results of Case 0, as shown in Figure 8c,d.

Combining the results in Figures 7 and 8, it was found that the control Case 4 has less influence on
the surface without a flow separation and greater effects on the surface with a flow separation.
The control Case 4 can greatly decrease the adverse pressure gradient and fluctuating pressure
coefficients. The reason mainly includes two aspects: first, the main flow on the surface without
a flow separation will have the same movement direction as the jet flow. Therefore, the jet flow will
hardly prevent or influence the main flow. Secondly, it is important to consider the main flow on the
surface with a flow separation. In particular, the main flow has a reverse direction with the jet flow
in the separation region. Thus, the interaction between the jet flow with the main flow will greatly
influence the pressure distributions.
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Figure 8. Distributions of mean and RMS values of pressure coefficient at the wind attack angle of 15°:
(a,b) are the upper surface and (c,d) are the lower surface.

3.3. Analysis of PIV Experimental Results

As described above, a PIV system was used to measure the flow field to further understand the
underlying mechanism of the bypass passive jet flow control. Similar to the analysis of the pressure
distribution, the PIV experimental results also focus on Case 4 and Case 0 under two wind attack
angles of —20° and 15°.

Figures 9 and 10 plot the mean value of u and v distributions around test model. The positive u
value denotes an in-flow direction and positive v the upward direction. When the angle of wind attack
is —20°, the mean u and v distributions are plotted in Figure 9a,b. It can be seen that the negative 1 on
lower surface and wake flow in Case 4 is smaller than in Case 0, and the positive v on lower surface
wake flow in Case 4 is also smaller than in Case 0. This is due to the passive jet formed by Case 4 into
the wake. The jet flow interacts with the backward flow and results in a modification to the wake flow
of Case 0.

I T i T ) N\ + n n T
0 02 04 06 08 1 1.2 0 02 04_06 08 1 12
X/B X/B

Figure 9. Cont.
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Figure 9. The particle imaging velocimetry (PIV) measurement results for Case 0 and by-pass jet control
at wind attack angle of —20°. (a) Case 0; (b) Case 4.

When the wind attack angle is 15°, the mean u and v distributions are plot in Figure 10a,b. It is
shown that negative u on upper surface and wake flow in Case 4 is smaller than Case 0, and positive v
on upper surface wake flow in Case 4 is also smaller than Case 0. The reason remains the same.

; (m)l .

4-202 4 6 81012

I T = TS EE i S
0 02 04_06 08 1

[T [ 3 I
0 02 04_06 08
0 02 0 4X/8 .6 08 /B

(a) (b)

Figure 10. The PIV measurement results for Case 0 and by-pass jet control at wind attack angle of 15°.
(a) Case 0; (b) Case 4.
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At the wind attack angle of —20°, the instantaneous and time-averaged flow fields are shown
in Figure 11. A reverse vortex structure formed on the upper and lower surfaces of the test model of
Case 0, which can be seen in Figure 11a. The vortex structure of the upper surface separated from
the upper tail of the test model, while the vortex structure of the lower surface separated from the
lower leading edge of the test model. The detachment of the unsteady wake vortex structure on the
upper and lower surfaces of the model will result in obvious changes in the surface pressure around
the model structure. In particular, this happens in the area of flow separation on the lower surface of
the test model, as indicated by the surface pressure measurement results given in Figure 7c. For Case 4,
the results of the vortex structure around the test model were similar to Case 0, as shown in Figure 11b.
However, the vortex strength of Case 4 is lower than that of Case 0, while the wake width is decreased.
This is consistent with the fluctuating pressure coefficient distributions, as shown in Figure 7d.

The time-averaged flow fields of both cases are given in Figure 11c,d, respectively. The turbulence
kinetic energy (TKE) in the flow fields around the model can be used to indicate the instability of the
surface pressure of the bridge model [29], which in turn can represent the instability of the aerodynamic
forces in the model. Therefore, TKE values in the flow fields around the test model were used as
an indicator to assess the efficiency of the bypass passive jet flow control in this study. It was found
that TKE distribution values in the wake of Case 4 are much lower than those in the model without
control. Therefore, there will be reduced fluctuations in the aerodynamic forces, which is consistent
with the above pressure and aerodynamic measurement results. Moreover, the recirculation region of
Case 4 was suppressed to a smaller size.
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Figure 11. The PIV measurement results for Case 0 and bypass jet control at a wind attack angle of
—20°. (a) Instantaneous flow field of Case 0; (b) Instantaneous flow field of Case 4; (c) Time-averaged
flow field of Case 0; (d) Time-averaged flow field of Case 4. TKE: turbulence kinetic energy.
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Figure 12 shows results of the test models at the angle of 15° that are similar to those at the angle
of —20°. In comparison with the Case 0 results, TKE values are greatly reduced and the recirculation
regions are obviously smaller in size.
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Figure 12. Instantaneous and time-averaged flow fields for Case 0 and bypass jet control at a wind
attack angle of 15°. (a) Instantaneous flow field of Case 0; (b) Instantaneous flow field of Case 4;
(c) Time-averaged flow field of Case 0; (d) Time-averaged flow field of Case 4.

As for the two-dimensional incompressible flow, the vorticity in the z direction can be written as:

Ju  du
wzza_f (5)

%

where x and y are the coordinates along the downstream direction and vertical flow direction.
According to Equation (5), both the vortex motion and the shearing motion are identified by the
vorticity in the flow, the vortex forming and shedding locations cannot be clearly identified to represent
the flow. To get rid of the shearing motions, we used the imaginary part of the complex eigenvalue
of the velocity gradient tensor to distinctly visualize vortices [32]. Since the two-dimensional flow
velocity fields are obtained through the PIV measurements, the full velocity gradient tensor cannot be
formed, and we can only set up a two-dimensional form of the velocity gradient tensor [33] as:

du  du
Jx 0

Drp=| % & (6)
Jx 9y



Appl. Sci. 2017, 7, 501 16 of 19

We conducted a detailed experiment focusing on the wake flow behind the test model to
investigate the formation of passive jet flow. Here, we adopted swirling strength as the indicator
to reveal the jet vortex, as shown in Figures 13a and 14a. It should be noted that the measurement
resolution increased to 1.4 mm X 1.4 mm in this case. It can be observed that there are streamlines
being evacuated out from the bypass system into the model wake, as shown in Figures 13 and 14.

-02  -0.1 0 0.1
X/B

(b)

Figure 13. The instantaneous and time-averaged flow fields for the by-pass jet control at wind attack
angle of 15°. (a) Instantaneous flow field of Case 4; (b) Time-averaged flow field of Case 4.
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Figure 14. The instantaneous and time-averaged flow fields for the by-pass jet control at wind attack
angle of —20°. (a) Instantaneous flow field of Case 4; (b) Time-averaged flow field of Case 4.

The quantitative analysis of the separation points and the recirculation sizes was then performed,
with results shown in Figure 15. The size of the recirculation region is not obvious according the
streamlines and vortices; therefore, we conducted an analysis of the velocity profiles near the model
surfaces. The blue solid line in Figure 15 in the revised manuscript represents the zero point line of the
velocity distribution, and the velocity in the horizontal direction of the position of the model surface
separation point is zero. According to these blue lines, we determined the separation points of the
flow from the model surfaces. Moreover, the distances between the blue lines and the model surface
will reflect the size changes of the recirculation regions. Because 99 x 74 vectors are shown in the
fields, the uncertainty may increase by an additional 1/99 x 100% = 1% in the horizontal direction and
1/74 x 100% = 1.4% in the vertical direction under the resolution of PIV measurements. When the
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wind attack angle was —20°, the flow separation point was X/B = 0.208 away from the leading point for
Case 0, while it was delayed to X/B = 0.226 for Case 4. When the wind attack angle was 15°, the flow
separation point was X/B = 0.138 for Case 0 before being dramatically pushed down to X/B = 0.234.
Then, the recirculation region sizes were quantitatively analyzed when the wind angle was —20°.
This quantitative analysis found that the X/B was fixed to 0.8, and the heights of the recirculation
regions were 0.160 and 0.143 for Case 0 and Case 4, respectively. The height of the recirculation region
was reduced from 0.145 to 0.123 at the angle of 15°. This is consistent with the force and pressure
measurement results.
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Figure 15. Velocity profiles for the Case 0 and bypass jet control. (a) Case 0 at wind attack angle —20°;
(b) Case 4 at wind attack angle —20°; (c) Case 0 at wind attack angle 15°; (d) Case 4 at wind attack
angle 15°.

3.4. Discussion of the Results

According to the above analysis of the aerodynamic coefficients, pressure coefficients, and the flow
fields around the test models, the present bypass passive jet flow method is effective at different wind
attack angles, particularly at larger wind attack angles. It is suggested that this method can achieve
a better control effectiveness for the bridge flutter, which will be further investigated in an elastic test
model. The model scale is set as 1:125 in the present study, which means that large-scale model tests
should be conducted to validate this method in the near future.

The present experimental study has validated the effectiveness of the bypass passive jet flow
control on the bridge girder. However, the spacing of the suction/jet holes in the span-wise direction
of the single box girder is fixed, and it does not indicate whether the control effect of the present
configuration is the best. Therefore, a study focusing on the effects of the spacing ratio is currently
being undertaken to facilitate this flow control method being used in engineering applications, and the
results will be reported in the near future.
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4. Conclusions

In the present study, the control effectiveness of a bypass passive jet flow control on the
aerodynamic forces, pressure distributions, and flow field characteristics was examined. Using the
connected channels to transport the airflow from the leading side to the trailing side, a good control
effectiveness was then achieved by the case with all suction/jet holes on upper and low surfaces
opened. Some conclusions were obtained through the present study as follows:

The aerodynamic force measurement results show that the suction/jet holes both set on the upper
and lower surfaces are beneficial for control. When the suction/jet holes on the upper and lower
surfaces are all opened, the bypass flow control exhibits the best effectiveness.

The pressure distributions indicate that the bypass passive jet flow has less influence on
the surface without a flow separation and greater effects on the surface with a flow separation.
More opened suction/jet holes can greatly decrease the adverse pressure gradient and fluctuating
pressure coefficients.

The flow field characteristics measured by PIV show that the bypass passive jet flow can
dramatically decrease the TKE level, delay the flow separation, compress the wake region and reduce
the size of the recirculation.
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