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Abstract: The aerodynamic features of a train and flat closed-box bridge system may be highly
sensitive to train-bridge aero interactions. For the generally utilized railway bridge-deck with
two tracks (the upstream and downstream ones), the aero interactions above are occupied-track-
dependent. The present paper thus aims to reveal the aero interactions stated above via a series of
wind tunnel tests. The results showed that the aero interactions of the present train-bridge system
display four typical behaviors, namely, the underbody flow restraining effect, bridge deck shielding
effect, flow transition promoting effect, and the flow separation intensifying effect. The above four
aero interactions result in obvious reductions in the aerodynamic forces of the train in wind angle of
attack α of [−4◦, 12◦] and in the static stall angle of the bridge-deck, and leads to sensible increases
in the absolute values of the bridge aerodynamic forces in α of [−4◦, 12◦]. Upon comparing the
results with the same train and bridge system but with the train model mounted on the downstream
track, the quasi-Reynolds number effect was non-detectable when the train model was moved to the
upstream track. Thus, no drag crisis and other saltatory aerodynamic behaviors were observed in the
present study in α of [0◦, 12◦].

Keywords: wind engineering; wind tunnel test; wind-train-bridge system; flow visualization

1. Introduction

Currently, railway vehicles need to run on or through long-span bridges, i.e., Hutong
Yangtze river railway bridge, Jinshajiang railway bridge, and Strait of PingTan Bridge [1].
The serviceability of trains running on such long-span railway bridges is of major concern
around the world [2–4]. In order to predict, control, and improve the serviceability of
the train-bridge system in crosswinds, their aerodynamic properties and underlying flow
physics should be fully investigated in advance.

From the train point of view, modern vehicles are more sensitive to crosswinds due
to their higher operating speed and lighter weight [2,5]. To guarantee the operating
comfortability and safety of a train running on scenarios of different types (flat ground,
embankment, viaduct, and long-span bridge) in crosswinds, two kinds of risk analysis
methods have been put forward, i.e., the mathematically rigorous approach developed by
many previous researchers [4,6–10] and the characteristic wind curve (CSC) as documented
in specification [11]. However, no matter which method is utilized, the wind loads acting
on the train are the basic input parameters.

From the infrastructure scenario point of view, the long-span railway bridge is gen-
erally the most critical site in a segment [12]. Relative to other scenarios, the long-span
railway bridge is characterized by smaller stiffness, lower damping, lighter weight, and
severer wind environment. Moreover, the dynamic responses of the train and bridge system
induced by crosswinds are chiefly resisted by the bridge. Given all the above characteristics,
the crosswind aerodynamic properties of the railway bridge scenario should be taken into
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consideration in the risk analysis of the train and bridge system. Within the range of the
CSC, the bridge deck may suffer from buffeting and vortex-induced vibration [13–15],
which should have a strong negative effect on the serviceability of the train in crosswinds.
To assess the dynamic responses of the long-span railway bridge induced by crosswinds, the
aerodynamic properties of the bridge deck need to be measured, analyzed, and classified.

From the train-bridge system point of view, the aerodynamic and dynamic interactions
between the train and bridge are very complex [16–18]. On one hand, the presence of the
bridge deck should significantly impact the approaching and underbody flows of the
train. For example, the leading-edge separated flow of the bridge-deck may lead to an
overspeed effect on the approaching flow of the train, similar to Baker’s hypothesis [19].
Meanwhile, the flow separation-reattachment of the bridge-deck would be noticeably
altered by the presence of the train. On the other hand, the dynamic responses of the train-
bridge system are obviously intensified in crosswinds [4,6–10]. The above aerodynamic
and dynamic interactions were mainly carried out on train-viaduct and train-truss bridge
systems [4,18,20–29]. Associated studies on the train and flat closed-box bridge system
are limited. Currently, the flat closed-box deck has been widely utilized in long-span
railway bridges in China since 2014. For such a wind-sensitive bridge deck, systematic
investigations on the aerodynamics of the train and flat closed-box bridge system are
urgently required.

Generally, the relative spatial position of two objects (i.e., circular cylinders, square and
rectangular prisms) plays a determining role in their aerodynamic forces, flow structures,
pressure distributions, velocity fields, and near wakes [30–32]. When it comes to the
train-infrastructure system, the change of the relative spatial position of the train and
infrastructure is mainly influenced by the variations of the occupied track the train is
running on. In the past decades, several studies have already been carried out to discuss the
influences of the aforementioned occupied track variations on the aerodynamic properties
of trains [12,22,26,33]. However, the influences of the occupied track variation on the
crosswind aerodynamic characteristics and their underlying flow mechanisms of the train
and bridge system are not yet fully understood. Thus, the present research carried out a
series of wind tunnel tests to study the crosswind aerodynamic characteristics of a train
and flat closed-box bridge system with the train model mounted on the upstream track, as
well as the underlying flow physics. Compared to the case with the train model mounted
on the downstream rack [34], the influences caused by the above occupied track variation
are revealed.

Pressure field measurements and flow visualization results of a train and flat closed-
box bridge are reported in the present study, which may be a meaningful complement to
the aerodynamic interactions of the train-bridge system. The remainder of this paper is
organized as follows. Section 2 depicts the detailed information of the wind tunnel test
setups, including the wind tunnels, the testing models, the testing instruments, and the
arrangements of the testing points. Sections 3 and 4 discuss the aerodynamic interactions
and properties of the train and flat closed-box bridge system, respectively. The results
were then compared to the results of the same train-bridge system but with the train
model mounted on the downstream track, and the influences caused by the occupied track
variation were analyzed and classified. In Section 5, two core findings are summarized.

2. Configurations of Wind Tunnel Setup
2.1. Wind Tunnels and Models

Two wind tunnels belonging to Central South University were utilized in these two
experiment as shown in Figure 1a,b. The width and height of the test sections of these
two wind tunnels are 450 mm × 450 mm and 3000 mm × 3000 mm, respectively. For
clear representation, the smaller wind tunnel is named as WT-I, whereas the larger one
is named as WT-II. Without any turbulence generators, the flow in the WT-I and WT-II
with turbulence intensities smaller than 0.6% could be considered as uniform based on the
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current specification [11]. Please see [34] for more detailed geometric parameters of the
above two wind tunnels.
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Two groups of wind tunnel test models were made to match the WT-I and WT-II, which
are simplified from a practical engineering model in China as shown in Figure 1. On one hand,
as depicted in Figure 1a, the first group models scaled by 1:200 were used for smoke-wire
visualization in WT-I. The widths, heights, and lengths of the train and bridge-deck models
are b × d × l = 16.3 mm × 18.5 mm × 450.0 mm and B × D × L = 98.0 mm × 14.0 mm
× 450.0 mm, respectively, resulting in a maximum blockage ratio of 6.2%. In this flow
visualization experiment, the models were made by 3D printing technique. The wind angle
of attack α was set in [−12◦, 12◦] with an interval of 2◦. The incoming flow velocity is U∞
= 2 m/s, and the corresponding Reynolds number (Re) based on U∞ and d is of 2.5 × 103.
On the other hand, the second group of models scaled by 1:40 were used for pressure
field and flow profile measurements as shown in Figure 1b in WT-II. The widths, heights,
and lengths of the train and bridge-deck models are b × d × l = 81.6 mm × 92.3 mm ×
2000.0 mm and B × D × L = 490.0 mm × 70.0 mm × 2000.0 mm, respectively, resulting in a
maximum blockage ratio of 4.6%. For brevity, only the geometrics of this group of models
are depicted in Figure 2. In the pressure field and profile measurement experiment, the
train model was still made by 3D printing technique, whereas the bridge-deck model was
made of wood with an aluminum spine embedded inside. The test range of α was also
set in [−12◦, 12◦] with an interval of 2◦, while the incoming flow velocity is U∞ = 20 m/s
corresponding to Re = 1.25 × 105 (based on U∞ and d). Please note that, only the train’s
shoulders are rounded without any sharp corners, thus all the Reynolds numbers in this
paper are calculated based on d.
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As described in Figure 2, xt–yt and xb–yb denote the geometric coordinate systems
of the train and bridge-deck models, respectively. The coordinate origins are fixed at the
centroids of the cross sections of the test models.

2.2. Testing Points and Instruments

The pressure fields around the test models were measured by pressure taps pre-
installed on their surfaces as shown in Figure 2a,b. In the streamwise direction, there
are 30 and 44 taps distributed around the train and bridge-deck models, respectively. In
the spanwise direction, there are five pressure test cross-sections. In total, six scanner
(Scanivalve, ZOC33/64PxX2) modes were used to record the pressure signals of all the
above 370 pressure taps. The sampling frequency and duration of all six scanner modes
were modulated as 625 Hz and 32 s, respectively. Note that, the Strouhal number of the
present model is smaller than 0.18 corresponding to a vortex shedding mode less than
40 Hz, thus the time delay 1/625 s between any two taps caused by the scanner is neglected.
The pressure tap and scanner were connected by PVC tubing system with a length of
500 mm. As demonstrated by [17], the influence caused by this PVC tubing system is less
than 8%, which is also neglected in this research.

A Cobra probe was utilized to monitor the flow profiles of the present models, which
was mounted on a 3D traverse system with a displacement resolution of 0.02 mm as
demonstrated in Figure 2c. The sampling frequency and duration of the Cobra probe were
modulated as 2000 Hz and 30 s, respectively.

As depicted in Figure 2c, the flow profile coordinate system is defined as u (the
streamlined component) and v (the vertical component). For the train approaching flow,
the coordinate origin A is fixed at the bottom of the train model. For the bridge-deck near
wake, the coordinate origin B is fixed on the nose-tail line of the bridge-deck. ∆yt/∆yb are
the vertical coordinates of the test points.

3. Aerodynamic Interactions

This section depicts the instantaneous flow structures around the present models,
the approaching flow profiles of the train model, and the pressure fields and near wake
profiles of the bridge-deck model. Based on the above experimental results, the train-bridge
aero interactions in crosswinds were analyzed and compared to the study of [34] in order
to reveal the effects of the occupied track variation (with train model mounted on the
upstream or downstream track) on the aero interactions of the train and bridge system.

3.1. Train Model
3.1.1. Underbody Flow Restraining Effect

Figures 3 and 4 depict the instantaneous flow structures around the test models in the
train-only, bridge-only, and train-bridge (with the train model mounted on the upstream
track) cases. As shown in the left columns of Figures 3 and 4, the underbody flow of the
train-only model generally transits from full separation to intermittent reattachment with
an increase in α in [−12◦, 12◦]. Interacting with the roof separated flow, a typical Karman
vortex street appears in the near wake of the train model similar to that of a circular cylinder.
However, as demonstrated in the right columns of Figures 3 and 4, the underbody flow
separation of the train model is noticeably decaying with the appearance of the bridge-deck
model, as was evidenced by only a small piece of smoke-wire going through the gap
between the train and bridge models. Even through the roof flow separation, reattachment
is still detectable; no Karman vortex street can be observed in the near wake of the train
model. Obviously, the chief reason for the above weakened underbody flow separation
is the presence of the bridge deck model. Based on the above-mentioned discussion,
the bridge deck has a strong restraining effect on the underbody flow separation of the
train model.
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In comparison with the study of [34], the underbody flow separation of the train
model in the present study is still detectable, as evidenced by a small piece of smoke-wire,
suggesting the underbody flow restraining effect is a smoother dependence in the occupied
track variation.

3.1.2. Bridge Deck Shielding Effect

In the bridge-only case, the shear layer thickness of the leading-edge separated flow
over the bridge-deck upper surface is limited in α = [−16◦, 2◦] as evidenced by the middle
columns of Figures 3i–o and 4f,g. With an increase in α = [4◦, 8◦], the above shear layer
thickness increases noticeably as shown in Figure 4h–j. In the train-bridge case, the above
leading-edge separated flow reattaches on the upstream surface of the train model, and
then bifurcates into two parts, as shown in the right columns of Figures 3 and 4. With an
increase in α = [−12◦, 12◦], the stagnation point (bifurcation) of the leading-edge shear
layer is always located at the 1/4 height of the train model, which is larger than the train-
bridge gap, suggesting that this leading-edge shear layer may have a shielding effect on
the train model.

To quantitatively identify the above-mentioned bridge deck shielding effect, the ap-
proaching flow profiles of the train model were monitored by a Cobra probe as shown in
Figure 5. Due to the ±45◦ conical measurement area of the Cobra probe, the flow profiles
in the range of 0 ≤ ∆yt ≤ 0.5 could not be effectively tested and thus are not shown here.
In Figure 5a, the streamlined component of the normalized mean velocity u/U∞ is always
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smaller than 1.0 in ∆yt = [0.5, 1.5], evidencing the above achieved shielding effect in all the
test ranges of α = [−12◦, 12◦]. However, in the range of α = [−12◦, −6◦], this bridge-deck
shielding effect was limited, as is evidenced by the u/U∞ ≈ 1.0 flow profile. With an
increase in α = [−4◦, 12◦], this bridge deck shielding effect is remarkably enhanced as is
evidenced by the noticeably decaying u/U∞ profile and obviously intensifying turbulence
intensities Iu & Iv profiles in ∆yt = [0.5, 1.0], respectively.
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Figure 5. Profiles of flow approaching the train model at various angles of attack: (a) Normal-
ized mean velocity in streamwise direction; (b) Turbulence intensity in streamwise direction; and
(c) Turbulence intensity in vertical direction.

When compared to the study of [34], two striking differences can be summarized here.
Firstly, no speed-up shear layer can be detected in the approaching flow of the train model
mounted on the upstream track, which leads to the disappearance of the quasi-Reynolds
number effect [34]. Then, the space upstream from the train is compressed when the train
model is mounted on the upstream track, which leads to limited room for the development
of the leading-edge shear layer of the bridge-deck model. Thus, the stagnation point of the
train approaching flow is almost α-independent. Otherwise, the location of this stagnation
point shall be a function of α as discussed in [34].

3.2. Bridge-Deck Model
3.2.1. Flow Transition Promoting Effect

In Figures 3 and 4, the instantaneous flow structures of the bridge-only model in
α = [−16◦, 12◦] are depicted in the middle columns. Based on previous studies [31,35,36],
the lower half bridge-deck is characterized by leading-edge vortex shedding (LEVS) in
α = [−16◦, −12◦], impinging leading-edge vortices (ILEV) in α = [−10◦, −8◦], and trailing-
edge vortex shedding (TEVS) in α = [−6◦, 12◦]. However, the corresponding α ranges of
the above three typical flow patterns (i.e., LEVS, ILEV, and TEVS) in the train-bridge case
are α = [−12◦, −8◦], α = [−6◦, −4◦], and α = [−2◦, 12◦] as shown in the right columns of
Figures 3 and 4, respectively. In other words, the critical |α| of the above three typical flow
patterns transiting from one to another on the lower half bridge-deck is reduced by about
4◦ with the presence of the train model. Moreover, Figure 6 can quantitively re-confirm the
above flow transition promoting phenomenon. By comparison, the pressure distribution in
xp = 7.3~14.1 at αi in the train-bridge case is in line with that at αi − 4◦ in the bridge-only
case. That is to say, the critical |α| of the flow transition of the lower half bridge-deck
model is reduced by about 4◦ with the presence of the train model.
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Figure 6. Pressure distributions around the bridge-deck model at various angles of attack: (a–c) Mean
pressure coefficients; (d–f) Fluctuating pressure coefficients.

Upon comparison with the study of [34], the flow behaviors around the lower half
bridge-deck model are almost the same as when the train model is mounted on the upstream
and downstream tracks, suggesting the flow transition promoting effect is insensitive to
the occupied track variation.

3.2.2. Flow Separation Intensifying Effect

As shown in the middle columns of Figures 3 and 4, the dominated flow patterns of
the upper half bridge-deck model in the bridge-only case are still LEVS, ILEV, and TEVS,
similar to those of the lower half bridge-deck. However, with the presence of the train
model, the upper half bridge-deck model is always controlled by flow separation from
the upper half of the train model, as described in the right columns of Figures 3 and 4.
Generally, the flow separated from the train roof overshoots the entire upper half bridge-
deck model resulting in a wider near wake than that of the corresponding bridge-only
case, which can also be evidenced by a selected comparison of the wake profiles of the
bridge-deck model as shown in Figure 7.
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Figure 7. Wake profiles of the bridge-deck model at angles of attack of −12◦, −6◦, and 12◦.

The above comparisons of the instantaneous flow structures and near wake profiles
between the train-bridge and bridge-only cases suggest that the intensity of the flow
separated from the train model is much stronger than that of the bridge-deck model,
namely, the flow separation intensifying effect.

Compared to the study of [34], the space downstream from the train model is ex-
panded, which results in enough room for the development of the roof separated flow of
the train model. Thus, the flow separation intensifying effect of the present study is much
stronger as is evidenced by the wider and deeper near wake.

4. Aerodynamic Characteristics

This section presents the aerodynamic force coefficients of the present models. Com-
pared to several previous studies, the present experiment is verified. The aerodynamic prop-
erties of the downstream case reported by [34] are also illustrated here to reveal the influ-
ences of the occupied track variation on the aerodynamic features of the train-bridge system.

4.1. Aerodynamic Force Coefficients

The aerodynamic force coefficients are calculated via the pressure field test results. Ct
D,

Ct
L, Ct

M, C̃t
D, C̃t

L, and C̃t
M are the mean and fluctuating drag, lift, and moment coefficients

of the train model, whereas Cb
D, Cb

L, Cb
M, C̃b

D, C̃b
L, and C̃b

M are the mean and fluctuating
drag, lift, and moment coefficients of the bridge-deck model, respectively. The detailed
definitions about the above force coefficients are available in [34].

Figures 8 and 9 present the aerodynamic force coefficients of the train and bridge-
deck models, respectively. For verification, the experimental results of the train-only case,
bridge-only case, [37–39] are also illustrated here. As demonstrated in Figure 8a,b,e and
Figure 9b,c, the results of the train-only and bridge-only cases show good agreements with
those from previous studies when taking into consideration differences of the experimental
models. Because all the present cases were carried out under similar conditions, the above
comparisons verify the present investigation.



Appl. Sci. 2022, 12, 276 11 of 15Appl. Sci. 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 
Figure 8. Aerodynamic force coefficients of the train model: (a) Mean drag coefficients; (b) Mean 
lift coefficients; (c) Mean moment coefficients; (d) Fluctuating drag coefficients; (e) Fluctuating lift 
coefficients; and (f) Fluctuating moment coefficients. 

 
Figure 9. Aerodynamic force coefficients of the bridge-deck model: (a) Mean drag coefficients; (b) 
Mean lift coefficients; (c) Mean moment coefficients; (d) Fluctuating drag coefficients; (e) Fluctuat-
ing lift coefficients; and (f) Fluctuating moment coefficients. 

As shown in Figure 8a, t
DC  in the train-only and train-bridge cases is in good con-

sistency with each other in α = [−12°, −6°], while t
DC  in the train-bridge case is much 

smaller than that in the train-only case in α = [−4°, 12°], suggesting a strong bridge-deck 
shielding effect. The above two typical behaviors of t

DC  in different ranges of α are in 
fair agreement with the flow visualization and flow profile test results as shown in Section 

-12 -8 -4 0 4 8 12
0.0

0.4

0.8

1.2

1.6

2.0

-12 -8 -4 0 4 8 12
-0.8

-0.4

0.0

0.4

0.8

-12 -8 -4 0 4 8 12

-0.1

0.0

0.1

-12 -8 -4 0 4 8 12
0.0

0.1

0.2

0.3

-12 -8 -4 0 4 8 12
0.0

0.2

0.4

0.6

0.8

-12 -8 -4 0 4 8 12
0.00

0.02

0.04

0.06

 Train-bridge case
 Train-only case
 Li and He 2020
 Carassale et al., 2014

(f)

C
D

t

Angle of  attack (°)

(a) (b) (c)

(d) (e)

C
Lt

Angle of  attack (°)

C
M

t

Angle of  attack (°)

C
D

t

Angle of  attack (°)

C
Lt

Angle of  attack (°)

C
M

t

Angle of  attack (°)

-12 -8 -4 0 4 8 12
0

1

2

3

-12 -8 -4 0 4 8 12
-2.0

-1.5

-1.0

-0.5

0.0

0.5

-12 -8 -4 0 4 8 12
-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

-12 -8 -4 0 4 8 12
0.00

0.05

0.10

0.15

0.20

-12 -8 -4 0 4 8 12

0.00

0.05

0.10

0.15

0.20

-12 -8 -4 0 4 8 12
0.00

0.01

0.02

0.03

0.04

 Train-bridge case
 Bridge-only case
 Li and He 2020
 Sarwar et al., 2008
 Sarkic et al., 2012C

D
b

Angle of  attack (°)

(a) (b) (c)

(d) (e) (f)

C
Lb

Angle of  attack (°)

C
M

b

Angle of  attack (°)

C
D

b

Angle of  attack (°)

C
Lb

Angle of  attack (°)

C
M

b

Angle of  attack (°)

Figure 8. Aerodynamic force coefficients of the train model: (a) Mean drag coefficients; (b) Mean
lift coefficients; (c) Mean moment coefficients; (d) Fluctuating drag coefficients; (e) Fluctuating lift
coefficients; and (f) Fluctuating moment coefficients.
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Figure 9. Aerodynamic force coefficients of the bridge-deck model: (a) Mean drag coefficients;
(b) Mean lift coefficients; (c) Mean moment coefficients; (d) Fluctuating drag coefficients; (e) Fluctuat-
ing lift coefficients; and (f) Fluctuating moment coefficients.

As shown in Figure 8a, Ct
D in the train-only and train-bridge cases is in good consis-

tency with each other in α = [−12◦, −6◦], while Ct
D in the train-bridge case is much smaller

than that in the train-only case in α = [−4◦, 12◦], suggesting a strong bridge-deck shielding
effect. The above two typical behaviors of Ct

D in different ranges of α are in fair agreement
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with the flow visualization and flow profile test results as shown in Section 3.1.2. As demon-
strated in Figure 8d–f, C̃t

D, C̃t
L, and C̃t

M in the train-bridge case are much smaller than those
in the train-only case, which shall be attributed to the underbody flow restraining effect as
concluded in Section 3.1.1.

In comparison with the study of [34] the effects caused by the occupied track variation
on the aerodynamic force coefficients of the train model can be concluded by the following
two aspects as shown in Figure 8:

(a) In α = [0◦, 12◦], no abrupt changes, i.e., drag crisis (Figure 8a), jumping and recovering
of lift, moment, and three fluctuating force coefficients (Figure 8b–f), can be observed
in the present study. As concluded in Section 3, these differences shall be chiefly
caused by the disappearance of the quasi-Reynolds number effect.

1. In α = [−12◦, 0◦], the Ct
D, Ct

L, and Ct
M in the two cases with train model mounted on

the upstream and downstream tracks share almost the similar behaviors, as described
in Figure 8a–c. However, the Ct

L in the present study is reduced by 0.23 in the range
of α = [−12◦, 0◦].

As demonstrated in Figure 9b–f, the stall angle of the bridge-deck model in the train-
bridge case is about α = −4◦, which is about 4◦ larger than that of the bridge-only case
as highlighted by two blue arrows in Figure 9b,c. The variation of the stall angle shall be
attributed to the flow transition promoting effect as summarized in Section 3.2.1. Moreover,
the C̃b

D, C̃b
L, and C̃b

M are enhanced with the appearance of the train model as shown in
Figure 9d–f, which shall be ascribed to the flow separation intensifying effect as concluded
in Section 3.2.2.

Similarly, the effects caused by the occupied track variation on the aerodynamic force
coefficients of the bridge-deck model can also be summarized into two aspects as follows:

(a) In α = [0◦, 12◦], no abrupt changes, i.e., jumping and recovering of Cb
L, Cb

M, C̃b
D, C̃b

L,
and C̃b

M can be observed in the present study relative to those of [34]. Obviously, this
difference shall also be caused by the disappearance of the quasi-Reynolds number
effect as concluded in Section 3.1.2.

(b) In α = [−12◦, 0◦], Cb
M, C̃b

D, C̃b
L, and C̃b

M in the two cases with train model mounted on
the upstream and downstream tracks display similar behaviors, while the values of

|Cb
D| and |Cb

L| in the present study are much smaller than those of [34].

4.2. Strouhal Numbers

The Strouhal numbers (Stt, Stb, and Stw for the train, bridge-deck, and whole train-
bridge models, respectively) are calculated via the power spectral densities (PSDs) of the
model lifts based on d, D, and d + D, respectively.

Figure 10a,b depicts the Stt and Stb in the range of α = [−12◦, 12◦]. The results of an
infinite prism tested by [40] and the train model in the train-only case are also demonstrated
here for comparison. Generally, the train-only results highly mimic those of [40], again
suggesting a validation of the present investigation.

The Strouhal numbers of the present models in the train-bridge case displays similar
behavior but with different values as described in Figure 10a,b, respectively. That is
expected because the train, bridge deck, and the whole train-bridge share a similar vortex
shedding frequency.

As shown in Figure 10, the behaviors of the Strouhal numbers in the train-bridge case in
all the test ranges of α = [−12◦, 12◦] can be classified into three aspects. In α = [−12◦, −10◦],
the Strouhal numbers of the present models are about 0.04. In α = [−8◦, −6◦], no Strouhal
numbers can be identified both on the train and bridge-deck models. If a rectangular bluff
body is governed by the impinging leading-edge vortices flow pattern (as mentioned in
Section 3.2.1) at large Reynolds number, the periodic vortex shedding from the model is
almost imperceptible [31,41]. For the present train-bridge system, the lower half bridge-
deck is governed by the ILEV flow pattern in this range of α as summarized in Section 3.2.1,
and the inflow Reynolds number based on d is 1.25 × 105 belonging to the large Reynolds
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number [41]. Thus, the underlying mechanism of this Strouhal number disappearance shall
be this ILEV flow pattern. In α = [−4◦, 12◦], both the Strouhal numbers of the train and
bridge-deck models decreases gradually.
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Figure 10. Strouhal numbers of the models: (a) the train model; (b) the bridge-deck model; and
(c) the whole system.

Upon comparing with the study of [34] with the train model mounted on the down-
stream track, the present study with the train model mounted on the upstream track can
still identify the Strouhal numbers in α = [0◦, 12◦]. As pointed out by [42], the periodic
vortex shedding of a circular cylinder tends to cease with an increase in Reynolds number
in critical, transcritical, and supercritical regimes. As discussed in [34], the quasi-Reynolds
number effect highly mimics the classical Reynolds number effect. Moreover, the above
quasi-Reynolds number effect governs the main flow features of the train-bridge system
with the train model mounted on the downstream track in α = [0◦, 12◦]. Thus, due to the
disappearance of the quasi-Reynolds number effect in the present study, the detectable
Strouhal numbers in α = [0◦, 12◦] here are reasonable.

5. Concluding Remarks

The aerodynamic features of a train and flat closed-box bridge system with a train
model mounted on the upstream track was investigated via wind tunnel tests. Compared
to the train-only and bridge-only cases, the aero interactions of the train and bridge system
were examined. Compared to the same train and bridge system but with the train model
mounted on the downstream track, the effects of the occupied track (with the train model
mounted on) variation of the train model on the aerodynamic properties of the train and
bridge system are revealed. Core findings are summarized as follows.

(1) The aero interactions of the train and flat closed-box bridge system can be roughly
categorized as the underbody flow restraining effect (UFR), bridge deck shielding effect
(BDS), quasi-Reynolds number effect (Q-Rey), flow transition promoting effect (FTP), and
flow separation intensifying effect (FSI). Among these, the FTP was insensitive to the
occupied track variation of the train model, whereas the UFR, BDS, FSI, and Q-Rey were
dependent on the occupied track variation, especially for Q-Rey, which disappeared when
the train model was mounted on the upstream track. The Q-Rey disappearance was mainly
attributed to the speed-up leading-edge shear layer of the bridge-deck not reattaching on
the rounded shoulder of the train model mounted on the upstream track.

(2) The aerodynamic features of the train and flat closed-box bridge deck models
are very sensitive to aero interactions and occupied track variations. The aero interaction
resulted in obvious reductions in the aerodynamic forces of the train at the wind angle
of attack α of [−4◦, 12◦] and in the static stall angle of the bridge, and led to sensible
increases in the absolute values of the aerodynamic forces of the bridge in α of [−4◦, 12◦].
The occupied track variation caused the disappearance of the drag crisis and other saltatory
aerodynamic behaviors of the train-bridge system in α = [0◦, 12◦].
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