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ABSTRACT: Predicting the precise impacts of climate change on extreme winds remains challenging, yet strong
storms are widely expected to occur more frequently in a warming climate. Wind barriers are commonly used on
bridges to reduce aerodynamic loads on trains through blocking effects. This study develops a novel wind barrier
based on Tesla valves, which not only blocks incoming flow but also dissipates mechanical energy through fluid
collision. To demonstrate this energy-dissipation capability, a Tesla plate is placed in a circular duct to examine
its influence on pressure drop. Experimental tests and numerical simulations comparing a Tesla channel and a
straight channel of equal porosity show that the Tesla configuration produces a substantially higher pressure drop.
Validated simulations are then used to conduct a parametric study to optimize the design. By varying the channel
ratio, diversion angle, number of dissipation units, and porosity, velocity—pressure-drop relationships for different
Tesla plates are obtained. The results show that larger channel ratios, larger diversion angles, and more dissipation
units, combined with lower porosity, all increase pressure drop and thus enhance energy dissipation. Finally, the
aerodynamic coefficients of a high-speed train on a bridge deck equipped with a Tesla-type barrier are evaluated and
compared with those for a traditional straight-channel barrier. The Tesla-type barrier reduces the train’s lateral force
coefficient to only 15%—-25% of that produced by the traditional barrier, and it generates an additional stabilizing force
that further improves running safety.
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1 Introduction

With the growing demand for inter-island transportation, numerous cross-sea bridges have been
constructed, reflecting a global trend toward long-span bridge engineering. These structures are, however,
frequently exposed to strong, high-speed crosswinds due to maritime climatic conditions. Moreover,
accumulating evidence indicates that human-induced climate change may further increase the frequency
of intense windstorms [1-5]. Such strong winds pose serious risks to traffic safety on bridge decks. In
particular, trains may deviate from their designated tracks and, in extreme cases, even overturn.

Wind barriers are an effective means of enhancing train running safety by altering the flow field around
the bridge deck. In addition to wind tunnel experiments, numerical simulations have also been widely
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used to investigate the influence of wind barriers on downstream flow patterns [6-9]. It is well established
that a deep wake, consisting of three main regions (separated region, mixing region, and recovery region),
forms behind windbreaks or wind barriers [10]. presented a more refined flow divisions by identifying
two upwind flow regions (A1 and A2) [11], one bleed flow region (C) passing through the pores, and one
quiet region (D) and two wake regions (E1 and E2), as shown in Fig. 1 [12,13]. The barrier’s blocking effect
generates high wind pressure on the windward side, induces flow separation around the structure, and
creates a low-velocity region in the lee. As a result, aerodynamic loads on downstream structures are
substantially reduced [14-16].
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Figure 1: Flow divisions around a windbreak.

Concurrently, numerous studies have examined the aerodynamic performance of trains subjected to
crosswinds, focusing on various wind barrier types and their optimal design parameters, such as barrier
geometry, porosity, and height, using both static and moving models [17-21]. These studies consistently
show that barrier geometry substantially alters the surrounding flow field and, consequently, improves the
aerodynamic stability of vehicles. At present, the majority of research on wind barrier protection centers on
strip-type, circular-hole-plate-type, and mesh-type barriers, all of which employ straight channels. Given
the increasing demand for enhanced safety in train—-bridge systems, there is an urgent need to develop new
high-performance wind barrier designs.

The one-way valve structure designed by Nikola Tesla in 1920 is usually referred to as a valvular conduit
or Tesla valve in the literature [22]. This design allows fluid to pass smoothly in the forward direction while
strongly impeding reverse flow, resulting in substantial energy dissipation. Owing to this unique capability,
the Tesla valve has been widely explored and applied across various engineering and scientific fields. For
example, Ref. [23] integrated the Tesla control mechanism into the oscillation-based flat heat channel
to promote and maintain the required circulating flow for improving the overall thermal performance.
Ref. [24] investigated the flow and mixing characteristics of a three-dimensional Tesla micromixer using
computational fluid dynamics (CFD) simulations and experimental tests, demonstrating its effectiveness in
detecting antibody binding reactions on lung cancer cell surface antigens. Ref. [25] designed a water flow
circuit using the Tesla valve as a diode to examine the influence of early turbulence and pulsating flow on
the pressure of the two-chamber system. Ref. [26] proposed a multi-stage Tesla valve and demonstrated
that flow bifurcation and mixing in the reverse direction enhance heat transfer while increasing pressure
drop. Although Tesla-type structures have been adopted in various industrial applications, their use in
wind disaster prevention and mitigation has not yet been reported in the literature.

This study proposes a Tesla-type wind barrier that dissipates energy through fluid collision within
its channels. Unlike traditional wind barriers, which rely primarily on blocking effects to redistribute
flow and create protective wake regions, the Tesla-type barrier introduces an additional mechanism: it
reduces the kinetic energy of the incoming wind by inducing flow collision and mixing inside the Tesla
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channels. To clarify this working principle, numerical simulations of the flow dynamics in a Tesla valve
are first validated against experimental measurements, demonstrating the effectiveness of the Tesla plate
in generating a substantial pressure drop. The influence of key structural parameters, including channel
ratio, diversion angle, number of energy dissipation units, and porosity, is then investigated to identify an
optimal Tesla plate configuration. Finally, the aerodynamic performance of the optimized Tesla-type wind
barrier for mitigating crosswind effects on a train-bridge system is evaluated. Comparative analyses with
a conventional strip-type wind barrier show that the Tesla-type barrier offers superior wind mitigation
capability.

2 Basis of a Tesla-Type Wind Barrier

The basic flow loop consists of the forward flow and reverse flow in the Tesla valve channel, as
illustrated in Fig. 2. While the flow can smoothly travel in a forward direction through the Tesla valve,
significant energy dissipation occurs due to flow in the reverse direction.
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Figure 2: Working mechanism of Tesla valve: (a) Tesla valve and flow loop; (b) Reverse flow loop; (c) Forward flow
loop.

To investigate the energy dissipation characteristics of a wind barrier composed of multiple Tesla
valves, a Tesla plate is constructed as illustrated in Fig. 3 [27]. Specifically, the channel-group structural unit
is formed by transversely connecting several basic flow-loop units in series. These channel-group units are
then arranged longitudinally to create a planar structural assembly. This planar assembly is subsequently
stretched in three dimensions to form a compact three-dimensional structural module, which constitutes a
segment of the Tesla plate. Through repeated energy-dissipation processes within each basic flow-loop
unit, the Tesla plate is expected to generate a substantial pressure drop, making it a promising candidate
for use as a high-performance wind barrier.
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Figure 3: The combination of channel structures.
3 Simulation and Its Experimental Validation

Pressure drop AP is widely employed to reflect the blockage effect of windbreaks for internal flow.
According to Bernoulli’s theorem, the momentum at two probe points in front or behind the porous surface
meets the Formula (1):

1 1
Epui +p1= Epug +p2 + AP (1)

where, p is density of air, u; and u; are the wind velocity in front or behind the porous surface; p; and p;
are the static pressure in front or behind the porous surface.
For traditional wind barriers, pressure drop can be expressed as follows (2) [28,29]:

AP = K(P)pud )

where uy is free-stream velocity; K is the pressure drop coefficient, which is a function of porosity. For
Tesla-type wind barrier, considering both blocking effect and energy dissipation, the pressure drop can be
expressed as (3):

1
AP = EK(ﬁ’ Uy, $)pu’ ®3)

where the pressure drop coefficient is a function of porosity, free-stream velocity uy and structural
parameters s (e.g., height, thickness, number of units, channel ratios).

The Tesla plate test model is drawn in Fig. 4a, which has a cylindrical outer contour with a diameter of
200 mm, and the detailed dimensions of its typical flow loop are also provided. A corresponding straight
channel with the same porosity is also established for comparison, as shown in Fig. 4b. The width of the
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Tesla plate is approximately three times greater than that of the straight-channel model due to its internal
turning geometry and specially designed collision chambers of the Tesla structure.
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Figure 4: Porous cylinder models and dimensions (unit: mm): (a) tesla plate, and (b) straight channel.

For both the Tesla and straight channels, wind-blowing and suction conditions at the inlet are examined.
Additionally, for the Tesla channel, both forward and reverse flow directions are considered. Accordingly,
four scenarios—forward blowing, forward suction, reverse blowing, and reverse suction—are analyzed, as

summarized in Table 1.

Table 1: Flow condition cases.

Case No. Channel Type Inlet
S-B straight channel blowing
S-S straight channel suction
F-B Tesla plate forward flow channel blowing
F-S Tesla plate forward flow channel suction
R-B Tesla plate reverse flow channel blowing
R-S Tesla plate reverse flow channel suction

Note: The characters of the first columns: S = straight channel; F = forward flow in Tesla channel; R = reverse flow in Tesla channel;
The characters of the second columns: B = wind blowing at inlet; S = wind suction at inlet.

3.1 Numerical Setup

Numerical analysis is performed using the Fluent flow solver in ANSYS software. As shown in Fig. 5a,
a three-dimensional computational domain is constructed in SpaceClaim. The central section contains the
test model (either the Tesla plate or the straight channel), which is connected to two circular ducts, each 2
m in length, on both sides. To account for air leakage caused by measurement probes, circular holes are
introduced at the midspan of each duct. The main flow domain is meshed using unstructured grids with a
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predefined size of 20 mm, while the mesh near the walls is refined to 1 mm, with boundary-layer elements
added along the surfaces. The completed mesh is shown in Fig. 5b. The boundary conditions of numerical
simulations are presented in Table 2 for various operational scenarios.

Tube wall

Figure 5: Internal flow model of Tesla plate: (a) tesla plate model; and (b) mesh system for numerical simulation.

Table 2: Boundary conditions of numerical simulations.

Case Inlet/Outlet A Outlet/Inlet B Model Wall Tube Wall Measuring Hole
F-B Intake-fan Outlet-vent wall wall Outlet-vent
F-S Inlet-vent Exhaust-fan wall wall Inlet-vent
R-B Outlet-vent Intake-fan wall wall Outlet-vent
R-S Exhaust-fan Inlet-vent wall wall Inlet-vent
S-B Intake-fan Outlet-vent wall wall Outlet-vent
S-S Inlet-vent Exhaust-fan wall wall Inlet-vent

The flow in the computational domain is set to be ideal-gas. The turbulence model utilized for the
numerical simulation is the k-w SST model [30], considering the energy equation [31]. The SIMPLE
algorithm is used to solve the Reynolds-averaged Navier-Stokes equations due to its good convergence
performance [32].

3.2 Experiment Setup

An internal flow test rig is designed to measure pressure drop and validate the numerical simulations
physically. As depicted in Fig. 6, the test model, 3D-printed from Polylactic Acid (PLA), is installed at the
midspan of the setup. Both ends of the model are sealed and connected to circular ducts with a diameter of
200 mm. An axial-flow fan, manufactured by Sheng Shida Co. Ltd., is installed at the inlet and can generate
a maximum wind pressure of 520 Pa. By adjusting the fan’s rotation, airflow can be either drawn from or
blown into the duct, simulating suction or blowing conditions. Additionally, the Tesla plate can achieve
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both forward and reverse flow patterns by changing its installation orientation. Testing both blowing and
suction conditions enables evaluation of the directional sensitivity and flow asymmetry of the Tesla-type
structure, which is essential for wind-engineering applications where flow direction may reverse due to
gusts or vortex-induced effects.

SENSDAR SE-A200S
Inner diameter: 200mm
Maximum air volume: 1205M3H
Maximum wind pressure: 520Pa
Input power: 75W

Working frequency: 50/60Hz
Maximum speed: 3800RPM

Wind speed
and pressure
data

Wind speed and
pressure signal

Data storage Signal converter Cobra Probe Support

Figure 6: Test system.

Two three-dimensional pulsating wind velocity sensors, namely Cobra Probes, are installed to measure
wind velocity and pressure upstream and downstream of the test plates. These probes can measure wind
speeds ranging from 2 m/s to 100 m/s with an accuracy of £0.5 m/s, while inclination and deflection angles
are measured with an accuracy of +1.0°. Seven probe points are symmetrically arranged on both sides at
200 mm intervals to capture variations in wind characteristics at different distances from the test plate.
The acquired signals are transmitted to a signal converter, processed, and then stored on a computer for
analysis.

3.3 Numerical Results and Validation

The results of the internal flow pipeline tests and corresponding numerical simulations are depicted
in Fig. 7 for comparison. Fig. 7a illustrates the experimental and simulated results of wind blowing and
suction effects under reverse flow conditions for the Tesla plate. The results between suction and blowing
cases are very close to each other, and the simulated pressure-drop values are slightly larger than those of
the experimental results. Fig. 7b shows the experimental and simulated results of wind blowing and suction
effects under forward flow conditions for the Tesla plate. The experimental results closely align with the
simulated outcomes when the wind speed is below 3 m/s. However, there is an increased difference when
the wind velocity becomes larger. Fig. 7c presents the experimental and simulated results for wind-blowing
and suction conditions in the straight channel. In the experiments, the pressure drop under the blowing
condition is slightly higher than that under suction. In contrast, the simulated pressure-drop curves for
both blowing and suction conditions nearly coincide. Overall, the numerical simulations capture the wind
velocity—pressure drop relationship with good agreement compared to the experimental measurements.
The observed variations in maximum velocity among the different cases in Fig. 7 are mainly caused by
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geometry-induced flow redistribution and localized acceleration effects, particularly in the Tesla plate
configurations, whereas the straight channel exhibits a more uniform flow structure.
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Figure 7: Comparison of wind velocity-pressure drop curves between the pipeline test and the numerical simulation.
(a) Tesla plate reverse flow channel; (b) Tesla plate forward flow channel; (¢) Straight channel.

The numerically simulated results for the Tesla plate and straight channel are compared in Fig. 8. It
is evident that reverse flow in the Tesla plate generates higher pressure-drop values than forward flow
at the same wind speed. Both Tesla-forward and Tesla-reverse flows exhibit greater pressure drops than
the straight channel, indicating higher energy dissipation. No significant difference is observed between
suction and blowing conditions, consistent with the internal flow test results. Therefore, only the blowing
condition is considered in the subsequent parametric study of Tesla plates.
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Figure 8: Comparison of wind velocity-pressure drop diagram by the numerical simulation.

4 Parametric Study

The pressure drop performance of Tesla plate is closely related to its structural parameters. In this
study, the channel ratio (y = h/H), diversion angle (), number of energy dissipation units (N) and porosity
(¢) of the Tesla plate are examined for their effects on the pressure drop performance. As shown in Fig. 9,
the entrance size of the basic unit of the used Tesla plate is H = 5 mm. After the shunt, it is divided into
the primary channel and the secondary channel. The breadth of the primary channel is H = 5 mm, the
direction produces a shunt angle @, and the width of the secondary channel is h. A 180° backflow channel
is formed on the original direction path, and the angle of impact between the primary channel and the
subsidiary channel is also . The Tesla plate basic units can be connected to each other to form a channel
group structure unit. By adjusting the distance between the channel group structure units, the porosity ¢
can be controlled. Accordingly, the designed parametric study cases are listed in Table 3.

A
’ ]H a b branch channel

- .y / basic units

main channel

/

-----------------------

Figure 9: Schematic diagram of structural parameters of the Tesla plate channel group unit.
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Table 3: Parametric study cases.

. . . . Number of Energy .
Case No. channel Ratio y diversion Angle « () Dissipation Units N Porosity ¢ (%)
0-0 0.53 15 4 48
1-1 0.33 15 4 48
1-2 0.63 15 4 48
2-1 0.53 30 4 48
2-2 0.53 45 4 48
3-1 0.53 15 1 48
3-2 0.53 15 2 48
3-3 0.53 15 6 48
4-1 0.53 15 4 40
4-2 0.53 15 4 36
4-3 0.53 15 4 28

4.1 Effect of Channel Ratio

Since the primary pressure drop in the Tesla plate arises from flow collisions, discrepancies between
the flow rates in the subsidiary and primary channels strongly influence energy dissipation. Therefore, the
effect of the channel y ratio on the pressure-drop performance of the Tesla plate is examined first.

Fig. 10 displays the wind speed contour on the cross section of Case 1-1 (y = 0.33), Case 0-0 (y = 0.53)
and Case 1-2 (y = 0.63) at an inlet pressure of 300 Pa. The figure shows that airflow from the primary
and subsidiary channels converges at the exit of the subsidiary channels under all operating conditions,
generating localized turbulence and a rapid increase in velocity. In the Tesla plate model with y = 0.33, the
maximum wind velocity can exceed 20 m/s, and it decreases as y increases. When y is small, the flow in the
subsidiary channels is insufficient to significantly affect the velocity at the channel intersection, resulting
in weak flow collisions.

Velocity Magnitude [ m/s |
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154 17.6 19.8 22
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Figure 10: Wind velocity cloud images with different channel ratios (y). (a) Case 1-1; (b) Case 0-0; (c) Case 1-2.
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The wind velocity-pressure drop curves under three working conditions are demonstrated in Fig. 11.
The diagram shows that, under all three operating conditions, the pressure decreases significantly with wind
speed, roughly following a quadratic trend. As the channel ratio 7y increases, the pressure drop through the
Tesla plate also rises. Therefore, in practical applications, the lateral channel width of a Tesla-type wind
barrier should be maximized while maintaining the main channel width to enhance energy dissipation.
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Figure 11: Wind velocity-pressure drop diagram with different channel ratios (y).

4.2 Effect of Diversion Angle

Similar to the effect of channel ratio y on the Tesla plate, the diversion angle a changes the energy
consumption efficiency by affecting the flow collision. The difference is that the channel ratio y changes the
proportion of flow movement rate within the subsidiary channel relative to the flow rate within the main
channel, while the diversion angle « is the angle of the collision involving the flow within the subsidiary
channel and the primary channel flow. Considering that the change of the angle may greatly affect the
spacing between the channel groups when the structural plane is combined, this study explores the influence
of the split angle « based on the actual arrangements.

Fig. 12 is the wind velocity contour on the middle section of Case 0-0 (& = 15°), Case 2-1 (@ = 30°) and
Case 2-2 (a = 45°) under the inlet pressure of 300 Pa. From the figure, it can be seen that the end of each
energy dissipation unit in the Tesla plate structure model has an area with locally increased velocity for
all cases. The maximum wind velocity inside the Tesla plate structure model with « = 15° can reach more
than 18 m/s, and it decreases with the split angle a. Also, the turbulence zone in the rear of the Tesla plate
model decreases with a.

The wind velocity-pressure drop curves under three working conditions are illustrated in Fig. 13. In
all cases, pressure decreases significantly with wind speed, roughly following a quadratic trend. Here,
the widths of the primary and lateral channels are kept constant, while the angle between them («) and
the number of channel groups in the vertical direction are varied. The pressure drop increases with «a;
however, while a larger collision angle tends to increase energy dissipation, it also alters the spacing of
the channel arrangement, which has an opposing effect. In this case study, the effect of the arrangement
spacing dominates, determining the overall pressure-drop behavior of the Tesla plate.
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Figure 12: Wind velocity cloud images with different diverting angle (). (a) Case 0-0; (b) Case 2-1; (c) Case 2-2.
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Figure 13: Wind velocity-pressure drop diagram with different diverting angle ().
4.3 Effect of Number of Units

It is readily apparent that the quantity of energy-consuming units N exerts a significant impact on
the pressure drop due to the Tesla plate. Fig. 14 is the wind velocity cloud map on the cross section of
Case 3-1 (N = 1), Case 3-2 (N = 2), Case 0-0 (N = 4) and Case 3-3 (N = 6) under an inlet pressure of 300
Pa. In all cases, the airflow from the subsidiary channels intersects with the primary channel at their exits,
generating pronounced localized turbulence. In the first energy-dissipation unit, the flow in the branch
channel is weaker than in the downstream units. As the fluid passes through multiple energy-dissipation
units, collisions between lateral and primary channel flows become increasingly pronounced. The maximum
wind velocity inside the Tesla plate structure model with N = 1 can exceed 28 m/s. With the increase of
the number of energy dissipation units N, the maximum wind velocity inside the Tesla plate structure
model decreases, and the turbulence zone at the rear of the Tesla plate structure model shortens. When N
is very low (N = 1, 2), the flow in the initial branch channels is insufficient to induce a strong localized
pressure reduction. With higher N (=4, 6), the flow in the branch channels increases, enhancing collisions
and thereby amplifying local pressure drop.
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Figure 14: Wind velocity cloud images with different number of units (N). (a) Case 3-1; (b) Case 3-2; (c) Case 0-0;
(d) Case 3-3.

The wind velocity-pressure drop curves under four working conditions are illustrated in Fig. 15. The
figure shows that, under all four working conditions, the pressure drop increases with wind velocity,
roughly following a quadratic trend. In these cases, the internal channel geometry remains the same,
with only the number of lateral arrangements (energy-dissipation units, N) varying. As N increases, the
pressure drop across the Tesla plate also rises. This indicates that, in practical applications, the number
of energy-dissipation units should be maximized to ensure that airflow in each channel group undergoes
sufficient collisions, thereby generating greater pressure drop and enhancing the overall energy-dissipation
performance of the Tesla-type wind barrier.

350

N A N
v / o m :
N . ; .

Velocity (m/s)

Figure 15: Wind velocity-pressure drop diagram with different numbers of units (N).
4.4 Effect of Porosity

For conventional wind barrier structure types, the porosity ¢ significantly impacts the pressure drop
performance. In order to determine whether this index has the same effect on the Tesla plate structure
model, the various porosity ¢ values are achieved by changing the spacing between the channel structure
groups. Fig. 16 is the wind velocity cloud map on the cross section of Case 0-0 (¢ = 0.48), Case 4-1 (¢ = 0.40),
Case 4-2 (¢ = 0.36) and Case 4-3 (¢ = 0.28) under the inlet pressure of 300 Pa. The diagram highlights that
the variation in porosity (¢) minimally impacts the flow pattern inside the channel structure of the Tesla
plate structure model, and it will still produce obvious local turbulence at the end of each energy dissipation
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unit. The maximum wind velocity inside the Tesla plate structure model with ¢ = 0.48 can reach more than
18 m/s. With the decrease of porosity ¢, the maximum wind velocity inside the Tesla plate structure model
is also decreasing, and the size of the high wind velocity area is also decreasing.

Fig. 17 indicates that, in all cases, pressure drop increases with wind velocity, approximately following
a quadratic trend. The internal channel geometry remains the same across these cases, with only the
spacing between channel groups varying. As porosity ¢ decreases, the pressure drop across the Tesla plate
increases, consistent with the typical relationship between porosity and pressure drop in conventional wind
barriers. This suggests that, in practical applications, reducing the porosity of a Tesla-type wind barrier can
effectively enhance its pressure drop performance and energy dissipation capability.

Velocity Magnitude [ m/s |

Figure 16: Wind velocity cloud images with different porosity (¢). (a) Case 0-0; (b) Case 4-1; (c) Case 4-2; (d) Case 4-3.
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Figure 17: Wind velocity-pressure drop diagram with different porosity (¢).
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5 Numerical Evaluation of Tesla-Type Wind Barriers for Bridge Applications

Wind barriers can be applied in various locations, including the flanking sides of bridges, the exterior
protection of structures, and the outer regions of vegetation zones. In this section, Tesla-type wind barriers
are compared with traditional barriers to evaluate their protective effect on railway bridge decks. To assess
the effectiveness of Tesla plate barriers, a comprehensive numerical simulation framework is developed. This
simulation investigates the performance and benefits of using Tesla-type barriers to mitigate wind-induced
effects on bridge decks. The results provide valuable insights into the potential applications and advantages
of Tesla plate wind barriers for enhancing the safety and stability of bridge structures.

5.1 Case Study Examples

The numerical simulation adopts a two-dimensional hybrid computational domain, with the wind
barrier, train, and bridge deck. In the numerical simulation, the simulation model should be as close as
possible to the real shape, but due to the limited computing power of the computer, the bridge structure
needs to be appropriately simplified [33]. This section is founded upon the actual dimensions of the bridge
segment in Gu’s research [8]. Fig. 18 illustrates the dimensions of the wind barrier relative to the train and
bridge, showing its configuration before and after the train passes. Here, H denotes the vertical height of
the wind barrier, which can be adjusted according to research requirements. The structural details of both
the Tesla-type and traditional wind barriers are presented in Fig. 19.

To investigate the impact of wind barrier location on the force of trains in different lanes, the following
four layouts are divided according to the position of wind barrier and rain passing over the bridge: (A)
upstream wind barrier + lane 1, (B) upstream wind barrier + lane 2, (C) upstream and downstream wind
barrier + lane 1, and (D) upstream and downstream wind barrier + lane 2. The positional relationship of
the four layouts is depicted in Fig. 20. To corroborate the effectiveness of the Tesla plate wind barrier,
it is necessary to set up a set of similar numerical simulations of the traditional barrier wind barrier for
comparison, and set up three wind barrier heights in each wind barrier to contrast the effects of various
wind barrier heights on the train. For each wind barrier height, four train-barrier layout configurations are

analyzed. The complete list of working conditions is summarized in Table 4.
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Figure 18: Dimensions of wind barriers, train and bridge.
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Figure 19: Profile of wind barrier (unit: mm): (a) tesla plate type wind barrier, and (b) traditional type.
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Figure 20: Four wind barriers and train layouts on the bridge: (A) upstream wind barrier + lane 1, (B) upstream wind
barrier + lane 2, (C) upstream and downstream wind barrier + lane 1, and (D) upstream and downstream wind barrier

+ lane 2.
Table 4: Wind barrier cases.
Type of Wmd Wind Parrler Location (')f Wind Lane Case No.
Barrier Height Barrier
Lane 1 Al-1
. Upstream
Tesla plate wind 215 m Lane 2 B1-1
barrier ' Upstream + Lane 1 C1-1
Downstream Lane 2 D1-1
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Table 4: Cont.

Type of Wind Wind Barrier Location of Wind
. . . Lane Case No.
Barrier Height Barrier
Lane 1 Al1-2
Upst
315 pstream Lane 2 B1-2
o Upstream + Lane 1 C1-2
Tesla plate wind Downstream Lane 2 D1-2
barrier Upstream Lane 1 Al-3
415 P Lane 2 B1-3
.15 m
Upstream + Lane 1 C1-3
Downstream Lane 2 D1-3
Lane 1 A2-1
Upstream
215 m P Lane 2 B2-1
' Upstream + Lane 1 C2-1
Downstream Lane 2 D2-1
ditional wind Upstream Lane 1 A2-2
Tra 1tt)10n.a win i1s P Lane 2 B2-2
artier - Upstream + Lane 1 C2-2
Downstream Lane 2 D2-2
Lane 1 A2-3
Upstream
415 pstre Lane 2 B2-3
> Upstream + Lane 1 C2-3
Downstream Lane 2 D2-3

To confirm the impact of the Tesla plate wind barrier, it is necessary to compare and analyze the
force of the train and wind barrier under different working conditions. This section uses the normalized
three-component coefficient to evaluate [34,35]:

Fy
Cs=+—F— 4
= T @
F,
Cp=—""— 5
t TPV WL ©)
Spp— (6)
M= %vaWZL

where Cs represents the lateral force coefficient, Cy signifies the lift coefficient, and Cj; denotes the
overturning moment coefficient, F, is the force received by the model in the direction of wind flow, F, is
the force received by the model in the height direction, and M|, is the overturning moment received by the
model in the plane. This research employs an air density of ¢ = 1.225 kg/m?, and a reference flow rate
v =10 m/s. The H, W, and L are the height (wind barrier model is 2.15 m, 3.15 m, 4.15 m, train model is 3.5
m), width (wind barrier model is 0.24 m, train model is 3.38 m), and characteristic length (wind barrier model
and train model are both 1 m). The origin of the overturning moment is in the middle of the model bottom.

5.2 Numerical Setup

The numerical simulation employs a two-dimensional surface grid, dividing the computational domain
into nine zones. The central zone, which contains the model, uses a dense mesh with additional refinement
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around the wind barriers, train, and bridge. The surrounding eight zones feature grids that gradually
coarsen from the periphery toward the center, as shown in Fig. 21. Boundary conditions are set with a
Velocity Inlet (wind velocity 10 m/s) at the inlet, a Pressure Outlet at the exit, Symmetry conditions on the
upper and lower walls, and Wall conditions on the model surfaces. The energy equation is activated in the
simulation, and the k-w SST turbulence model is employed. The fluid is modeled as an ideal gas, and, to
account for high-velocity compressible flow, the Coupled solver algorithm is selected.

Figure 21: Mesh of the computational domain.

5.3 Force Coefficients of the Train

Fig. 22 is the histogram of the force coefficients related to the train. Based on the observations in
Fig. 22a, the following conclusions can be drawn: The Tesla-type wind barrier exerts a significant influence
on diminishing the lateral forces experienced by the train. The lateral force coefficient of the train following
the implementation of the Tesla plate wind barrier is only 15%~25% of that after the traditional wind barrier.
The lateral force coefficient of the train in any lane does not change a lot when the wind barriers are
arranged in both upstream and downstream (C and D layout) and only in the upstream (A and B layout).
Under the same wind barrier layout, the lateral force coefficient of the train on lane 2 (B, D layout) is smaller
than that on lane 1 (A, C layout). When the wind barrier height is set at 3.15 m and 4.15 m, the lateral force
coefficient of the train is not much different, and when the wind barrier height is too low (H = 2.15 m), the
lateral resistance coefficient of the train is significantly larger than the other two.

The insights derived from Fig. 22b lead to the subsequent conclusions: When employing wind barrier
heights of 3.15 m and 4.15 m, following the deployment of the Tesla plate wind barrier, the lift coefficient of
the train displays a negative value, and the higher the wind barrier height, the higher the value. Conversely,
with the traditional wind barrier, the lift coefficient of the train consistently assumes positive values. This
finding suggests that, for suitably high wind barriers, the train after the Tesla plate wind barrier experiences
a downward pressure that is advantageous to the train’s stability on the track. When the train is in the
same lane, the lift coefficient of the train is slightly smaller when the configuration of the wind barriers
is organized in both upstream and downstream (C and D layouts) than when the wind barriers are solely
positioned in the upstream (A and B layouts). Under the same arrangement of the wind barriers, the lift
coeflicient experienced by the train on lane 2 (B, D layout) is smaller than that on lane 1 (A, C layout).

The following conclusions can be drawn from Fig. 22c: The Tesla plate wind barrier exerts a notable
impact in mitigating the overturning moment experienced by the train, and this effect is related to the
height of the wind barrier. When the wind barrier is adjusted to a height of 2.15 m, the coefficient of
overturning moment displayed by the train after the Tesla plate wind barrier is about half of that after the
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traditional barrier. When the wind barrier height is adjusted to 3.15 m and 4.15 m, the coefficient related to
the overturning moment experienced by the train after the Tesla plate wind barrier is only about 10% of
that after the traditional barrier. When wind barriers are installed both upstream and downstream of the
train in the same lane (C and D layouts), the coefficient representing the train’s overturning moment shows
little difference and is similar to the case with barriers only upstream (A and B layouts). Under the same
barrier configuration, the overturning moment coefficient for a train on lane 2 (B and D layouts) is smaller
than that for a train on lane 1 (A and C layouts).
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Figure 22: Diagram of three force components on the train. (a) Coefficient of lateral force; (b) Coefficient of lift force;

(c) Coefficient of overturning moment.

5.4 Force Coefficients of the Upstream Wind Barrier

The data for force coefficients related to the upstream wind barrier is presented in Fig. 23. As can be
observed in Fig. 23a, the lateral force coefficient of the wind barrier is greater for the Tesla plate wind barrier
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upstream than it is for the conventional barrier. As a result, the Tesla plate wind barrier can withstand
higher wind loads and has stronger material requirements. When the train is located in lane 1 (A, C layout),
the lateral force coefficient experienced by the upstream wind barrier is marginally less than that of the
upstream wind barrier when the train is located in lane 2 (B, D layout). There is little difference in the
lateral force coefficient of the upstream wind barrier when both upstream and downstream wind barriers
are arranged (C, D layout) and solely upstream wind barriers are positioned (A, B layout). The lateral force
coefficient of the upstream windbreak is barely affected by the windbreak’s height.
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Figure 23: Diagram of three force components on the upstream wind barrier. (a) Coefficient of lateral force; (b) Coefficient

of lift force; (c) Coefficient of overturning moment.

The following conclusions can be drawn from Fig. 23b: When the train occupies lane 1 and the wind
barrier’s height is 3.15 m or 4.15 m, the lift coefficient of the upstream Tesla-type wind barrier’s magnitude
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is notably inferior compared to that of the upstream traditional barrier. With a wind barrier height set
at 2.15 m, the lift coefficient exhibited by the upstream Tesla-type barrier is much smaller than that of
the upstream traditional barrier. When the train is located at lane 2, the lift coefficient associated with
the Tesla-type wind barrier positioned upstream is much smaller than that of the upstream traditional
barrier. The train’s lift coefficient is not much different when the wind barrier is positioned upstream and
downstream (C, D layout) and the wind barrier is arranged upstream (A, B layout).

The subsequent deductions can be made from the observations in Fig. 23c: no matter the pattern or
kind of wind barrier, the upstream wind barrier’s overturning moment coefficient increases with the height
of the wind barrier. The overturning moment coefficient of the Tesla-type barrier demonstrates a magnitude
roughly two times bigger than that of the conventional barrier under the same configuration and wind
barrier height. The overturning moment coefficients of the upstream Tesla-type barrier under the four
layouts of A, B, C and D are very close.

5.5 Force Coefficients of the Downstream Wind Barrier

The force coefficient data for the downstream wind barrier are shown in Fig. 24. From Fig. 24a, several
observations can be made. Compared to the upstream barrier, the downstream barrier exhibits a significantly
lower lateral force coefficient. In particular, the lateral force coefficient of the downstream Tesla-type
barrier is much smaller than that of the conventional barrier. When the train occupies lane 2 (D layout),
the lateral force coefficient on the downstream barrier is slightly lower than that of the upstream barrier
with the train in lane 1 (C layout). Among the three barrier heights examined, the downstream Tesla-type
barrier with a height of 3.15 m produces the lowest lateral force. For traditional barriers, increasing height
generally reduces the lateral force coefficient.
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Figure 24: Diagram of three force components on the downstream wind barrier. (a) Coefficient of lateral force;

(b) Coefficient of lift force; (c) Coefficient of overturning moment.

From Fig. 24b, it is evident that the lift coefficient of the downstream barrier is markedly lower than
that of the upstream barrier, and for the Tesla-type barrier, it is less than half that of the conventional
barrier. When the train is in lane 2 (D layout), the lift coefficient on the downstream barrier is approximately
10% smaller than that of the upstream barrier in lane 1 (C layout). Additionally, the lift coefficient of the
downstream barrier shows little dependence on barrier height.

Based on Fig. 24c, several conclusions can be drawn. The overturning moment coefficient of the
Tesla-type downstream wind barrier ranges from 20% to 40% of that of the conventional barrier, which
is also significantly lower than that of the upstream barrier. When the train is in lane 1 (C layout), the
downstream Tesla-type barrier with a height of 3.15 m produces a smaller overturning moment than barriers
of the other two heights. However, when the train is in lane 2 (D layout), barrier height has minimal effect
on the overturning moment of the downstream wind barrier.

6 Conclusions

Based on the foundational working principle of the Tesla valve, a new Tesla-type wind barrier is
proposed as a windbreak. Pressure drop characteristics are given through experimental study and parametric
analysis. Furthermore, numerical simulations are conducted to evaluate the protective effect of the Tesla-type
wind barrier on trains operating on the bridge deck. The primary conclusions can be outlined as follows:

(1) The internal flow pipeline test was performed and contrasted with the numerical simulation outcomes
for both the Tesla plate channel and the straight channel. Wind speed-pressure drop curves were
obtained for the test and simulation with different channel configurations. The results confirm the
accuracy of the numerical simulation technique in studying the Tesla plate structure by showing
a high agreement between the wind speed-pressure drop patterns produced from the internal flow
pipeline experimentation and the numerical simulation. The pressure drop in the Tesla plate reverse
flow channel was found to be higher than that in the strip-type wind barrier, while the pressure drop
in the Tesla plate forward flow channel was similar to that in the straight channel. This demonstrates
the superiority of the Tesla plate reverse flow channel.

(2) The internal flow numerical simulation of the influence parameters of the Tesla plate is carried out.
The findings indicate that as the channel ratio y increases, the corresponding pressure drop also
amplifies for the fluid after passing through the Tesla plate structure model. A larger split angle
a leads to an increased pressure drop as the fluid passes through the Tesla plate structure. As the
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number of units N increases, the resulting pressure drop also escalates due to the fluid after passing
through the Tesla plate structure model. As the porosity ¢ decreases, the pressure drop of the fluid
subsequently increases after passing through the Tesla plate structure model. In practical applications,
the pressure-drop performance of a Tesla plate can be enhanced by selecting a higher channel ratio, a
larger diversion angle, more energy-dissipation units, and lower porosity.

(3) Through numerical simulation, the wind-proof properties of the Tesla-type barrier were examined,
and an evaluation was done to compare the protective effects of the Tesla-type and the conventional
wind barriers for the train. The findings indicate that the lateral force coefficient experienced by the
train after the Tesla-type barrier is only 15%~25% of that encountered with the traditional barrier wind
barrier under the same conditions. Additionally, the train experiences a downward force after passing
through the Tesla-type barrier, enhancing overall travel safety by promoting smoother operation on
the track. However, the barrier itself experiences increased aerodynamic loading. To mitigate this
effect, a moderate barrier height of 3.15 m is recommended, balancing reduced structural force with
effective train protection.

Compared with conventional porous and strip-type wind barriers reported in the literature, which
primarily reduce wind effects through flow blockage and momentum attenuation, including recent optimized
windbreak wall designs [36], the proposed Tesla-type wind barrier introduces an additional energy-dissipation
mechanism via internal flow turning and collision. This mechanism enables a significantly higher pressure
drop capability under comparable porosity conditions, resulting in improved wind protection performance
for railway bridge applications. These results demonstrate that the Tesla-type wind barrier offers a distinct
and advantageous alternative to traditional wind-barrier designs.

The present findings are consistent with recent numerical investigations on train-wind-structure
interactions, further confirming the reliability of the adopted simulation framework. Research on Tesla
plate structures, therefore, holds significant value. Building on existing studies and practical engineering
applications, the following insights can be proposed:

Research on Tesla plates holds significant value. Building on existing studies and practical applications,
the following insights can be proposed:

(1) Future research could include more experimental studies to gain a deeper understanding of the
performance of Tesla-type barriers. For example, experiments could explore a wider range of wind
speeds and incorporate a wind-train-bridge aeroelastic model to investigate the influence of Tesla-type
barriers on bridge aerodynamics and overall safety.

(2) The energy-dissipation mechanism of Tesla plate structures remains a promising area for further study.
Although the current design prioritizes energy dissipation efficiency and flow redirection, this results
in increased structural complexity. Future work should therefore focus on theoretical and structural
optimization, including simplifying the internal geometry, mitigating blockage risks, and improving
scalability, to enhance the feasibility of Tesla-type barriers for practical engineering applications across
a broader range of fields.
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