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Abstract: This study systematically investigated the aerodynamic characteristics of a closed box
girder in sinusoidal oscillating flow fields based on experimental and numerical approaches. The
numerical method was validated through comparison with experimental results. The effects of the os-
cillating frequencies (KC = 0.25~12) and amplitudes (Um = 0.5~2.0 m/s) on the pressure distributions,
total forces, and wake characteristics were investigated. The results show that the mean pressure
coefficients and time-averaged streamline distributions are insensitive to the oscillating frequency and
amplitude. However, the characteristics of the sinusoidal oscillating inflow significantly influence the
fluctuating aerodynamic forces and the fluctuating drag forces increase linearly with the oscillating
frequency. In particular, for the wake flow, the larger oscillating frequency and amplitude of the
inflow led to more obvious wake vortex shedding.

Keywords: wind tunnel test; aerodynamic characteristic; closed box girder; CFD; sinusoidal flows

1. Introduction

With improvements in the level of economic development and traffic volume, the
span of bridges has gradually increased [1,2]. However, large-span bridges have a lower
stiffness and greater susceptibility to wind-induced vibration, which make these bridges
more sensitive to wind [3]. Closed box girders are widely used in large-span bridges due to
their superior aerodynamic features [4].

The research on aerodynamic characteristics of bluff bodies in sinusoidal oscillating
flows covers a wide range of fields, such as wind engineering, bridge engineering, and
marine engineering [5,6]. The velocity time history of a sinusoidal oscillating flow varies
with a sinusoidal function and can be divided into zero-mean sinusoidal oscillating flow
and non-zero-mean (unidirectional) sinusoidal oscillating flow according to the mean
velocity of the flow motion [7]. In contrast to uniform flow, zero-mean sinusoidal oscillating
flow has unsteady characteristics due to the acceleration and deceleration process of the
flow. Compared with zero-mean sinusoidal oscillating flow, unidirectional sinusoidal
oscillating flow does not exhibit reciprocating motion, and its unsteady characteristics are
not as large as those of zero-mean sinusoidal oscillating flow.

In the 20th century, researchers began to study the zero-mean sinusoidal oscillating
flow around a circular cylinder. In 1950, Morison et al. [8] proposed the Morison equation
for calculating the drag of a cylinder by studying the flow around a cylinder under small-
amplitude wave motion. Keulegan and Carpenter [9] studied the coefficients in the Morison
equation and the characteristic parameter KC, which characterizes the amplitude of the
oscillating flow, leading to more widespread use of the Morison equation in engineering.
Williamson [10] and Obasaju et al. [11] experimentally studied the flow around a cylinder in
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a sinusoidal oscillating flow. The results showed that the flow can be divided into different
patterns in different KC number ranges. When KC� 1, the flow is in a two-dimensional,
attached, and symmetrical state; when this critical KC number is exceeded, the flow is no
longer symmetrical, and as the KC number continues to increase, various different vortex
shedding patterns emerge, each corresponding to a different number of vortex sheddings
in an incoming oscillation cycle.

For non-zero-mean sinusoidal oscillatory flow, researchers have conducted relevant
studies using experimental and numerical methods. In 2003, Nomura et al. [12] used an
active-control wind tunnel to study the forces of a square column in a non-zero-mean sinu-
soidal oscillatory flow with large angles of attack. The test results showed that the Morison
equation can be used to investigate the drag time history of the cylinder. Chen et al. [13]
simulated the forces of a square column in a non-zero-mean sinusoidal oscillatory flow
using the three-dimensional LES method. Zhao et al. [14] used the DNS method to nu-
merically simulate the flow around a cylinder in a non-zero-mean sinusoidal oscillatory
flow. The results showed that the drag force of the cylinder increases with frequency in a
non-zero-mean oscillating flow.

Turbulence flow can be considered as the superposition of multiple sinusoidal flow
components with different amplitudes and periods [15]. Thus, investigating the single-
frequency sinusoidal oscillating flow and extending it to the superposition of multiple-
frequency sinusoidal flows can overcome the deficiencies in the passive turbulence simu-
lations in previous studies, allowing for parameterized research on turbulence intensity
and integral scale. So far, as shown in Table 1, studies on sinusoidal oscillating flow have
focused mainly on the flow around a cylinder.

Table 1. Review of the literature on unsteady sinusoidal flow.

Reference Geometry Sinusoidal flow Method Conclusion

Morison (1950) [8] cylinder low frequency wind tunnel Morison equation
Obasaju et al. (1988) [11] cylinder low frequency wind tunnel flow patterns
Nomura et al. (2003) [12] cylinder low frequency wind tunnel aerodynamic force
Chen et al. (2010) [13] cylinder low frequency CFD aerodynamic force
Zhao et al. (2010) [14] cylinder low frequency CFD flow patterns
Ma et al. (2013) [16] box girder low frequency wind tunnel aerodynamic admittance functions
Wang et al. (2021) [17] box girder low frequency wind tunnel aerodynamic admittance functions

For large-span bridges, due to the limitations to wind tunnel setups, some studies
identified the aerodynamic admittance in low-frequency sinusoidal flows [16,17]. Moreover,
the mechanism of the influence of the sinusoidal flow on the aerodynamic characteristics of
a bridge section has been relatively less studied. Therefore, it is necessary to conduct an
in-depth study and analysis of the mechanism of the influence of sinusoidal flow on the
aerodynamic characteristics of a bridge section.

This study systematically describes the effects of sinusoidal oscillating flow on the
aerodynamic characteristics of a closed box girder. The numerical results were validated
through wind tunnel tests. The remainder of this paper is organized as follows. Section 1
describes the experimental and numerical methods. The effects of oscillating sinusoidal
flows on the pressure characteristics and total forces are studied in Sections 2 and 3,
respectively. In Section 4, the flow separation and reattachment around the box girder,
as well as wake patterns in different sinusoidal flow fields, are investigated using the
numerical method. Our conclusions are briefly summarized in Section 5.

2. Experimental and Numerical Setups
2.1. Experimental Tests

Wind tunnel tests were conducted in the active-control wind tunnel at Tongji Uni-
versity, as shown in Figure 1a. The model was installed on a bracket system in the wind
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tunnel. This study mainly discusses the influence of the streamwise sinusoidal flows on
the aerodynamic characteristics of a closed box girder.

Figure 1. Wind tunnel setups. (a) active-control wind tunnel; (b) tested cross-section; (c) schematic
diagram of the pressure taps (unit: mm).

The dimensions of the section model are B = 0.28 m (width), D = 0.03 m (height),
and L = 1.8 m (length). To measure the fluctuating surface pressure, measuring taps were
positioned in the center portion of the model.

Based on a multi-fan system, various harmonic flow fields with a periodic velocity
oscillation in the streamwise direction were generated. The harmonic periodic velocity is
defined as

u(t) = U + Um·sin(2π·f u·t) (1)

where the mean velocity is U = 8 m/s for all cases in this study; Um is the oscillation
amplitude, which was set in the range of 0 ≤ Um/U ≤ 0.25; and f u is the oscillation
frequency, which was set in the range of 0.2~1.2 Hz.

2.2. Numerical Methods
2.2.1. Computational Details

The computational domain of the simulations reproduces the geometry of the box
girder model at a 1:1 scale ratio, as shown in Figure 2. In order to ensure the independence
of the computational domain, the distance from the top and bottom boundaries to the
section center was set to 10 B, the inlet was set to 10 B in front of the section center, and the
outlet was set to 20 B behind the section center.

To numerically generate the sinusoidal oscillating flow field, boundary conditions
were set to reproduce the wind tunnel test setups, as shown in Figure 2. The k-ω SST
turbulence model was selected for the control equations, the deck surface was specified to
have no-slip wall conditions for velocity and the Neumann condition for pseudo-pressure,
the inlet was specified to have velocity-inlet conditions, and each of the generated flows in
the simulations had a periodic velocity oscillation in the streamwise direction, achieved
through a user-defined function (UDF) defined by u(t) = U + Um·sin(2π·f u·t). The outlet
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was specified to have outflow conditions, and the top and bottom sides were specified to
have symmetry conditions.

Figure 2. Computational domain and boundary conditions of the sinusoidal flow field.

In this study, the computational cases were set based on Equation (1) and the KC
number of the numerically generated sinusoidal oscillating flows was set in the range of
0.25~12.0 [7], corresponding to a frequency range of 1.39~66.67 Hz, as shown in Table 2.

fu =
Um

KC·D (2)

Table 2. Details of the numerical cases in the sinusoidal oscillating flow.

Um (m/s) 0.5; 1.0; 2.0

KC 0.25 0.5 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0 12.0
f u (Hz) 66.67 33.33 16.67 8.33 5.56 4.17 3.33 2.78 2.08 1.67 1.39

2.2.2. Spatial and Temporal Discretization

Structured grids were used to discretize the spatial computational domain. To ensure
the quality of the grid in the boundary layer of the model, the O-Block grid was used near
the deck surface with a height of 0.1 mm for the first layer. To improve the calculation
efficiency, a sparse grid was used in the other areas of the grid. The maximum grid size was
0.04 m. The total number of grids was 103,099, and the mesh distributions were defined
through refining tests to ensure mesh-independent solutions. The two-dimensional mesh
distribution is shown in Figure 3.

Figure 3. Meshing distributions.

Several tentative calculations were adopted to ensure the time-independence of the
computational domain, and the time step was set as ∆t = 0.0005 s, which provides an
accurate advancement in time. For each numerical case, the simulation was fully calculated
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first under uniform flow conditions and then using the UDF program to load the sinusoidal
oscillatory flow boundary conditions. The data were collected after the calculation had
stabilized. All the simulations were extended over T = 20 s to ensure convergence of the
flow statistics.

2.3. Validations

The pressure coefficients are expressed as

CPi(t) =
Pi(t)−P∞

0.5ρU2 (3)

where Pi(t) is the time history of the fluctuating pressure at point i, P∞ is the pressure of the
reference point, and ρ is the air density. The mean and root mean square (RMS) pressure
distributions of typical cases are shown in Figure 4. The numerical results are in good
agreement with the experimental results; the differences between the two methods may be
due to the different boundary conditions.

Figure 4. Comparison of numerical and experimental results in sinusoidal flow: (a) mean pressure
coefficients (top side); (b) fluctuating pressure coefficients (top side).

3. Effects of Streamwise Sinusoidal Flow on Pressure Characteristics
3.1. The Pressure Characteristics

The pressure characteristics are of paramount importance and carry information
about the aerodynamic loads and the aerodynamic fluctuations. Figure 5 shows the time-
averaged pressure coefficients (Cp) of the closed box girder at a null angle of attack in
different streamwise sinusoidal flows. Cases with different frequencies (f u) and the same
amplitude (Um) are compared in the same figure.

It is obvious that f u has no significant effect on Cp on either side of the model at low
oscillating amplitudes (Um = 0.5~1.0 m/s). At a larger oscillating amplitude (Um = 2.0 m/s),
slight changes were observed in Cp at large oscillating frequencies (f u = 33.33~66.67 Hz).
Thus, it can be concluded that the time-averaged pressure distributions of the box girder are
insensitive to the oscillating frequency and amplitude of the streamwise sinusoidal flows.

A comparison of the RMS pressure forces (C′P) on the top and bottom surfaces of the
girder in different sinusoidal inflows is shown in Figure 6. Cases with different frequencies
and the same amplitude are compared in the same figure. For the same amplitude, the
C′P increases significantly with the increasing oscillating frequency, and the higher the
amplitude, the more obvious the change in the RMS pressure force. A similar result is
obtained by comparing cases with different Um values at the same f u, indicating that the
C′P increases with increasing f u and Um in streamwise sinusoidal flows.
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Figure 5. Mean pressure coefficients in streamwise sinusoidal oscillating flows: (a1) Um = 0.5 m/s,
top side; (a2) Um = 1.0 m/s, top side; (a3) Um = 2.0 m/s, top side; (b1) Um = 0.5 m/s, bottom side;
(b2) Um = 1.0 m/s, bottom side; (b3) Um = 2.0 m/s, bottom side.

Figure 6. RMS pressure coefficients with different f u and Um values in streamwise sinusoidal
oscillating flows: (a1) Um = 0.5 m/s, top side; (a2) Um = 1.0 m/s, top side; (a3) Um = 2.0 m/s, top side;
(b1) Um = 0.5 m/s, bottom side; (b2) Um = 1.0 m/s, bottom side; (b3) Um = 2.0 m/s, bottom side.

Figure 7 presents the variation trend of the RMS pressure coefficient (C′P0) at the
stationary point (x = −0.14, y = 0) of the closed box girder in different sinusoidal flow fields.
It is shown that a larger Um produces a larger C′P0. In addition, C′P0 is proportional to the
frequency at the same amplitude. It can be concluded that the RMS pressure coefficient at
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the stationary point of the closed box girder is related to the amplitude and frequency of
the streamwise sinusoidal oscillating flows.

Figure 7. RMS pressure coefficients at the stationary point (x = −0.14, y = 0) in the streamwise
sinusoidal oscillating flows.

For the same Um and f u, the values of C′P increase linearly along the box girder
surfaces in oscillating flows, as shown in Figure 6. To observe this trend directly, Figure 8
presents the distribution of the normalized RMS pressure coefficient (C’P/C’P0). The results
show that there is a mutation of C’P/C’P0 at the corners of the box girder, and the values
of C’P/C’P0 change linearly along the bridge section when f u ≤ 4.17 Hz. For a higher f u,
the curve shows a linear trend along the entire bridge section; the corners of the box girder
have a slight impact on the normalized RMS pressure coefficient.

Figure 8. Normalized RMS pressure coefficients in the streamwise sinusoidal oscillating flows: (a1)
Um = 0.5 m/s, top side; (a2) Um = 1.0 m/s, top side; (a3) Um = 2.0 m/s, top side; (b1) Um = 0.5 m/s,
bottom side; (b2) Um = 1.0 m/s, bottom side; (b3) Um = 2.0 m/s, bottom side.

It can be concluded that the normalized RMS pressure coefficients on both sides of the
girder in sinusoidal oscillating flows are related only to the oscillating frequency.
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3.2. Streamwise Correlations

The streamwise correlation of the pressure coefficient is defined as

Rpp(x, x0) =
px p0

p′x p′0
(4)

where Px is the pressure of tap x, P0 is the pressure at x/B =−0.5, the overbar indicates a time-
averaged quantity, and P′x and P’0 are the standard deviations of Px and P0, respectively.

To investigate the frequency and phase characteristics of all measurement points of the
box girder surface, the streamwise correlation (Rpp) on the box girder surface in different
streamwise sinusoidal flows is shown in Figure 9. The reference point is set at the stationary
point (x = −0.14, y = 0). For a low frequency, the streamwise sinusoidal flow is attached
to the wind nose and inclined web when it passes through the stationary point; there is a
deviation between the flows and the dominant wind direction. Accordingly, the values of
Rpp tend to decrease along the wind nose and inclined web on the windward side. After the
flow passes the corners of the bridge surface, the RPP is recovered because the flow adheres
to the top and bottom surfaces in the same direction. Rpp begins to decline again as the
flow reattaches to the wind nose and inclined web of the leeward side. The flow separates
from the box girder surfaces, returns to the dominant wind direction, and the value of Rpp
gradually recovers in the wake region.

Figure 9. Streamwise correlation of pressure coefficients in streamwise sinusoidal flows:
(a1) Um = 0.5 m/s, top side; (a2) Um = 1.0 m/s, top side; (a3) Um = 2.0 m/s, top side;
(b1) Um = 0.5 m/s, bottom side; (b2) Um = 1.0 m/s, bottom side; (b3) Um = 2.0 m/s, bottom side.

Comparing the effects of different oscillating flows, it is observed that the streamwise
correlation of both sides increases with increasing frequency. When the f u increases to
8.33 Hz, the distribution of Rpp along the box girder is approximately a straight line, which
can be considered as unity.

Three typical frequencies were selected to quantify the Rpp of the box girder, and
the comparison results are shown in Figure 10. It can be observed that the oscillating
amplitude has no significant impact on the Rpp. However, the Rpp is sensitive to the
oscillating frequency.
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Figure 10. Streamwise correlations of pressure coefficients with different Um values in streamwise
sinusoidal flows: (a) top side; (b) bottom side.

3.3. Non-Gaussian Features

The skewness (sk) of the pressure coefficient reflects the probability density distribution
of the wind pressure coefficient. To investigate the time-domain features of the surface
pressure in sinusoidal oscillating flows, Figure 11 shows the distribution of the third-order
statistical central moments of pressure in the form of skewness, which is defined as

sk =
1

n− 1

n

∑
i=1

(C pi − Cp

)3
/
(
C′ p)

3 (5)

Figure 11. Skewness of pressure coefficients in the streamwise oscillating flows: (a1) Um = 0.5 m/s,
top side; (a2) Um = 1.0 m/s, top side; (a3) Um = 2.0 m/s, top side; (b1) Um = 0.5 m/s, bottom side;
(b2) Um = 1.0 m/s, bottom side; (b3) Um = 2.0 m/s, bottom side.
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As shown in Figure 11, the inflow frequency has little effect on the peak value of
sk. Thus, the surface pressure in the time domain can still be considered as a Gaussian
distribution. This phenomenon is related to the flow separation characteristics in that there
is no noticeable flow separation around the closed box girder in all sinusoidal flow fields
with different frequencies and amplitudes.

4. Effect of Streamwise Sinusoidal Flow on Total Forces
4.1. Mean and RMS Forces

The mean and RMS aerodynamic forces of the box girder in various sinusoidal oscillat-
ing flow fields with different oscillating amplitudes and oscillating frequencies are shown
in Figure 12. It can be observed that for the sinusoidal flow field with a small oscillating
amplitude (Um = 0.5 m/s), the aerodynamic forces vary relatively little with respect to
the oscillating frequencies. However, for the sinusoidal flow fields with larger oscillating
amplitudes (Um = 1.0 m/s and Um = 2.0 m/s), the aerodynamic forces vary dramatically
with respect to increasing f u values.

Figure 12. Mean and RMS aerodynamic force of the girder in streamwise oscillating flows: (a) mean
lift force; (b) mean drag force; (c) RMS lift force; (d) RMS drag force.

For the mean lift coefficient (CL) of the box girder, it remains essentially constant in the
flow field with Um = 0.5 m/s. However, CL decreases with the oscillating frequencies and
then increases at high frequencies in the flow fields with Um = 1.0 m/s and Um = 2.0 m/s.
Moreover, for the RMS lift coefficient (C′L) of the box girder, it varies significantly with
respect to increasing oscillating frequencies, indicating that the oscillating frequency has
notable effects on the aerodynamic lift force, and that it is the larger oscillating amplitude
of the sinusoidal flow fields that has the more apparent effects.

For the mean drag coefficient (CD) of the box girder, it shows no apparent variation in
the low-frequency sinusoidal flows (f u ≤ 8.33 Hz). It is not until the oscillating frequency
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increases to 16.67 Hz that the mean drag force increases obviously, and the higher the oscil-
lating amplitude the more pronounced the change in the mean drag force. Furthermore, for
the RMS drag coefficient (C′D) of the box girder, it is linearly related to the oscillating fre-
quencies. The linear relationship between C′D and Um can also be observed by comparing
the curves at the same f u.

4.2. Frequency Domain Features

The spectrum of the lift force (a1–c1) and drag force (a2–c2) in typical cases is shown in
Figure 13 to analyze the influence of sinusoidal oscillating flows on the bridge frequency
domain features. Comparing the values of the reduced frequency (f /f u), it is found that the
spectrum of CD has only one peak value corresponding to a certain f u. The predominant
frequency of the spectrum of CL corresponds to the inflow frequency f u. Moreover, in the
sinusoidal flows with larger oscillating amplitudes and frequencies, multiple predominant
frequencies can be found in the lift spectrum, which may be due to the secondary effect of
the wake flow.

Figure 13. Spectrum of CL and CD in different sinusoidal oscillating flows: (a1,a2) Um = 0.5 m/s,
f u = 1.39 Hz; (b1,b2) Um = 1.0 m/s, f u = 16.67 Hz; (c1,c2) Um = 2.0 m/s, f u = 66.67 Hz.

5. Effects of Streamwise Sinusoidal Flow on Separated Flow
5.1. Flow Separation and Reattachment

The formation of aerodynamic force is greatly affected by flow separation and reattach-
ment [3]. To study the characteristics of the flow separation of the box girder in sinusoidal
oscillating flows, Figure 14 presents the time-averaged stream line distributions in different
streamwise sinusoidal flows. It can be observed that the flow around the box girder is
tightly attached to the box section in all uniform flows and sinusoidal flows, benefitting
from the large aspect ratio (B/D = 9.3) of the box girder. It should be noted that the stream
line distributions in the sinusoidal flows are nearly the same as those in the uniform flow [3].
In other words, the oscillating amplitudes and frequencies of the streamwise sinusoidal
flow have no obvious impact on the time-averaged stream line distributions around the
box girder.
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Figure 14. The effect of Um and f u on time-averaged stream line distributions in streamwise oscillat-
ing flows.

5.2. Wake Characteristics

Figure 15 shows the instantaneous wake vorticity distributions of the box girder in dif-
ferent streamwise sinusoidal flow fields. Figure 15(a1–a5) present the wake characteristics
of the box girder in the harmonic flow fields with different f u values. It can be observed
that the wake in the harmonic flow fields with f u ≤ 8.33 Hz is similar to that in the uniform
flow field, and the wake does not exhibit an alternate shedding vortex. With the increase
in f u, there are slight alternate shedding vortices in the wake at f u = 16.67 Hz. Moreover,
when the oscillating frequency of the flow field is f u ≥ 33.33 Hz, obvious alternate shedding
vortices can be observed in the wake, which is similar to the ‘2S’ pattern, known as ‘Karman
Vortex Street’.

On the other hand, Figure 15(b1–b5) present the wake characteristics of the box girder
in the harmonic flow fields with different Um values. According to the comparisons
between Figure 15(a4) and Figure 15(b4), it can be observed that the oscillating amplitude of
the flow has significant effects on the wake, and the larger the amplitude the more obvious
the wake vortex shedding.
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Figure 15. Vortex shedding in sinusoidal oscillating flows: (a1) Um = 0.5 m/s, f u = 1.39 Hz;
(a2) Um = 0.5 m/s, f u = 8.33 Hz; (a3) Um = 0.5 m/s, f u = 16.67 Hz; (a4) Um = 0.5 m/s, f u = 33.33 Hz;
(a5) Um = 0.5 m/s, f u = 66.67 Hz; (b1) Um = 2.0 m/s, f u = 1.39 Hz; (b2) Um = 2.0 m/s, f u = 8.33 Hz;
(b3) Um = 2.0 m/s, f u = 16.67 Hz; (b4) Um = 2.0 m/s, f u = 33.33 Hz; (b5) Um = 2.0 m/s, f u = 66.67 Hz.

6. Conclusions

In this study, active-control wind tunnel experiments and numerical simulations
were conducted to investigate the effects of oscillating frequencies and amplitudes on the
pressure distribution and wake characteristics, as well as total force, of a closed box girder.
The main conclusions are as follows:

(1) The time-averaged flow separation and mean pressure coefficients of the closed box
girder are insensitive to the oscillating frequency and amplitude of the sinusoidal
oscillating inflow. However, the characteristics of the sinusoidal oscillating inflow
influence the fluctuating pressure coefficients significantly;

(2) The inflow oscillating frequency and amplitude have a significant influence on the
fluctuating lift and drag forces. The fluctuating drag forces increase linearly with the
oscillating frequency;

(3) The wake vortex shedding is highly correlated to the inflow oscillating frequency
and amplitude. There are three significant vortex shedding modes, and more ob-
vious vortex shedding can be observed with higher inflow oscillating frequencies
and amplitudes.
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