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Abstract: In this study, the drag exerted by an accelerating fluid on a stationary 2D circular cylinder
is numerically investigated using Fluent 19.2 based on the finite-volume method. The SST k–ω model
is chosen as the turbulence model because of its superiority in treating the viscous near-wall region.
The results are compared to literature, and the numerical methods are validated. The acceleration
of the inflow is analyzed for the range of 0.0981–9.81 m/s2, and the drag for each acceleration is
compared. Additionally, the effect of the initial velocity on the drag acting on the circular cylinder is
investigated at two initial velocities. As a result, a supercritical region, typically found under steady
state conditions, is observed. Furthermore, vortex shedding is observed at a high initial velocity.
This flow characteristic is explained via comparison with respect to the recirculation length and
separation angle.
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1. Introduction

Sudden bursts of flow or impulsive motions of a body within the flow can be observed during
natural phenomena, for example, in the case of structures affected by extreme atmospheric phenomena
such as tornadoes, tropical cyclones, or thunderstorms. Such events also occur in several industrial
and engineering applications. However, although these events are highly transient, and loads are
exerted on structures for only a short period, wind-resistant designs assume that wind and its resulting
structural loads are temporally stationary or quasi-steady. This leads to a discrepancy between the
design loads of the structures and the actual loads they experience during strong wind events.

In practical scenarios, unsteady forces due to gusts are much greater than their corresponding
steady-state levels, which is called overshoot. In severe cases, these unsteady forces can result in the
destruction of the structure. However, load-evaluation methods to account for overshoot have not
been established. Therefore, the variation in unsteady force with time must be precisely investigated.

As part of these efforts, Nomura et al. [1], Matsumoto et al. [2], and Takeuchi & Maeda [3]
conducted specialized wind tunnels for a bluff body under a sudden increase (impulsive starting flow)
in wind velocity. They explained that drag overshoot is generated by an inertial force proportional to
du/dt and the formation of vortices. However, in the drag calculation, the steady-state drag coefficient
was used instead of the unsteady-state coefficient. Rho et al. [4], Lee et al. [5], and Lee et al. [6] also
conducted wind tunnel tests to investigate the difference in aerodynamic characteristics between
non-accelerated and accelerated flows. They proposed that the drag in accelerated flow decreases
compared to that of non-accelerated flow, and as the Reynolds number increases, the drag of the
accelerated flow increases. However, the Reynolds number range was limited from 4× 104 to 1.64 × 105;
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thus, the overall drag change for other Reynolds number ranges is unknown. Mason and Yang [7]
performed wind tunnel experiments to investigate forces on a two-dimensional square cylinder during
a period of rapid acceleration. The results show, in a fragmentary way, that when flow accelerated from
an initial quiescent state, both the amplitude and frequency of force coefficient fluctuations exceeded
those recorded during steady flow tests. Previous studies compared accelerated and non-accelerated
flows in small Reynolds number ranges. Therefore, the studies with wind tunnel experiments provide
limited understanding of the aerodynamic characteristics in accelerated flow.

The overshoot phenomenon can be described as a mechanism wherein inertia is added to a system
when an object accelerates or decelerates; this inertia is referred to as added mass. This added mass was
studied in early potential flow theory, which does not consider the effect of viscosity or compressibility.
There are several works, such as those by Lamb [8], Birkhoff [9], and Yih [10], that theoretically
characterized the added mass for basic geometries. This characterization has been extended to a variety
of complicated geometries in several textbooks (Keulegan & Carpenter [11]; Patton [12]; Kennard [13];
and Brennen [14]).

The added mass depends on the wake shape, volume, and rate of change. The formation of the
wake is primarily affected by viscosity. Therefore, Sarpkaya [15] considered vortices in his potential
flow solution to simulate the effect of viscosity, and the use of potential flow has been extended to
include more complicated flow dynamics. Sarpkaya and Garrison [16] also analyzed the strength,
growth, and movement of a vortex behind a circular cylinder with constant acceleration. In addition,
equations for lift and drag were obtained from the potential flow theory in terms of the flow and vortex
characteristics. One of the important results of this study was the correlation between the fluid force
and the distance using the dimensionless technique. In addition, Fackrell [17] developed a numerical
model to determine the force on a 2D circular cylinder in the case of constant relative acceleration
and applied the dimensionless technique to separate drag and added mass coefficients. However,
that work was limited to the range of a/g = 0.2–1.0 for a low initial Reynolds number, where a and g are
acceleration of flow and gravitational acceleration, respectively. Therefore, the influence of the initial
Reynolds number or the change in drag for other accelerations remains unknown, especially at very
low accelerations close to steady flow.

In this study, the drag change according to initial velocity was compared considering low and high
initial Reynolds numbers, and the acceleration range was extended to 0.01–1.0g. Because the fluid force
acting on the bluff body is closely related to the shape of the wake, their relationship is investigated to
identify the drag increase due to acceleration and to provide a basic understanding thereof.

2. Computational Methods

2.1. Governing Equations and Numerical Method

The flow field is governed by the continuity and Navier–Stokes equations for a Newtonian and
incompressible fluid.

∂ui
∂x j

= 0 (1)

ρ

(
∂ui
∂t

+ u j
∂ui
∂x j

)
= −

∂p
∂t

+
∂
∂x j

µ

(
∂ui
∂x j

+ u j
∂u j

∂xi

)
= 0 (2)

where ui is the velocity in i-th direction, ρ is the density, p is the pressure, µ is the coefficient of kinematic
viscosity.

This study assumes 2D flow around a circular cylinder, and literatures have shown that 2D
computation can over-estimate the forces acting on the body to a great extent (Benim et al. [18];
Liuliu et al. [19]). However, it is the intention of this study to investigate the effects of accelerated
inflow on the drag on the body compared to that in the steady flow condition, and the present
results compared later with the results of experiments conducted in 3D flow showed the validity of
present results.
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The shear stress transport (SST) k–ω turbulence model was chosen for its superiority in treating
the viscous near-wall region, as well as to account for the effects of streamwise pressure gradients.
These features are important for accurately modeling the boundary layer-separation process, which is
critical to obtain good results for the flow over bluff bodies. The pressure-implicit with splitting of
operator algorithm was adopted for the pressure–velocity coupling scheme that uses a relationship
between the velocity and pressure corrections to enforce mass conservation and obtain the pressure
field. Solvers with second-order accuracy were chosen for pressure and momentum, turbulent kinetic
energy, and specific dissipation-rate equations. The least-squares cell-based method was also used as
the gradient interpolation.

2.2. Computational Domain and Boundary Conditions

The schematic views of a 2D circular cylinder and relevant boundary conditions are shown in
Figure 1. The computational domain was determined considering the study of Fackrell [17]. Figure 1
illustrates the computational domain of size of 20d × 80d with a cylinder of diameter, d = 0.0127
m. The distance from the center of cylinder to inlet and outlet were set to 20d and 60d, respectively,
while the distance of 12d from the center of the circular cylinder to the side walls was set.
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Figure 1. Schematic views of the computational domain.

The boundary conditions of the numerical model are shown in Figure 2. A uniform velocity was
imposed on the inlet of the domain with constant acceleration; a 0-Pa condition was defined at the
outlet. The no-slip condition was imposed on the surface of the body, and the slip wall was applied on
the side walls, where u0 is the initial velocity, t is the time, τw is the wall shear stress, y is the distance
from the side wall. As the inflow velocity increases with time, the inflow becomes turbulent from
laminar due to flow instability; however, the turbulence was not modeled in the inflow by considering
the uniformity of inflow.
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As described in Figure 3, the fluid was initially allowed to achieve a steady flow and was then
accelerated. The inflow boundary condition was defined by a user-defined function.
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2.3. Validation of the Present Method

In order to validate the method employed in this study, the results were compared with the
experimental results of Sarpkaya and Garrison [16], in which a vertical water tunnel with a quick-release
bottom gate was constructed to obtain a unidirectional, constant flow of fluid over a fixed circular
cylinder. The experiments were conducted for the acceleration range of 0.155–0.994g. In this study,
the fluid properties were set to a density of 998.2 kg/m3 and a kinematic viscosity of 0.001003 kg/m-s.

2.3.1. Grid Convergence

In the flow analysis around the bluff body, high gradients are formed along the surface of the
cylinder. Therefore, it is important to set the grid around the cylinder adequately. In addition,
considering the time required for computational analysis, an appropriate total number of grids should
be used, and it is common to set the grids slightly far away from the cylinder. Therefore, as shown in
Figure 4, the grid around the cylinder was finely modeled using hexahedra, and the other regions are
coarsely modeled using tetrahedra. The computational grid was constructed to calculate the laminar
region near the wall, and thus the y+ value was close to one.
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Three cases of grid configurations, listed in Table 1, were used to determine the appropriate grid
size and distribution. To consider the importance of the height of the first cells next to the circular
cylinder wall, Mesh 2 was modeled such that y+ = 1, and Meshes 1 and 3 were modeled with y+ values
less than and greater than 1, respectively. At this time, Mesh 3 was modeled such that the total number
of grids and the number of grids around the cylinder were greater than those of Mesh 2 to determine
the effect of the height of the first layer.

Table 1. Mesh information for grid convergence.

First Grid Height (m) Total Number of Grids Number of Grids around the Cylinder

Mesh 1 1.9 × 10−6 454,012 940

Mesh 2 2.9 × 10−6 229,211 800

Mesh 3 5.9 × 10−6 376,680 1600

Figure 5 shows the variation in drag coefficient with nondimensional time, compared to the
experimental results of Sarpkaya and Garrison [16]. The acceleration given here is a = 9.81 m/s2 and
the drag coefficient is defined as

Cd
∗ =

Fd
aρA

(3)

where Fd is the drag force per unit length, and A is the area of the circular cylinder.
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Keulegan and Carpenter [11] reported that the drag coefficient in a flow with constant acceleration
correlated with the relative dimensionless displacement and was not function of time or Reynolds
number. Based on this, Sarpkaya and Garrison [16] proposed an analysis using a relative displacement
of s/d = 0.5at2/d where s is the displacement of the fluid flow. In this study, for a more intuitive
understanding, it was denoted as a nondimensional time t̂, defined as

t̂ =
at2

2d
=

(u− u0)t
2d

(4)

As can be seen from Figure 5, Mesh 3 case with the largest first grid height deviates the most from
the experimental results. When the first grid height is decreased by 2.9 × 10−6 m, the Cd

∗ value is closer
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to the experimental result than in the case of Mesh 3. However, decreasing the first grid height further
by 1.9 × 10−6 m does not affect the results. Mesh 2 is then selected for the simulations to ensure that
the high velocity gradients are resolved and to reduce the computational cost. In Mesh 2, y+ = 1 was
satisfied for all cases studied, including the most critical case of a/g = 1 at t̂ = 10.

2.3.2. Choice of Turbulence Model

If a bluff body is immersed in a flow with constant acceleration, the surrounding flow enters the
turbulent region as the velocity increases. The method used to simulate the turbulence of the unsteady
state has a crucial effect on the analytical accuracy.

The most common methods to analyze turbulent flow are is the direct numerical simulation (DNS),
the large eddy simulation (LES) and the Reynolds-averaged Navier–Stokes (RANS) equation approach.
DNS numerically solves the Navier–Stokes equations without the use of a turbulence model. Using
DNS, it is possible to obtain results that are relatively close to actual phenomena with the cost of a
large amount of computing resources. LES also enables simulation of real phenomena with sufficient
accuracy but requires a large amount of computational resources since it resolves directly large eddies
while small eddies are modeled. On the other hand, RANS in general models turbulence of all the
scales and offers relatively reasonable results, which saves the computational. In these perspective,
this study employs RANS in order for higher computational efficiency with less requirement for
resources, and we consider the k–ε model, standard k–ω model, and SST k–ω model among the
two-equation models of RANS.

In order to determine the two-equation model for this study, the drag coefficients computed by
using different models were compared with experimental data, and the results are shown in Figure 6.
In the case of the k–ε model, the initial value of Cd

∗ is closer to 2.3 upon inspection. This deviates from
the experimental results; thus, this model cannot be used. Furthermore, the k–ε model and standard
k– ω model show that vortex shedding occurs in the early stage of the simulation, whereas the SST
k–ω model does not. In addition, Sarpkaya’s experimental results do not indicate vortex shedding,
and hence these models are unrealistic. The remaining model, the SST k–ω model, shows excellent
agreement with only a slight difference at larger values of t̂; hence, this model is considered applicable
and chosen as the turbulence model.
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2.3.3. Time Step Convergence

In order to determine the time step size, three different values of 0.001 s, 0.0001 s and 0.00001 s
were considered. Figure 7 shows the comparison of the computed drag coefficients with experimental
data. Both results with the time step of 0.0001 s and 0.00001 s show that Cd

∗ is closer to the experimental
data while the result with 0.001 s depicts larger discrepancy. And it was found that the fluid particles
were not allowed to pass more than one cell with the time step size of 0.0001s, including the most
critical case of a/g = 1 at t̂ = 10. Therefore, the time step size of 0.0001s was selected for this study.

Water 2020, 12, x FOR PEER REVIEW 7 of 27 

 

 
Figure 6. Comparison of different turbulence models (experimental data from Sarpkaya and Garrison 
[16]) 

2.3.3 Time Step Convergence 

In order to determine the time step size, three different values of 0.001 s, 0.0001 s and 0.00001 s 
were considered. Figure 7 shows the comparison of the computed drag coefficients with experimental 
data. Both results with the time step of 0.0001 s and 0.00001 s show that 𝐶ௗ∗  is closer to the 
experimental data while the result with 0.001 s depicts larger discrepancy. And it was found that the 
fluid particles were not allowed to pass more than one cell with the time step size of 0.0001s, including 
the most critical case of a/g = 1 at 𝑡̂ = 10. Therefore, the time step size of 0.0001s was selected for this 
study. 

 
Figure 7. Comparison of different time steps (experimental data from Sarpkaya and Garrison [16]) 

2.4 Scope of study 

The fluid is initially allowed to achieve a fully developed flow at 𝑅𝑒 = 40 and 1000 and is then 
accelerated with the accelerations of 0.0981–9.81 m/s2 as listed in Table 2. The Reynolds number, 𝑅𝑒 
is defined as 

Figure 7. Comparison of different time steps (experimental data from Sarpkaya and Garrison [16]).

2.4. Scope of Study

The fluid is initially allowed to achieve a fully developed flow at Re = 40 and 1000 and is then
accelerated with the accelerations of 0.0981–9.81 m/s2 as listed in Table 2. The Reynolds number, Re is
defined as

Re =
ρvd
µ

(5)

For a low Reynolds number (Re = 40), the flow is steady and symmetric, and the wake is laminar,
whereas for a high Reynolds number (Re = 1000), the flow is unsteady, and the vortex street is fully
turbulent. However, in the case of high initial velocity (Re0 = 1000), only the three accelerations of
a = 9.81, 0.981, and 0.4905 m/s2 are studied. Fackrell [17] extended the study on unidirectional constant
acceleration of an initial stationary fluid to include a flow with a small initial velocity (Re0 < 40), and the
case of low Reynolds number in this study was set with reference to this.

Table 2. Computational cases.

a/g a (m/s2)

1 9.81
0.5 4.905
0.1 0.981

0.05 0.4905
0.01 0.0981
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3. Drag in Accelerated Flow at Low Initial Velocity

3.1. Overshoot of Drag Force

Figure 8 shows the drag coefficient versus Reynolds number when the flow is accelerated with
a = 9.81 m/s2 from the initial constant velocity (Re0 = 40). When the flow accelerated, an overshoot
phenomenon of the fluid force is evident. The drag coefficient Cd is defined as

Cd =
Fd

1
2ρv2A

(6)

The value of Cd reached 23,320, which is much greater than that if the motion was steady. However,
the Cd values constantly decreased after overshoot. A comparison of Cd values of non-accelerated and
accelerated flow for various acceleration ranges is presented in the following section.

Water 2020, 12, x FOR PEER REVIEW 8 of 27 

 

𝑅𝑒 = 𝜌𝑣𝑑𝜇  (5) 

For a low Reynolds number (𝑅𝑒 = 40), the flow is steady and symmetric, and the wake is laminar, 
whereas for a high Reynolds number (𝑅𝑒 = 1000), the flow is unsteady, and the vortex street is fully 
turbulent. However, in the case of high initial velocity (𝑅𝑒଴ = 1000), only the three accelerations of a 
= 9.81, 0.981, and 0.4905 m/s2 are studied. Fackrell [17] extended the study on unidirectional constant 
acceleration of an initial stationary fluid to include a flow with a small initial velocity (𝑅𝑒଴ < 40), and 
the case of low Reynolds number in this study was set with reference to this. 

Table 2. Computational cases 

a/g a (m/𝐬𝟐) 

1 9.81 
0.5 4.905 

0.1 0.981 

0.05 0.4905 

0.01 0.0981 

3. Drag in Accelerated Flow at Low Initial Velocity 

3.1 Overshoot of drag force 

Figure 8 shows the drag coefficient versus Reynolds number when the flow is accelerated with 
a = 9.81 m/s2 from the initial constant velocity (𝑅𝑒଴ = 40). When the flow accelerated, an overshoot 
phenomenon of the fluid force is evident. The drag coefficient 𝐶ௗ is defined as 𝐶ௗ = 𝐹ௗ12 𝜌𝑣ଶ𝐴 (3) 

The value of 𝐶ௗ  reached 23,320, which is much greater than that if the motion was steady. 
However, the 𝐶ௗ values constantly decreased after overshoot. A comparison of 𝐶ௗ values of non-
accelerated and accelerated flow for various acceleration ranges is presented in the following section. 

 
Figure 8. Overshoot phenomenon of drag force 

 
3.2 Difference between Non-Accelerated and Accelerated Flow 

Figure 8. Overshoot phenomenon of drag force.

3.2. Difference between Non-Accelerated and Accelerated Flow

In Section 2.3, the computational modeling and numerical methods were verified via comparison
with the experimental results of Sarpkaya and Garrison [16]. Based on this, the fluid force was analyzed
with varying ranges of acceleration from the low initial velocity (Re0 = 40).

Figure 9 shows a comparison between the drag Cd of a circular cylinder obtained experimentally
by Bullivant [20] and that obtained numerically in this study. The experimental result was measured
when the flow was fully developed with constant velocity at each Reynolds number. In contrast,
the numerical results describe the instantaneous fluid force during acceleration.

As shown in Figure 9, the drag of accelerated flow is higher than that of non-accelerated flow.
The difference between accelerated and non-accelerated flow decreases as the acceleration decreases.
In the cases of a/g = 1 and 0.5, the drag steadily decreased, except in the ranges of 30,000 ≤ Re ≤ 50,000
and 15,000 ≤ Re ≤ 40,000, respectively, where a constant value was maintained for some time. In the
cases of a/g = 0.1, 0.5, and 0.01, the supercritical region observed at a high Reynolds number in the
case of steady flow was also found for the ranges of 6000 ≤ Re ≤ 10,000, 4000 ≤ Re ≤ 6000, and 1300 ≤
Re ≤ 1800, respectively. Moreover, except in this region, the drag constantly decreased regardless of
whether the region was subcritical or critical. In Figure 9, Re0 is the Reynolds number defined with the
initial velocity.
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3.3. Drag Changes over Dimensionless Time and Flow Time

According to Figures 10–12, the Cd value of a circular cylinder immersed in accelerated flow
increases while Cd

∗ decreases with t̂ and Re. This is because Cd is dimensioned by a square term of the
velocity and the denominator of Cd

∗ contains an acceleration term. At the same time, the fluid force
F increases over time. Therefore, the drag coefficient varies greatly according to the dimensionless
method; in this paper, Cd or Cd

∗ is used as necessary.
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As mentioned earlier, Sarpkaya and Garrison [16] proved that there is a correlation among drag
coefficients (Cd

∗) in terms of dimensionless distance (s/d), and Fackrell [17] also showed that correlation
among the data was very good for a/g = 1, 0.5, and 0.2. In this study, we found that the correlation of
the data is good for a/g = 1 and 0.5. However, as can be seen in Figure 10, for a/g = 0.1, 0.05, and 0.5,
the gradient of Cd

∗ increases as the acceleration decreases. Furthermore, Figure 11, which shows the
variation in Cd according to dimensionless time.

According to Figures 10 and 11, a lower acceleration results in larger Cd at the same dimensionless
time. However, more flow time is required to achieve the same change in dimensionless time with
lower accelerations. For example, the case of a/g = 10 takes 10 times longer to achieve the flow time of
the case of a/g = 1. Figure 12 shows the variation in Cd

∗ with flow time t. The results show that the
smaller the acceleration, the smaller the value of Cd

∗. In addition, the inflection point at which the
slope increases sharply is shown in the cases of a/g = 0.1, 0.05, and 0.01.
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3.4. Vortex Formation and Development

Figures 13–17 show the streamlines for various values of t̂ and a/g. If the circular cylinder is
immersed in unidirectional constant flow with a high Reynolds number, the symmetrical pattern
becomes unstable and vortex shedding occurs behind the cylinder. In the case of accelerated flow, as
the velocity increases, the vortex forms and grows, but vortex shedding does not appear. These results
are consistent with Sarpkaya and Garrison’s [16] experiment, which showed no vortex shedding in
the range of t̂ < 30. This indicates that even if the Reynolds number of the fully developed steady
flow and that of the accelerated unsteady flow match instantaneously, the wake situation behind the
object at that moment is different. The size of the vortex tends to increase as the dimensionless time
increases because the energy generated by acceleration contributes to the increasing size of the vortex.
In addition, as the dimensionless time increases, the length of the recirculation length gradually grows,
except for the case of a/g = 0.01, where it starts to dwindle at t̂ = 6. Furthermore, as per the correlation
between the drag coefficients, shown in Figures 10 and 11, respectively, for the cases of a/g = 1 and 0.5,
the wake shape behind the cylinder according to t̂ is very similar.
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The recirculation length and separation angle are closely related to the drag acting on the circular
cylinder and are a part of the criteria for quantifying the size of the vortices. The recirculation length
and separation angle are defined as Lr and θ, as shown in Figure 18.
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The recirculation length at low Reynolds numbers, in the range of 20 ≤ Re ≤ 80, has been studied
by Acrivos et al. [21]. In this study, vortex shedding did not appear, even at high Reynolds numbers.
Therefore, to quantitatively evaluate the size of the vortex, the variation in the recirculation length
according to the dimensionless time in each case is shown in Figure 19. The results show that at
higher acceleration and dimensionless time, the recirculation length and its rate of increase are greater.
In particular, in the cases of a/g = 1 and 0.5, the recirculation length increases linearly with the relative
time (t̂), whereas in the cases of a/g = 0.1 and 0.05, its rate of increase was found to decrease. In addition,
as shown in Figure 20, the separation angle also increases the size of the vortex by causing it to move
in the windward direction along the surface of the cylinder as a/g and t̂ increase. These trends can be
seen in Figures 13–17. This change in the vortex behind the cylinder is directly related to the variation
in Cd shown in Figure 11. Ultimately, when the size of vortex is larger, Cd is decreased. In the case of
a/g = 0.01, the recirculation length decreases after t̂ = 6, and this is considered to influence the recovery
of the Cd value.
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4. Drag in Accelerated Flow at High Initial Velocity

4.1. Difference between Non-Accelerated and Accelerated Flow

In Section 3, the drag characteristics of circular cylinders immersed in flow that is accelerated
from a low initial velocity (Re0 = 40) were analyzed. In this section, flow accelerated from a high initial
velocity (Re0 = 1000) is considered. First, various acceleration ranges are examined. Then, the effect of
initial velocity on drag change is analyzed in Section 5.

Figure 21 shows the logarithmic distribution of Cd obtained experimentally in the case of
non-accelerated flow by Bullivant [20] and that obtained numerically in the case of accelerated flow
in this study. As evident from Figure 21, the Cd values of accelerated flow were higher for all ranges
than those of non-accelerated flow. Furthermore, the lower the acceleration, the smaller the difference
between the drag values of the accelerated and non-accelerated flows. It is noticeable that Cd values of
accelerated flow decrease with time and oscillate when approaching the value of the non-accelerated
flow in all acceleration ranges. In addition, the supercritical regions did not appear, unlike in the case
of low initial velocity.
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4.2. Drag Changes over Dimensionless Time and Flow Time

Figures 22 and 23 show the variations in Cd
∗ and Cd, respectively, with t̂. As mentioned earlier,

it was confirmed that the results for several different accelerations showed good correlation in the
case of low initial velocity. In the high initial velocity cases, it can be seen that the Cd

∗ and Cd values
correlated well with respect to dimensionless time.

Figure 24 illustrates the variation in Cd
∗ with time. The results show that the smaller the

acceleration, the smaller the value of Cd
∗. The inflection point at which the slope increases sharply

appears in the case of a/g = 1 only.



Water 2020, 12, 1790 18 of 24

Water 2020, 12, x FOR PEER REVIEW 19 of 27 

 

 

Figure 21. Comparison of drag coefficient 𝐶ௗ  between non-accelerated flow (Bullivant [20]) and 
accelerated flow (𝑅𝑒଴ = 1000) 

4.2 Drag Changes over Dimensionless Time and Flow Time 

Figures 22 and 23 show the variations in 𝐶ௗ∗ and 𝐶ௗ, respectively, with 𝑡̂. As mentioned earlier, 
it was confirmed that the results for several different accelerations showed good correlation in the 
case of low initial velocity. In the high initial velocity cases, it can be seen that the 𝐶ௗ∗ and 𝐶ௗ values 
correlated well with respect to dimensionless time. 

Figure 24 illustrates the variation in 𝐶ௗ∗  with time. The results show that the smaller the 
acceleration, the smaller the value of 𝐶ௗ∗. The inflection point at which the slope increases sharply 
appears in the case of a/g = 1 only. 

 

Figure 22. Dimensionless time variation of drag coefficient 𝐶ௗ∗ (𝑅𝑒଴ = 1000) Figure 22. Dimensionless time variation of drag coefficient Cd
∗ (Re0 = 1000).

Water 2020, 12, x FOR PEER REVIEW 20 of 27 

 

 

Figure 23. Dimensionless time variation of drag coefficient 𝐶ௗ (𝑅𝑒଴ = 1000) 

 

Figure 24. Temporal variation of drag coefficient 𝐶ௗ∗ (𝑅𝑒଴ = 1000) 

4.3 Vortex Shedding Formation Development 

Figures 25–27 show the streamlines for various values of 𝑡̂ and a/g. As shown previously, in the 
case of low initial velocity, the size of symmetrical vortices tends to increase as the dimensionless 
time is increased. In contrast, in the case of high initial velocity, asymmetrical pair vortices are 
generated at the beginning, and the vortex is then created and destroyed alternately. Vortex shedding 
also gradually develops as time passes. Because of the growth of this wake, the supercritical region 
is not shown, but 𝐶ௗ rapidly approaches the drag of the non-accelerated flow with oscillations, as 
shown in Figure 21. 

 

Figure 23. Dimensionless time variation of drag coefficient Cd (Re0 = 1000).

Water 2020, 12, x FOR PEER REVIEW 20 of 27 

 

 

Figure 23. Dimensionless time variation of drag coefficient 𝐶ௗ (𝑅𝑒଴ = 1000) 

 

Figure 24. Temporal variation of drag coefficient 𝐶ௗ∗ (𝑅𝑒଴ = 1000) 

4.3 Vortex Shedding Formation Development 

Figures 25–27 show the streamlines for various values of 𝑡̂ and a/g. As shown previously, in the 
case of low initial velocity, the size of symmetrical vortices tends to increase as the dimensionless 
time is increased. In contrast, in the case of high initial velocity, asymmetrical pair vortices are 
generated at the beginning, and the vortex is then created and destroyed alternately. Vortex shedding 
also gradually develops as time passes. Because of the growth of this wake, the supercritical region 
is not shown, but 𝐶ௗ rapidly approaches the drag of the non-accelerated flow with oscillations, as 
shown in Figure 21. 

 

Figure 24. Temporal variation of drag coefficient Cd
∗ (Re0 = 1000).



Water 2020, 12, 1790 19 of 24

4.3. Vortex Shedding Formation Development

Figures 25–27 show the streamlines for various values of t̂ and a/g. As shown previously, in the
case of low initial velocity, the size of symmetrical vortices tends to increase as the dimensionless time
is increased. In contrast, in the case of high initial velocity, asymmetrical pair vortices are generated at
the beginning, and the vortex is then created and destroyed alternately. Vortex shedding also gradually
develops as time passes. Because of the growth of this wake, the supercritical region is not shown,
but Cd rapidly approaches the drag of the non-accelerated flow with oscillations, as shown in Figure 21.Water 2020, 12, x FOR PEER REVIEW 21 of 27 
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5. Comparison of Fluid Force by Initial Velocity

Thus far, the fluid forces for two initial velocities have been analyzed with respect to several
accelerations. Figure 28 presents the effect of the initial state of flow past a circular cylinder on the
drag change. When the flow is accelerated at Re0 = 40, the supercritical region is prominent due to the
variation in the vortex size. In contrast, in the case of Re0 = 1000, the oscillation of Cd occurred due to
the generation and development of vortex shedding. As a result, the influence of the initial state is
transmitted even when the acceleration continues, which eventually leads to a difference in the drag
between the two initial velocities.

The formation of vortex shedding is evident from the variation in lift coefficient with Reynolds
number, as shown in Figure 29. The lift coefficient Cl was defined as follows:

Cl =
Fl

1
2ρv2A

(7)

where Fl is the lift force per unit length. In the case of Re0 = 40, Cl converged to 0. In the case of
Re0 = 1000, the value of Cl varied due to vortex shedding, and the amplitude also increased with time.
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6. Conclusions

In this study, the effects of accelerated flow on a 2D bluff body were analyzed numerically.
To investigate the drag increase and its relationship with the form and development of the wake behind
the cylinder, this study employed a finite-volume based computational fluid dynamics method using
Fluent 19.2 with the SST k–ω model for turbulence effects.

Fackrell [17] showed that good correlation among results was achieved when using dimensionless
parameters in the limited range of acceleration at a/g = 0.2, 0.5 and 1.0 with the low initial Reynolds
number used. This study extended the scope of the investigation by considering different initial
Reynolds numbers (Re0 = 40 and 1000) and the acceleration range was extended to 0.01–1.0g.

In addition, a dimensionless time t̂ was introduced to aid in intuitive understanding, and the
change in drag according to t̂ was analyzed. Because the drag acting on the body and the wake are
closely related, the separation angle and the recirculation length were investigated. The numerical
results obtained are summarized as follows:
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(1) The results show that the initial drag increases due to overshoot, and that the drag decreases
as dimensionless time increases. In addition, the calculated drag in this study is in good agreement
with that from previous studies, clearly showing an increase in comparison with the drag in the flow
with constant velocity.

(2) The value of Cd decreases as Re and t̂ increase, whereas the value of Cd
∗ increases as Re and t̂

increase. When Cd
∗ is expressed over time t, the inflection point at which the slope increases sharply is

observed. The results also show that the smaller the acceleration, the smaller the value.
(3) As in the previous study, it was confirmed that the correlation of data is good for a/g = 1 and 0.5,

but in the case of a/g = 0.1, 0.05, and 0.01, where the flow is relatively steady, the value of Cd
∗ increases.

(4) In the case of the low initial Reynolds number, as the acceleration and t̂ increase, the recirculation
length gradually increases, and the recirculation length decreases after t̂ = 6 only when a/g = 0.01.
Similarly, the separation location moves toward the windward direction along the surface of cylinder,
which results in the increase of the size of the vortex as the acceleration and t̂ increase. This variation in
the size of the vortex behind the cylinder is directly related to the Cd; when the size of vortex is larger,
Cd is decreased.

(5) In the case of the high initial Reynolds number, an asymmetrical pair of vortices is generated
at the beginning. Then, the vortex is created and destroyed alternately. Vortex shedding also gradually
develops with time. Due to the growth of this wake, the supercritical region is not shown, but Cd
rapidly approaches the value of the non-accelerated flow with oscillations.

(6) In the case of a low initial Reynolds number, vortex shedding does not occur, but the
supercritical region is prominent due to the variation in the vortex size, whereas in the case of a high
initial Reynolds number, the drag force fluctuates due to the generation and development of vortex
shedding. This shows that the influence of the initial Reynolds number propagates in the accelerated
flow, resulting in a change in the fluid force.

As a final remark, the drag force in an accelerated flow field over a stationary circular cylinder
is considerably different from that in a constant velocity flow field at the same Reynolds number.
Therefore, the load evaluation of the bluff body in an accelerated flow must be considered based on the
unsteady state conditions.
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