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Abstract Study on complicated flows around bluff bodies is significant in terms of flow
physics and various engineering applications. In the current paper, a simulation of the flow
past an elliptical moving belt along with the Magnus effect in a transitional flow regime
was performed. The angle of attack and rotational speed of the moving belt were consid-
ered as the variable parameters at a fixed Reynolds number of 105 and ellipse axis ratio
(minor to major diameter ratio) of 0.25. The belt motion was such that the ellipse’s upper
surface was moved in the same direction of the flow and the lower surface motion was in the
opposite direction. The numerical simulation procedure was based on the discretization of
two-dimensional Reynolds-averaged Navier–Stokes equations using a pressure-based solver.
A modified version of the k-kL-ω turbulence model with the ability to predict separation bub-
bles was utilized. A large eddy simulation (LES) was also performed to ensure the validity
of the two-dimensional assumption and the utilized turbulence model. Results indicated that
the belt motion led to a decrease in the boundary layer thickness on the upper surface and an
increase in the boundary layer thickness on the belt’s lower surface. Moreover, as the attack
angle increased, the turbulence on the upper and lower surfaces increased and decreased,
respectively. The aerodynamic analysis showed that the belt motion enhanced the lift coeffi-
cient and reduced the elliptical belt drag coefficient.

1 Introduction

Generating the lift force via fluid flow is one of the main goals of fluid dynamics and aerody-
namics. This force is commonly generated by airfoils; however, in some special applications,
a bluff body may be used. In symmetric bluff bodies such as circular cylinders, the mean
lift force is zero. In these cases, the rotation of the cylinder can result in a lift force due to
the Magnus effect. Research studies have shown that the flow past a rotating cylinder can be
very complex. Several classifications for the flow patterns have been presented in [1–6]. On
the other hand, an elliptical cylinder under an angle of attack generates the lift force.
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Various research studies on the flow around elliptical cylinders have been carried out
so far. Mittal and Balachandar [7] numerically simulated the flow around several elliptical
cylinders with different axis ratios and a range of Reynolds numbers between 180 and 1000.
They compared their two- and three-dimensional results with experimental data. Khan et al.
[8] analytically studied the flow and heat transfer of an elliptical cylinder, assuming the two-
dimensional, steady, and laminar flow for various ranges of the Reynolds numbers, Prandtl
numbers, and axis ratios. Paul et al. [9] numerically studied the flow past unconfined two-
dimensional elliptical cylinders to anticipate the vortex shedding and flow separation. In
the article for different axis ratios and angles of attack, the critical Reynolds number and
Strouhal number have been predicted. Moreover, Paul et al. [10] numerically studied the
flow past an elliptical cylinder in the laminar regime for the Reynolds numbers of 50, 100
150, and 200, a range of axis ratios between 0.1 and 1 the angles of attack ranging from 30
to 90o. They analyzed the flow pattern, drag coefficient, and Strouhal numbers by varying
the above-mentioned parameters. Furthermore, Thompson et al. [11] numerically studied the
flow wakes behind the several elliptic cylinders with a range of axis ratios from 0 to 1 and
Reynolds numbers between 50 and 200 in two- and three-dimensional conditions. Subburaj
et al. [12] studied the flow around an elliptical cylinder with different axis ratios and angles of
attack. The flow patterns and bulk parameters included the aerodynamic forces and Strouhal
number were also investigated. The results revealed that by increasing the axis ratio, the
mean forces increased and Strouhal number decreased. Ezadi Yazdi and Bak Khoshnevis
[13] experimentally studied the flow around an elliptical cylinder at two Reynolds numbers
1.5×104 and 3×104. Their results showed that with increasing the Reynolds number, the
turbulence intensity in the near-wake zone decreased.

Several studies have also been performed about the flow past rotating circular and elliptical
cylinders. Jiang et al. [14] numerically investigated wake transitions of flow past a circular
cylinder near a moving wall for two- and three-dimensional at the Reynolds numbers up to
300. Because of the presence of the wall, the critical Reynolds number decreased for the
two-dimensional flow. They concluded that the vortex shedding delayed due to the weak
interaction between the vortices shed from the cylinder’s top and bottom parts. Naik et al.
[15] carried out a numerical simulation for the flow around a rotating elliptical cylinder with
counter-clockwise rotation at Reynolds number based on the cylinder perimeter of 100 for
the rotation rates of 0.5, 1, and 1.5 and a range of axis ratios between 0.1 and 1. They analyzed
the flow patterns and lift and drag coefficients. Moreover, they [16] investigated the shear
flow effects on stationary and rotating elliptic cylinders. Lu et al. [17] also studied the flow
past rotating elliptical cylinders for a range of axis ratios from 0.0625 to 1 and the higher
rotation rates of 3, 4, 4.6, and 5 at the Reynolds number of 200. Zhu et al. [18] investigated
the flow over an elliptical cylinder near a moving wall for Reynolds numbers less than 150
with an axis ratio of 0.4. They presented some insight into the physical process of transitional
movements of bluff bodies near a stationary plane wall.

Investigations about moving surfaces (also known as moving wall or moving belt) were
first carried out for the boundary layer control [19]. Moktarian and Modi [20] experimentally
and numerically investigated the effects of placing a rotating cylinder on the leading edge
of the Joukowsky airfoil as a moving surface boundary layer control at Re � 2.3×105. In
the continuing study [21], they placed a second rotating cylinder on the upper surface of the
airfoil. Their results showed that the use of two rotating cylinders, in addition to delaying
the stall, provided an extra lift than the use of a single rotating cylinder. This mechanism
could delay the flow separation by injecting the momentum into the boundary layer [22, 23]
with little energy input [24]. Boukenkoul et al. [25] experimentally investigated the effect of
a moving belt on the flow past a thick airfoil. Their results showed the upper surface flow
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reattachment and also a significant increase in the lift coefficient. Salimipour and Salimipour
[26] used a pair of moving surfaces on a circular cylinder in a laminar flow regime to control
the vortex shedding and reduce the drag force and power consumption. They found the
speed and location of the moving surfaces, which led to minimizing the power consumption.
Furthermore, Salimipour and Yazdani [27] numerically studied the moving wall effect on
the performance of a wind turbine blade at Re � 7.5×105 and a range of angle of attack
between 5 and 28o. They could enhance the power generation of the turbine, especially at
lower tip speed ratios.

In addition to the aspects mentioned above, a transition from laminar to turbulent flow
and laminar separation bubble (LSB) formation may affect the flow field and aerodynamic
characteristics. For an airfoil, LSB is categorized into a short and long bubble. As the angle
of attack increases, the short bubble shrinks and moves toward the leading edge. With a
further increment in the attack angle, the short bubble cannot reattach to the airfoil surface.
Consequently, the short bubble bursts and this leads to the occurrence of airfoil stall [28]. In
this situation, a long separation bubble is formed, covering the entire upper surface of the
airfoil. These bubbles can appear in a range of Reynolds numbers from 3×104 to 7×105.
Due to the complexity of the numerical simulation of the transitional flows, various research
studies have been done in this field [29–33].

Although the combined impacts of the interaction of the Magnus effect, attack angle,
blunt body, momentum injection, and laminar separation bubble in a transitional flow regime
can be important both in terms of flow physics and industrial applications, it has not been
studied so far. These combined impacts may occur in small-sized wind and marine turbines,
microair vehicles, and also a part of the flow control mechanism. In the current paper, a
numerical investigation of the flow field around an elliptical moving belt in the transitional
flow regime and the analysis of the lift and drag coefficients are carried out. A study on
the above-mentioned combined effects is the major novelty of the paper. The ellipse axis
ratio (minor to major diameter ratio) is 0.25, and the Reynolds number based on the major
diameter is 105. The ratio of belt speed to free-stream velocity (k) between 0 and 2 and
the angles of attack ranging from 0 to 30o is considered. Two configurations are considered
as shown in Fig. 1. For the full belt configuration, the ellipse’s upper surface moves in the
same direction of the flow, and the lower surface motion is in the opposite direction. For the
half belt configuration, only the upper surface moves, while the ellipse’s lower surface is
stationary.

The present study focuses on the following objectives:

– Numerical simulation and validation of the transitional flow past an elliptical moving belt
– Analysis of the lift and drag coefficients of the elliptical moving belt
– Investigation of the speed ratio (k) impact on the flow field and stall angle
– Study on the formation and position of the laminar separation bubble
– Classification of the flow patterns around the elliptical belt

2 Mathematical and numerical formulation

In this study, a numerical solution of the two-dimensional Navier–Stokes equations is car-
ried out to simulate the flow field using an in-house finite-volume pressure-based solver.
Differential forms of the continuity and momentum equations for a two-dimensional and
incompressible flow can be written as follows:
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Fig. 1 Configurations of elliptical moving belt under an angle of attack a full belt, b half belt
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whereρ is the fluid density,υ andυ t denote the kinematic and turbulent viscosity, respectively,
and t is the flow time. The velocity variables (u and v) and pressure (p) are the Reynolds-
averaged quantities. To achieve the turbulent viscosity (υ t) for transitional flows, a version
of the three-equation k-kL-ω turbulence model modified by Salimipour [32] is utilized. The
transport equations of this model are written as follows:
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The variables used in Eqs. (4) to (6) include all of the terms that affected the flow transition
and turbulence, which are detailed in [32]. This modified version has excellent accuracy
in predicting the long and short laminar separation bubbles and stall onset. The turbulent
intensity is assumed to be 0.1%.

An unsteady incompressible flow solver based on the Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) is used for the flow simulations used in [26, 27, 32, 34]. A four-
stage explicit Runge–Kutta method with second-order accuracy in time using the Crank–Ni-
cholson scheme is applied to integrate Eqs. (2)–(6). The discretization of the convection
terms of the above equations is performed using the second-order upwind scheme, while the
viscous terms are discretized using the central scheme.

The solver output includes the pressure distribution, lift and drag coefficients as well as
the streamlines and contours of the flow characteristics. The coefficients are obtained using
the following relations:

Cp � p − p∞
1/

2ρU 2∞
(7)
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1/
2ρU 2∞c
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∮
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where Fd and F l denote the lift and drag forces, c is the ellipse’s primary diameter, dS is
the surface element, and p∞ and U∞ are the free-stream pressure and free-stream velocity,
respectively.

The performance of the moving belt is a function of the power consumption of the belt
due to the fact that the moving belt consumes an external power. Therefore, along with the
aerodynamic performance (Cl / Cd), the mechanical performance can be defined as follows
[27]:

η � Cl

Cd + Cpc
(10)

where C pc represents the power consumption coefficient which is defined as follows:

Cpc � kC fbelt ; C fbelt � F fbelt

1/
2ρU 2∞c

(11)

where F fbelt is the moving belt’s frictional force.

3 Generation of computational grid and boundary conditions

The present solver can be used on a structured grid. For this purpose, an orthogonal grid
is generated with a non-dimensional wall distance of less than one (y+ < 1). The numerical
solution is performed on a circular domain having a diameter about 50 times the ellipse’s
preliminary diameter (c). Figure 2 shows a close-up view of the grid in x–y plane. The
boundary conditions applied to the computational domain include a velocity inlet on the
left half, a pressure outlet on the right half, and a solid boundary on the belt, as shown in
Fig. 3. Furthermore, due to the low Reynolds number flow considered in the present study, the
turbulence intensity applied to the free stream is Tu∞ � 0.1%. The inlet boundary conditions
for kT , kL , and ω are given as follows [35]:
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Fig. 2 A grid view utilized in the numerical simulation

Fig. 3 Boundary conditions of the considered domain

kT � 3

2
(T uU )2∞; kL � 0; ω � 0.09kT

νRν

where νR is the ratio of turbulent to molecular viscosity at free stream.
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Table 1 GCI calculations for lift
and drag coefficients at α � 30°,
Re � 105, and k � 2

f 1
(coarse)

f 2
(medium)

f 3 (fine) GCI12
(%)

GCI23
(%)

Cl 2.236 2.534 2.545 0.54 0.02

Cd 0.168 0.121 0.118 3.31 0.21

4 Results

4.1 Grid sensitivity and code validation study

The grid convergence index (GCI) methodology is utilized to estimate the uncertainty due
to the grid spacing. For three grid resolutions of 1: coarse, 2: medium, and 3: fine, the GCI
formulation based on Richardson’s extrapolation theory can be written as follows [36]:

GC Ii,i+1 � FS

∣∣εi,i+1
∣∣

r p − 1
; i � 1, 2, 3 (12)

εi,i+1 � fi − fi+1

fi+1
(13)

p � ln|( f1 − f2)/( f2 − f3)|
ln(r)

(14)

where FS , ε, r, p, and f denote the safety factor, relative error, grid refinement ratio, order
of accuracy, and solution value, respectively. For three grids, FS � 1.25 [36]. The lower the
value of the GCI, the lower the grid sensitivity.

In the present study, three grids with 1: 285×85, 2: 400×120, and 3: 560×170 points
on two directions with a constant r � 1.4 are considered. Two solution values of Cl and Cd

are examined for the GCI study at α � 30°, Re � 105, axis ratio of 0.25, and speed ratio
k � Ubelt

U∞ � 2. Table 1 presents the GCI calculations for the above-mentioned grids. Due
to the low percentage of the GCI23, the medium grid with 400×120 points is chosen for
calculations.

Although the present numerical procedure has been previously validated in [26, 27, 32, 37],
a number of new cases are also investigated in terms of the correspondence with experimental
data and numerical results. Three cases are chosen to validate the LSB formation, flow around
the elliptical cylinder, and two-dimensional flow assumption. Figure 4 depicts the comparison
of the pressure coefficient distribution of the NACA 0025 airfoil between the present results
and a large eddy simulation (LES) result and experimental data from [38] at the Reynolds
number of 105 and α � 5°. The obtained present results agree well with the experimental
data. In particular, it has a better precision than the LES results to predict the transition from
laminar to turbulent flow at x/c � 0.5.

The second case compares the distribution of pressure coefficient with the experimental
data from [39] for an elliptical cylinder having an axis ratio of 1:3 at α � 15° and Re �
1.25×105. Figure 5 shows the comparison along with the region of transitional flow. A good
agreement is obtained. The contours of turbulent kinetic energy (TKE) near the transition
point and the LSB location are also depicted in Fig. 6. An increase in the TKE in a region
that includes fluctuation leads to the separated boundary layer’s reattachment.

Moreover, to ensure the validity of the two-dimensional assumption for the flow around
the above-mentioned cylinder, a three-dimensional large eddy simulation is carried out for
an elliptical moving belt using the Ansys fluent software. The grid used for simulation has
2000×180×50 points on the tangential, radial, and depth directions, respectively. Figure 7
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Fig. 4 Comparison of pressure coefficient of NACA 0025 airfoil with experimental and LES data at Re � 105

and α � 5o

Fig. 5 Comparison of the pressure coefficient of an elliptical cylinder of axis ratio 1:3 with experimental data
at Re � 1.25×105 and α � 15o

shows two close-up views of the grid. The depth of the cylinder is considered as 0.1 chord
length. The boundary conditions are similar to the two-dimensional domain, as shown in
Fig. 3, except that for the lateral boundary surfaces in the transverse direction (normal to
the z-axis) the periodic condition is applied. The subgrid-scale turbulence models in Ansys
fluent software use the Boussinesq hypothesis as follows:

τij � −2μtSij +
1

3
τkkδij (16)
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Fig. 6 Contours of TKE near the transition point and LSB form for an elliptical cylinder of axis ratio 1:3 at
Re � 1.25×105 and α � 15o

Fig. 7 Computational grid used for LES with 2000×180×50 points

where μt and Si j denote the subgrid-scale turbulent viscosity and strain rate tensor, respec-
tively. To model the turbulent viscosity in this study, the wall-adapting local eddy viscosity
(WALE) model is utilized [40]. The advantage of this model is to accurately simulate the
laminar to turbulent flow transition [41].

Figure 8 depicts the comparison of the pressure coefficient between the LES and the
present solver results at α � 30°, Re � 105, axis ratio of 0.25, and k � 2. The maximum
value of y + in this simulation is about 1. It seems that the two-dimensional assumption
is acceptable. The formation of an LSB is also observed in the figure. One of the useful
methods to indicate the turbulent eddies is Q-criterion proposed by Hunt et al. [42]. This
criterion defines a vortex as a connected fluid region. Moreover, the Q-criterion represents
a local balance between shear strain rate and vorticity magnitude. The contours of the Q-
criterion for the above test case are shown in Fig. 9. As shown in the figure, the variations
on the transitional region increase. The yellow and red colors indicate the lower and higher
values of the Q-criterion, respectively.
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Fig. 8 Comparison of pressure
coefficient of the elliptical
moving belt between the LES and
the present solver results at α �
30°, Re � 105, and k � 2

Fig. 9 Contours of Q-criterion near the transitional region obtained by LES at α � 30°, Re � 105, and k � 2

4.2 Analysis of transitional flow around a stationary elliptical belt

To analyze the transitional flow, laminar separation bubble (LSB), and stall conditions, the
flow past a stationary elliptical belt with an axis ratio of 0.25 at four angles of attack is
investigated. Figure 10 shows the streamlines and contours of turbulent kinetic energy at α �
5°, 10°, 15°, and 18°. At α � 5°, the bubble is formed on the upper right half of the belt, and
on the left half, the flow remains laminar. At α � 10° and 15°, the bubble is located near the
leading edge. Therefore, on the belt’s upper surface, the turbulent flow is established, which
leads to the reattachment of the flow behind the bubble. At α � 18°, the bubble bursts, and
a long bubble is formed, leading to the belt stall’s occurrence. Figure 11 shows the pressure
coefficient distributions for the above-mentioned angles of attack. The transition point and
the stall occurrence can be observed in the figure.
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Fig. 10 Streamlines and contours of turbulent kinetic energy for stationary elliptical belt at Re � 105 a α �
5°, b α � 10°, c α � 15°, d α � 18o

Fig. 11 Pressure coefficient
distributions for the stationary
elliptical belt at Re � 105 a α �
5°, b α � 10°, c α � 15°, d α �
18o

4.3 Investigation of aerodynamic characteristics of the belt configurations

As mentioned earlier, the moving belt mechanism generates a lift force due to the Magnus
effect. Moreover, it can delay the flow separation by increasing the flow momentum into the
wall boundary layer. Therefore, at a given Reynolds number, the lift and drag coefficients of
a moving belt are a function of the angle of attack and belt speed. A comparison between the
three configurations of the stationary belt (baseline), half belt, and the full belt is made to
investigate the belt motion effect on the aerodynamic performances. For this purpose, the lift
and drag coefficients of the moving belt with respect to the attack angle at four speed ratios
of k � 0.5, 1, 1.5, and 2 at Re � 105 are studied. As shown in Fig. 12, in half and full belts
motion, as the speed ratio increases, the lift coefficient is enhanced, and the drag coefficient
decreases. A sharp increase of the drag coefficient is seen after the stall occurrence in all the
speed ratios. However, at k � 1.5 and 2 the decrease of the lift coefficient is gradual because
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Fig. 12 Comparison of the lift (solid line) and drag coefficients (dashed line) between the baseline, half belt,
and full belt configurations at different speed ratios: a k � 0.5, b k � 1, c k � 1.5, and d k � 2

of the additional momentum effects. Moreover, at α � 35° the lift and drag coefficients of
the three cases are almost close. In fact, at higher angles of attack, the belt motion does not
affect these coefficients because of the flow separation dominance. For k ≥1 in half belt
cases, the lift coefficient at α � 15° is less than at α � 10° due to the change in the vortex
structure at the trailing edge. This leads to increasing the pressure on the trailing edge of the
upper surface at α � 15°. In addition, a significant increase in the lift coefficient is observed
in these cases for 15°≤α ≤20o due to the transition from laminar to turbulent flow on the
upper surface. Figure 13 compares the half belt’s TKE contours between two angles of attack
15o and 20° at k � 1.5. At α � 15°, the flow around the belt is completely laminar, while at α

� 20°, the flow on the upper surface is turbulent, leading to increasing the flow momentum.
This momentum reduces the pressure on the upper surface and consequently increases the
lift coefficient. Therefore, the lift coefficient of the laminar flow is lower than that of the
turbulent flow. To clarify the turbulence intensity effect on the aerodynamic coefficients, a
comparison of the lift and drag coefficients between the results obtained from the present
transitional model and the fully turbulent SST k-w model is performed for the full belt case
at k � 1. As shown in Fig. 12 (b), for 5° <α < 18° the k-kL-ω and SST k-w models show the
different lift coefficients due to the different flow regimes. Moreover, the drag coefficients
for α > 20° dramatically increase in the SST model.
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Fig. 13 Contours of turbulent kinetic energy for half belt at k � 1.5 and a α � 15°, b α � 20o

Fig. 14 Vectors and contours of velocity for elliptical belt at α � 0°, k � 0 (left), and k � 1 (right)

The results at α � 0° reveal that the Magnus effect has a significant role in increasing the
lift coefficient so that the lift coefficient of k � 2 at α � 0° is higher than that of all the angles
of attack for k ≤1.5.

By considering the results shown in Fig. 12, the full belt configuration has a better aerody-
namic performance compared to the half belt. The continuation of the present study examines
the results of the full belt configuration.

4.4 Analysis of flow field around full belt configuration

When the elliptical belt is stationary, the velocity gradient near the solid surface makes
a boundary layer. But as the belt moves (as shown in Fig. 1a), the velocity variation at the
belt’s upper surface decreases and at the lower surface increases. Figure 14 depicts the vectors
and contours of velocity for the upper and lower elliptical belt surfaces at α � 0° and k � 0,
1. The boundary layer thickness on the upper surface of the moving belt (k � 1) decreases
compared with the stationary belt (k � 0), while on the lower surface of the moving belt, the
boundary layer grows. Furthermore, since the direction of the belt motion and the free stream
on the lower surface are opposite, the flow fluctuations increase and cause turbulence of the
flow, as shown in Fig. 15. This figure shows the contours of laminar kinetic energy (LKE)
near the solid surface, which indicates the onset of transition in the laminar boundary layer.

In order to evaluate the effect of the angle of attack on the transition onset of the moving
belt, the contours of LKE are plotted for several angles of attack at k � 1, as shown in Fig. 16.
Arrows in the figure indicate the points of transition onset. At α � 0o, and 10°, the flow on
the lower surface is turbulent, while on the upper surface, the flow is still laminar. At α � 20°
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Fig. 15 Contours of laminar kinetic energy for elliptical belt at α � 0° and a k � 0, b k � 1

Fig. 16 Contours of LKE with transition onset for elliptical belt at k � 1 a α � 0°, b α � 10°, c α � 20°, d α

� 25o

and 25°, the entire upper surface and a part of the lower surface experience the turbulent flow.
Moreover, as the attack angle increases, the transition onset on the lower surface of the belt
delays due to the flow deceleration. Figure 15 depicts the skin friction distributions at k � 1
and α � 0°, 10°, 20°, and 25°. The transition from laminar to turbulent flow causes an increase
in the skin friction coefficient due to the increase in the velocity gradient near the wall. As can
be seen in Figs. 17c and d, the turbulence intensity on the upper surface (where the separation
bubbles form) is higher than the lower surfaces of the belt because the bubble makes more
fluctuations. Moreover, a comparison with the SST k-ω turbulence model is performed at α

� 10° and 25° in Fig. 15. The SST k-ω model could not capture the LSB because of the fully
turbulent treatment of this model. However, there is not a significant difference between the
skin friction coefficients at α � 10°. At α � 25°, the skin friction obtained by the SST model
is more than that of the k-kL-ω model on the lower surface because the flow simulated by
the k-kL-ω model is laminar up to x/c � 0.6.

A comparison between Fig. 10b and 16b at α � 10° indicates that only the upper surface
encounters the turbulent flow for the stationary belt. In contrast, for the moving belt, on
the upper surface, the flow is laminar, and on the lower surface, the turbulence is formed.
Furthermore, the stationary belt stalls at α � 18°, while on the moving belt, a short separation
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Fig. 17 Skin friction distributions for elliptical belt at k � 1, a α � 0°, b α � 10°, c α � 20°, d α � 25°. Blue
line: upper surface, red line: lower surface, dashed: SST k-ω turbulence model

bubble is formed at this angle of attack. In fact, the belt motion injects sufficient momentum
into the boundary layer, leading to avoiding the LSB burst.

Figure 18 shows the streamlines and contours of turbulent kinetic energy at α � 20°,
and k � 0, 1, and 2. At the stationary belt (k � 0), a long separation bubble is observed,
which indicates the stall occurrence. At k � 1, the stall is suppressed due to the momentum
injection, and a small bubble is formed. At k � 2, a non-separated flow is seen, and the small
LSB is disappeared. Moreover, at k � 0, the flow near the lower surface is laminar, while at
k � 2, the flow on the entire lower surface is turbulent.

In addition to the issue of the flow transition, it can also be important to examine the
formation of the separation bubble of the flow around the elliptical belt. For the cases studied
in the present paper, three types of flow patterns are formed in terms of the leading-edge
separation: without leading-edge bubble, with leading-edge bubble, and with long bubble
(stall situation). Figure 19 shows the classification of the flow patterns around the elliptical
belt. For the low-speed ratios, in a larger part of the study area, the flow includes the long
bubble. By increasing the speed ratio, the momentum injected into the surface boundary layer
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Fig. 18 Streamlines and contours of turbulent kinetic energy for moving elliptical belt at α � 20° and a sta-
tionary belt (k � 0), b k � 1, c k � 2

Fig. 19 Flow patterns around the elliptical belt

increases, which causes the increase in the stall angle so that at k � 0, 0.5, 1, 1.5, and 2, the
stall angle is 15°, 18°, 22°, 25°, and 30°, respectively. In all the speed ratios, the leading-edge
LSB (green circles) is formed in a small range of attack angles.

5 Discussions

LSB may be short or long, depending on the correction of the corresponding pressure distri-
bution [43]. Changes in flow parameters may cause the bubble to pass abruptly from short
to long, which is called the bursting of the bubble occurs [44]. LSBs are generally acknowl-
edged as a disturbing factor that leads to increased drag and decreases aerodynamic efficiency
[45]. Furthermore, they are sensitive to small fluctuations of upstream flow characteristics
and cause instability. This instability, in addition to reducing the aerodynamic performance,
poses a risk of aerodynamic structure damage [46]. Therefore, the use of methods to control
and eliminate LSB is an essential issue and has attracted the attention of many researchers.
Synthetic jet [47], vortex generator [48], co-flow jet [49, 50], and moving surfaces [26, 27]
are some examples of flow control methods. Each of the flow control methods can be used
according to the operating conditions of the aerodynamic vehicles. The present study focuses
on the use of the moving surface and the work that has been done in this field, as well as
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Fig. 20 Schematics of moving surface applications

new ideas that can be used in this direction. Figure 20 shows the different applications of
moving belts [19, 27] and rotating cylinders [51]. The moving surface method is known as
a mechanism to increase the lift coefficient and decrease the drag coefficient [52]. Hence, to
improve the aerodynamic performances, this method can be used in aero-vehicles and wind
turbine blades.

Modi [51] experimentally and numerically studied the moving surface boundary layer
control. For this purpose, a rotating cylinder was located in the leading edge, trailing edge,
and an upper surface of an airfoil. The results showed that using this method delays the
stall angle, reduces the drag, and increases the lift coefficient. Salimipour and Yazdani [27]
numerically investigated the effect of a moving surface on the performance of a horizontal
axis wind turbine. The innovation of their work is to find the best location of the moving
surface and its speed in different sections of the turbine’s blade, as well as calculating the
power consumption requirements. In an experimental study, Boukenkoul et al. [25] placed
a moving belt on the upper surface of an airfoil and investigated the effect of belt speed on
aerodynamic performance. In the present study, the belt is placed around the entire geometry;
however, in Refs. [27] and [51] the belt is used only in a part of the geometry. Table 2
compares the mechanical performance ratio (η / ηBaseline) between the present work and the
above-mentioned studies. In the available speed ratios and angles of attack, the results of
this study show a better performance than that of the two other references. In addition to
the reason mentioned, the present results show a better performance in all the attack angles
compared to Ref. [25] due to the use of a transitional flow regime.

6 Conclusions

In the current work, the flow past an elliptical moving belt at the ellipse axis ratio of
0.25 and Reynolds number of 105 was numerically studied using a finite-volume pressure-
based scheme. An in-house code was developed to numerically solve the Reynolds-averaged
Navier–Stokes equations and three-equation transitional turbulence model. Two configura-
tions of full belt and half belt were considered. A wide range of attack angles (0°≤α ≤30°)
and speed ratio (0≤k ≤2) was considered. The results showed that the full belt configuration
had a better aerodynamic performance compared to the half belt.

Moreover, the moving belt caused the reduction of boundary layer thickness on the upper
surface of the belt. Since the direction of the full belt motion and the free stream on the
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Table 2 η/ηBaseline for various speed ratios

α (deg) 5 10 15 20 25 30 35
k

0.5 1.25 0.88 1.98 1.81 1.24 1.17 1.16 Present study

1 4 2.76 2.25 10.8 1.97 1.44 1.61 Present study

1.3 1.27 1.84 – – – – Ref. [27]

2.1 0.92 1.15 1.5 1.15 1.0 1.0 Ref. [51]

1.5 4.68 3.9 7.15 12.8 11.8 3.25 1.65 Present study

2 7.76 4.47 3.89 17.42 15.81 10.4 1.71 Present study

4.5 2.0 1.75 1.5 1.5 1.55 1.9 Ref. [25]

1.28 1.25 2.21 – – – – Ref. [27]

lower surface was opposite, the flow fluctuations increased and led to an increase in the
flow turbulence near the surface. At k � 1 and 0°≤α ≤10°, the flow on the lower surface
was turbulent, while on the upper surface, the flow was still laminar. For 20°≤α ≤25°, the
flow near the upper surface was completely turbulent. Moreover, by increasing the angle of
attack, the transition onset on the lower surface of the full belt is delayed. Furthermore, as
the speed ratio increased, the stall angle was enhanced. The aerodynamic analysis of the
elliptical moving belt exposed to the free stream showed that the belt motion increased the
lift coefficient and decreased the drag coefficient. The results at α � 0° indicated that the
Magnus effect had a significant role in enhancing the lift coefficient.
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