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Abstract 

Lid-driven cavity flow is characterized by large-scale energetic eddies which are potential for energy harvesting 

purposes. The present article deals with numerical study of vortex-induced autorotation of an elliptic blade hinged at 

the center of a lid-driven cavity.Immersed boundary method is utilized to solve the governing equations for this moving 

boundary problem. Four different blade dimensions are considered at a fairly high-Reynolds number to evaluate the 

impact of various vortex types and flow unsteadiness on the blade dynamics. Small-amplitude fluttering, clockwise 

autorotation and counter-clockwise autorotation are three dominant modes observed at various configurations and 

different temporal stages. The average-length blade is equally characterized by vortices at both directions, and 

consequently experiences a fluttering mode. In contrast, short (long) bladeis mainly affected by one dominant vortex 

type, leading to steady autorotation in counter-clockwise (clockwise) direction. At stable autorotation of blade in both 

directions, regular cyclic temporal oscillations are observed in the rotational speed, which are due to cyclic evolution of 

the near-blade vortices and their alternating moment applied to the blade. 
 

Keywords: Lid-driven cavity;, Immersed boundary method; Fluid-structure interaction; Dynamic modes;Vortex-induced 

autorotation. 

1. Introduction 

Lid-driven cavity flow is one of popular case studies in fluid dynamics community because it is characterized 

by simple geometry andbasic fluid mechanics concepts. Boundary layer, dynamic flow patterns and shear-induced 

vorticesarethe main regimes that significantly characterize the cavity flow. Several engineering problems can be 

simplified by cavity flow model.Lubrication technology, cooling of electronic devices, oil extraction and solar 

collectors are a few examples in this regard.The main concern of the present study is energy harvesting from a lid-

driven cavity by auto-rotation of an object hinged across its cellular vortices.  

auto-rotation can be defined as persistent rotation of an object around a fixed axis because of the fluid 

stream[1]. Numerous studies have been devoted to autorotation of circular and non-circular cylinders with an axis of 

rotation located normal to main stream. Juarez et al. [2]considered Navier-Stokes equations coupled with the equation 

of angular momentum to investigate flow past a freely rotating cylinder in a channel. Xia et al. [3]utilized lattice 

Boltzmann method (LBM) to examine the impact of different Reynolds numbers, eccentricities and blockage ratioson 

free rotation of a circular cylinder asymmetrically confined in a two-dimensional channel. Anomalous clockwise 

rotation was the dominant behavior observed for the low blockage ratios. Such characteristic was also reported in 

another study for a freely rotating cylinder located eccentrically in the passage of Poiseuille flow of power-law fluid in a 

2D channel [4]. The cylinder rotational speed decreased with an increase in Reynolds number (except for the low 

Reynolds conditions) and increased with power-law-index of the non-Newtonian fluid.   

Regarding autorotation of non-circular cylinders, investigation of multi-side bodies revealed the highest 

rotational rate for the triangular prism, which was slightly higher than that of two- and four-side prisms[5]. Utilization 

of bodies with more than four sides steadily decreased the rate of rotation.Numerical and experimental study of 

autorotation of a freely rotatable square cylinder in a uniform flowrevealed four distinct regimes for different Reynolds 
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numbers[6]. They involved stable position with parallel surfaces with respect to the flow, periodic oscillations, 

alternating rotation and steady uni-direction autorotation. Ryu[7] analysed the same configurationin order to 

comprehend how vortex shedding and stagnation pressure are effective in generation of moment on each side of square 

cylinder and sustenance of autorotation.They found adverse effectsonthe windward side of the cylinder, whereas the 

leeward side favourablyassisted the net moment. Park et al. [8]utilized direct-forcing/fictitious domain method to handle 

fluid-structure interaction for a free-to-rotate rectangular cylinder in a uniform flow. Several ranges of Reynolds 

number and width to height ratio were applied to realize that periodic oscillation and autorotation are two distinct 

motion modes for a rectangular cylinder. Investigation of free rotation of elliptic cylinder across the uniform flow 

showed that vortex shedding causes two opposite impacts on autorotation depending on the Reynolds number, including 

retarded or favourable rotation[9].Existence of premature or delayed shedding inthe retarding period caused an 

asymmetric flow around the retreating edge,which in turn resulted in low pressure at that region and an adverse effect 

on the autorotation. It was also reported that a cylinder with sharper edge strengthens the attached vortex behind the 

retreating edge and helpsautorotation.  

Autorotation of multiple cylinders and their interaction in the passage of flow has also been investigated in the 

literature. Wang et al. [10] numerically studied the effect of spacing ratio on the dynamic behaviour and vertical 

structure of two tandem rotatable triangular cylinders placed in a laminar viscous flow. Three different motion 

stateswere observed by increase of the spacing ratio. When the cylinders were close, vortex shedding from the upstream 

cylinder was completely suppressed which resulted in low-amplitude oscillations in both cylinders. An intermediate 

spacing caused recovery of vortex shedding and multi-period autorotation in both cylinders. For sufficiently high 

amounts of spacing ratio, the interaction between two cylinders was weakenedwhich caused more irregularity and 

randomness in the problem dynamics. Numerical investigation of flow field and rotational dynamics for two identical 

square cylinders arranged in tandem was carried out by Shao et al. [11]. Either of two cylinders was considered to be 

fixed or freely rotatable. The results indicated that the upstream cylinder was crucial on the system dynamics. Whether 

the trailing cylinder was fixed or rotating,keeping the leading cylinder in a fixed condition stabilized the flow and 

reduced the ratio of mean drag coefficient to the RMS of lift coefficient for both cylinders. 

Regarding flow-induced rotation of wings and plates, several experimental and numerical studies have been 

conducted. Most of researchers have utilized a single plate or wing in their works, because of its higher rotational 

performance in comparison with that of triple and cruciform plates.Smith [1]experimentally examinedautorotation of a 

flat wing and revealed that in case of too small moment of inertia, angular momentum of the wing was not sufficient to 

pass it through the stalled zone, and consequently the wing could not experience autorotation. It was further 

experimentally reported byBakhshandehRostami[12] that fluttering (oscillating) motion of plates could be translated to 

a continuous autorotation by sufficient amount of mass moment of inertia, though a chaotic behaviour may occur during 

transition between pure oscillation and autorotation. 

Although numerous studies have been conducted to examine autorotation of various geometries and blades 

across classic flow fields, there is scares of studies regarding autorotation of blades within lid-driven cavity 

flow.Accordingly, the present study aims to investigate rotational modes and flow field in a lid-driven cavity with an 

elliptic blade located at its center. This study considers a high-Reynolds flow condition with higher extent of 

unsteadinesscompared toour findings in the previous study for low-Reynolds problem[13].The flow is simulated by 

immersed boundary method in which moving blade boundary conditions are imposed to the governing equations of 

fluid flow discretized on a regular Cartesian grid. 
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2. Problem statement and governing equations 

This study examines a rigid elliptic blade in a lid-driven cavity flow which is only allowed to rotatefreelyabout 

its centroid because of fluid-structure interaction (Figure 1).Small-to-large diameter ratio of the blade is considered to 

be a fixed value,   ⁄      , while the aspect ratio defined as    ⁄ takes four different values(0.5, 0.7, 0.8 and 0.9). 

The blade-fluid density ratio (    ⁄ ) is considered to be 1.1. 

 

Fig. 1. Geometrical characteristics and boundary conditions[13]. 

 

Dimensionless continuity and Navier-Stokes equations for incompressible Newtonian fluid flow can be 

expressed as follows: 

     , (1) 

  

  
           

 

  
        (2) 

where and notify normalized velocity and pressure (      ⁄ and       
 ⁄ , where  ,   and    are velocity 

vector, pressure field and cavity upper wall velocity. The Reynolds number is expressed as          ⁄ ,in 

whichL0represents characteristic length.     ⁄ and       ⁄  indicate normalized coordinate vector and time, 

respectively.  expressesan external momentum source term to impose the no-slip boundary condition in the IBM. 

Structural dynamics equation for the free-to-rotate rigid blade can be expressed as follows: 

∑(       )

  

    

     (3) 

where  ,  and   represent blade moment of inertia, angular acceleration vector andspatial vector originated from the 

rotational axis and terminated at the immersed boundary point    for   IB points. 
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3. Methodology 

Several revisions have been proposedfor immersed boundary method to enhance its performance. The 

feedback forcing and direct forcing approaches are two conventional schemes in this regard. The feedback forcing 

canhandle fluid-structure interactions in either stationary or moving boundary problems. However, it suffers 

considerably from numerical instabilities. In contrast, the direct forcing methodology resolves this issueby applying 

interpolation/distribution functions on the momentum equation[14], and it is capable in handling complicated and 

moving boundary problems. 

The boundary effects (boundary conditions)in IBM are applied indirectly through the source terms. Two types 

of nodes participate in the simulation:1) theso calledLagrangian nodes nearby thesolid boundary in which the source 

terms are calculated; 2) the grid nodes at the fluid interior region known as the Eulerian nodes. The source terms are 

first computed on the Lagrangian nodesand then scattered over the Eulerian nodesusing a distribution function. 

Subsequently, the governing equationscan be solved based on these employed source terms. 

The current study utilizes the IBM approach employed and developed in our previous studies [13, 15-17]to 

simulate the fluid-structure interaction problem described in section 2. Second-order Adams-Bashforth temporal-spatial 

discretization of the momentum equation (Equation (2)) via the IBM leads to: 
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where,          
 

  
   represents overall contribution of advection and diffusion terms. Projection of velocity 

field from the Eulerian nodes into the IB points and vice versa is carried out usingan integration function,  ( )and a 

distribution function,  ( ), respectively.  

The procedure aims to compute  based on boundary conditions and governing equations such that the 

boundary conditions could be applied indirectly to the Lagrangian nodes.The velocity boundary condition at the 

Lagrangian nodes can be obtained from the integration function, as follows: 

  
     (    ). (5) 

An intermediate velocity,  is also defined which is useful in the numerical procedure: 
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The velocity at IB points can be expressed based on Equations (4)-(6), as follows: 
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Let’s  
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   ), then Equation (7)is written as: 
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Using the distribution function, the force source termcan be mapped on the Eulerian nodes: 

(  )  
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 )   (  
     (   
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This source term can be applied to the Cartesian grid nodes in order to impose the solid boundary conditions. The 
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details of fluid-solid equation coupling and numerical algorithm can be found in our previous study [13].  

4. Results and Discussion 

In order to analyze flow field and autorotation of the blade in the lid-driven cavity, the following results are 

presented in the current section: 

 streamlines for three selecteddimensionless times, i.e.            

 temporal variation of blade rotation angle in radian, i.e.    plot 

 temporal variation of dimensionless rotational speed of the blade, i.e.     plot, where         ⁄  

 temporal variation of dimensionless moment applied on the blade, i.e.      plot, where     (   
   
  ⁄ )⁄  

Based on the literature, cavity flow simulation has been reported to be stable and steady when Reynolds 

number is as large as 21,000 and computational grid is sufficiently fine [18]. In order to check if the grid is adequately 

fine, grid independency test is first carried out, and then near-wall    is calculatedwhen          . The results for 

six simulations with different grid resolutions from 101×101 to 601×601have indicated that increase of grid resolution 

from         to         only causes0.11% of deviation in the dimensionless rotational speed, which indicates 

numerical convergence of flow field. Additionally,    is calculated based on       ⁄ , in which  denotes friction 

velocity, obtained as   (    
  ⁄ )

  ⁄
where skin friction coefficient    is estimated fromSchlichting’s correlation, 

    (              )
    

[19]. The largest estimate of    is obtained to be 10.5 for the 101×101 grid and 1.8 for 

the 601×601 grid resolutions. Since   is close to unity, particularly in the case of fine grids, computational grid is fine 

enough to capture vortical flow structures and flow unsteadinesswhen         . 

Prior to analysis of flow field and dynamic evolution of blade, three influential vortex types in this study are 

classified as follows (as illustrated in Figure 2): 

 Type-A vortexas a large-scale and energeticflow structureis generally available in the lid-driven cavityflow. 

This vortex is produced by movement of the cavity upper wall. 

 Type-B vortices (also termed as side vortices)are generated due to interaction between fluid flow and the 

inertial blade. Such vortices are mostly observeddownstream of the leeward sides of the blade.  

 Type-C vortices are formed as the result of co-rotating side vortices at both sides of the blade surface. These 

vortices are located at the central region of the cavity. In contrast to clockwise rotational direction oftype-A 

and type-B vortices, type-C vortexspins in the counter-clockwise direction. 

By enlargement and intensification of a vortex, contribution of other vortices decreases, and the flow field is therefore 

characterized by the larger vortex. 
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Fig. 2. General visualization of three influential vortex typesof the flow field[13]. 

 

Figure 3 presents the streamlines of the cavity flow at          for four different blade lengths    ⁄  

                at three different dimensionless times (           ). The    ,     and      plots for the four 

mentioned blade lengths are demonstrated in Figure 4. Because of relatively high Reynolds number, flow instability 

increases and larger number of small-scale vortices can be observed nearby the blade and at thecavity corner zones. 

This can be effective on generation and evolution of the main vortices of the cavity flow and can characterize the blade 

dynamics.  

In the initial temporal stage of the case    ⁄     , the blade mainly rotates in the clockwise directiondue to 

dominance of the type-A vortex. However,as Figures4(b) and 4(c) show, some sharp variations can be observed in both 

rotational speed and blade moment when     .Such unsteadiness can be due to inconsistency of the blade rotational 

speed and the fluid velocity field, and generation of some local small-scale vortices whichconsiderably deformthe type-

A vortex from its ordinary topology (as can be seen in Figure 3(a) at     ). By evolution of flow structures and 

enhancement of their matching with the blade movement, the type-B vortices are generated nearby the blade surface 

(see Figure 3(b)at     ). These vortices eventually lead to generation of the counter-rotating type-C vortex at the 

central region of the cavity, as can be seen in Figure 3(c) at      . Because of short length of the blade, itis 

effectively characterized by this central vortex. Figures 4(a) and 4(b) indicate that after the initial stage and at about 

    , the blade spin direction changes and it starts to rotate in the counter-clockwise direction. By generation and 

intensification of the side vortices, and in particular the central type-C vortex,the rotational speed gradually increases 

until approaching a regular oscillating pattern with a constant mean at      . Such regular oscillations are induced by 

the cyclic moment applied to the blade in the respective period, as illustrated in Figure 4(c).  
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Fig. 3. Streamline patterns around the blade at          for four different blade lengths and three different 

dimensionless times. 
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Fig. 4. Temporal variation of blade angle   (the left column), rotational speed    (the middle column) and blade 

moment    (the right column) with dimensionless time at         , for four different blade lengths. 

 

In the case of    ⁄     , the blade is large enough to generate the type-B vortices at the initial temporal 

stage, as can be seen in Figure 3(d) at     . In this stage, blade starts to rotate in the clockwise direction due to 

dominance of the energetic type-A vortex. By passing the time, the side vortices intensify and shift towards the blade 

rotational axis (as illustrated in Figures 3(e) and 3(f) for     and      , respectively). Although the type-A vortex 

applies a favourable clockwise moment, such flow structure evolution results in an opposing moment that gradually 

decreases the blade rotational speed (Figures 4(d) and 4(e)). After about      , these moments are balanced, and just 

cyclic variation of the blade moment around zero value can be observed from Figure 4(f). According to Figures 4(d) 

and 4(e), such stage corresponds to regular small-amplitude fluttering of the blade at a fixed angular orientation.  
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In the cases of    ⁄         , the blade is sufficiently large and it is dominantly characterized by the large-

scale type-A vortex. The steady descending trend of the angle of rotation in Figures 4(g) and 4(j) reveals that clockwise 

autorotation is the principal dynamic mode for these two blade configurations. Figures 4(h) and 4(k) show that after 

some irregular variations of the blade rotational speed at the initial stage,    approaches to a stable condition with 

regular oscillations around a constant negative (clockwise) mean value. This constant value as well as frequency and 

amplitude of oscillations are greater in the case of    ⁄      compared to those of the case   ⁄     . This is 

because of higher interaction between the type-A vortex and the blade for a longer blade that enhances both of the blade 

moment and unsteadiness level of flow structures. 

Considerable similarities can be observed between streamlines of the cases    ⁄          at each 

dimensionless time (Figures 3(g) to 3(l)). It is evident that the large-scale type-A vortex is the dominant flow structure, 

while small-scale type-B vortices are also available in most of snapshots. Due to higher inconsistency of flow field with 

the blade dynamics at the initial temporal stage, the side vortices have larger scales at      (Figures 3(g) and 3(j)) in 

comparison with the later times. As time passes, the side vortices shift towards the central zone and weaken. As a result, 

dominance of the type-A vortex on the fluid-blade interaction enhances, and the blade rotational speed in the clockwise 

direction increases. In comparison with the streamlines observed for         , the results for          involve 

higher unsteady interactions. The small-scale side vortex at the central region of Figure 3(l) (corresponding to    ⁄  

   at      ) is an indication of such unsteadiness. Such weak vortices were observed periodically during the blade 

autorotation. 

Figure 5 presents the polar plots of    with respect to   for          and three different blade 

lengths,   ⁄             . These three geometries correspond to steady autorotation modes of the blade in the 

counter-clockwise direction (   ⁄     ) or the clockwise direction(   ⁄         ). In the case of    ⁄     , 

twomajor peaks can be observed at       and     , and the curve is wavy in other circumferential positions (Figure 

5(a)).This wavy characteristic is due to short length of the blade. In other words, utilization of a shorter blade 

decreasesthe impact of principal type-A vortex on the blade while it increases the effect of more unsteady vortices (such 

as the type-B and type-C vortices) on the blade. However, by increase of the blade length, the blade dominantly 

interacts with the more stable type-A vortex. As can be seen in Figure 5(b) and 5(c), in the cases    ⁄     and    , 

four peaks occur at about                 and      which correspond to the blade orientations with the smallest 

distance to the cavity surface and the highest level of interaction with the type-A vortex. Some slight deviation of the 

peaks position with respect to the orientations                and      are due to periodic generation of small-

scale vortices nearby the blade at this high-Reynolds flow condition. 

 

 
  

(a) (b) (c) 
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Fig. 5. Polar plots of the dimensionless rotational speed    relative to the angle of rotation   for         during the 

regular autorotation stage of three different blade lengths: (a)    ⁄     ; (b)    ⁄     ; (c)    ⁄     . 

5. Conclusions 

In this study, vortex-induced auto-rotation of an elliptic blade due to lid-driven cavity was investigated. 

Iterative direct forcing immersed boundary method wasemployed to impose the moving blade boundary conditions to 

thegoverning equations of fluid flow on a regular Cartesian grid. The equations were discretized by the second-order 

Adams-Bashforth temporal-spatial schemein order to provide the system of equations required for solving the fluid-

solid interaction problem.Three types of vortices were principally effectiveon the blade dynamics: the large-scaletype-A 

vortex rotating in the clockwise directiondue to movement of the cavity upper wall; the co-rotatingtype-B side vortices 

generated by interaction between cavity flow and inertial blade; the central type-C vortex spinning in the counter-

clockwise direction produced by the side vortices. Examination of flow and dynamic characteristics for four different 

blade lengths and a high-Reynolds condition (         ) revealed the following concluding remarks: 

 In the case of short blade (   ⁄     ), the blade was dominated by central type-C vortex, and consequently it 

exposed to counter-clockwise moment leading to steady autorotation in the same direction.  

 Intensification of side vortices in the case of    ⁄       led to relatively balanced impact of clockwise and 

counter-clockwise moments on the blade. Accordingly, the steady dynamic mode of blade was small-

amplitude fluttering at a fixed angular orientation.  

 For longer blade configurations, i.e.    ⁄         , the blade was dominantly exposed to large-scale 

energetic type-A vortex, with a powerful clockwise moment. This causedpersistent autorotation in the same 

direction, with regular oscillations around a constant mean value, which were induced by flow unsteadiness 

due to fairly large value of Reynolds number.  
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