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Abstract 9 

The overset grid method and the immersed boundary (IB) method, which have significant 10 

advantages in dealing with moving boundaries involving large amplitude motion, are widely used 11 

for fluid-structure interaction (FSI) problems in engineering applications. However, these methods 12 

still have some limitations. In the overset grid method, the hole-cutting operator and iterative 13 

procedure, which are complex and time-consuming, are necessary for flow field information 14 

exchange between the sub-domains and the background domain. In the IB method, non-physical 15 

pressure oscillations, which can result in numerical instability, often exist in simulating FSI 16 

problems with moving boundaries. In order to integrate the advantages of these two methods and 17 

overcome their limitations, a novel overset grid assembly strategy based on the IB method is 18 

proposed. In the present method, two additional body force terms, obtained by the diffuse-interface 19 

IB method, are considered in the momentum equations for solving the flow field in the background 20 

domain. The first body force term implicitly imposes a no-slip boundary condition of the body 21 

surface in the background domain. The second body force term is used to further correct the 22 

background flow field, and to ensure the continuity of the flow field between the background domain 23 

and the sub-domains. In this way, the explicit flow field information interpolation process from the 24 

sub-domains to the background domain is not necessary. Therefore, the complicated hole-cutting 25 

operator can be avoided. In addition, a third-order polynomial time extrapolation technique is 26 

adopted to estimate the pressure at the sub-domain boundaries. The velocity at the sub-domain 27 

boundaries can be determined with the estimated pressure. Therefore, the velocity and pressure 28 

boundary conditions at the sub-domain boundaries can be ensured without an iterative process 29 

between the sub-domains and the background domain. It significantly enhances the computational 30 

efficiency since the iterative process is avoided. Several benchmark cases are carried out to verify 31 

and validate the novel overset grid assembly strategy. In all cases, the results are in good agreement 32 

with the published experimental or numerical results. Furthermore, the results demonstrate that the 33 

present method can effectively suppress non-physical pressure oscillations, which often exist in the 34 

IB method when considering moving boundaries. 35 

 36 

Keywords: Immersed boundary method; overset grid method; body force; pressure interpolation  37 

 38 

1. Introduction 39 

FSI problems with moving boundaries and complex geometries are frequently encountered in 40 

engineering applications, such as marine propellers [1], floating offshore wind turbines [2], or 41 

aquatic swimmers [3]. To handle FSI problems involving moving boundaries, several numerical 42 

methods have been developed, including grid deformation methods [4], IB methods [5], and overset 43 
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grid methods [6], etc. In grid deformation methods, the grid topology around a moving body is 44 

modified at each time step. Therefore, large amplitude motions are usually not allowed. In contrast, 45 

IB methods and overset grid methods are suitable for addressing FSI problems involving large 46 

amplitude motions, since they do not need to modify the grid topology. 47 

The overset grid method was firstly proposed by Steger et al. [6], and has been implemented 48 

in many commercial software (Star-CCM+ [7], ANSYS Fluent [8]), open-source software 49 

(OpenFOAM [9]) and in-house codes [10]. In the overset grid method, the entire computational 50 

domain consists of a background domain and sub-domains. In general, the background domain is 51 

fixed, and the sub-domains can move with bodies. One advantage of the overset grid method is that 52 

the background domain can be discretized with Cartesian grids. More complex body-fitted or 53 

unstructured grids can be applied in the sub-domains to resolve small flow scales. Another 54 

advantage is that the overset grid method does not require modifying the grid topology at each time 55 

step. Therefore, the overset grid method is particularly suitable for addressing dynamic boundary 56 

problems involving large amplitude motions and high Reynolds number. 57 

In overset grids, the grid topology of the sub-domains and the background domain is typically 58 

different and non-conformal. Therefore, special treatments are required for exchanging flow field 59 

information between the background domain and the sub-domains. In order to achieve the exchange 60 

of flow field information, the overset grid assembly process is necessary, as shown in Fig. 1. 61 

 62 

(a) Hole-cutting step 63 

 64 

(b) Interpolation searching step 65 

Fig. 1. Schematic demonstration of the traditional overset grid assembly  66 

 67 

The overset grid assembly process includes two steps: hole-cutting step and interpolation 68 

searching step [11]. The hole-cutting step excludes grid nodes located outside of computational 69 

domains and defines the overlapping interface of the background domain. After hole-cutting, the 70 

background domain grid nodes are divided into active and inactive nodes, as shown in Fig. 1(a). 71 
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The active nodes will be used for the solution of the flow field, and the inactive nodes will be 72 

removed from the computation [12]. In the overset grid assembly process, the main two challenges 73 

are the degree of automation and computational efficiency of the hole-cutting process [11]. To 74 

overcome these challenges, various hole-cutting methods have been proposed. These methods can 75 

be generally classified as explicit hole-cutting methods and implicit hole-cutting methods [13]. The 76 

explicit hole-cutting methods include the hole-map method [14], the vector method [15] and the x-77 

ray method [16], etc. They use specified curves or surfaces to remove the grid nodes inside the 78 

bodies. However, the limitation of explicit hole-cutting methods is that they require a certain level 79 

of user input and expertise, which significantly affects the performance of hole-cutting [17].The 80 

implicit hole-cutting methods can automatically complete the hole-cutting process based on certain 81 

mesh criteria, such as distance-to-the-wall [18], cell volume [19], cell aspect ratio and cell angle 82 

[20], etc. The implicit hole-cutting methods have a high degree of automation, but they require very 83 

large computational costs and memory [11]. To enhance the computational efficiency of the implicit 84 

hole-cutting method, several approaches have been developed, including those proposed by Tian et 85 

al.[12], Fu et al. [21] and Oh et al. [22], etc. 86 

The interpolation searching step consists of two parts: the first part is identifying all receptor 87 

points, and the second part is finding donor points for all receptor points, as shown in Fig. 1(b). 88 

After the interpolation searching step is completed, flow field information is transferred from the 89 

donor points to the receptor points. In general, this transmission is explicit, meaning that the flow 90 

field information at the receptor points is directly obtained through interpolation from the donor 91 

points. To improve the numerical stability of the overset grid method, the simultaneous 92 

approximation term (SAT) penalty method was proposed, which is an implicit method for 93 

transferring the flow field information [23,24]. In the SAT penalty method, penalty terms are added 94 

to the receptor points of both the background domain and the sub-domains. Additionally, depending 95 

on how the flow field is solved in the background domain and the sub-domains, the overset grid 96 

methods can be further divided into weak coupling methods [25] and strong coupling methods [26]. 97 

In weak coupling methods, the flow fields in different computational domains are solved separately 98 

using identical or different methods. It is easy to code, but it usually requires several iterations 99 

between the background domain and the sub-domains to obtain accurate velocity and pressure at 100 

the receptor points. Therefore, the computational cost increase rapidly with the number of grids. In 101 

strong coupling methods, the flow fields in the background domain and the sub-domains are solved 102 

simultaneously in a unified framework. In each time step, the iterative process is not required, and 103 

accurate velocity and pressure at receptor points can be obtained. However, the construction of the 104 

global coefficient matrix is quite complex. 105 

The IB method was initially proposed by Peskin [5] and applied to the simulation of heart 106 

valves. In general, there are two types of IB methods [27]: the diffuse-interface IB methods [5,28] 107 

and the sharp-interface IB methods [29,30]. A detailed introduction can be found in the work of 108 

Verzicco [31]. In the IB methods, the governing equations can be solved on a fixed Cartesian grid, 109 

and the body force term is added to the momentum equation to consider the effect of the body 110 

boundary on the fluid flow. It has several advantages: (ⅰ) It is easy to generate grids, since the grids 111 

do not need to conform to the body [32]; (ⅱ) It is easy to deal with a moving body, since the body 112 

can move freely in a fixed Cartesian grid [33]. Therefore, the IB methods can be used to deal with 113 

large amplitude/deformation motion. However, the IB methods have some limitations. One of them 114 

is the non-physical pressure oscillations in simulating moving boundaries. In order to suppress non-115 
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physical pressure oscillations, various approaches have been developed, such as those by Yang and 116 

Balaras [34], Yang et al. [35], Liu et al. [36], Chiu [37], Yu and Pantano [38], and Xu et al. [39], etc. 117 

Another limitation is that mesh refinement in all directions is necessary to accurately resolve near-118 

wall boundary layers, resulting in a large number of grids. As the Reynolds number increases, this 119 

problem worsens due to the thinning of the boundary layer. Therefore, the IB methods become 120 

impractical for high-Reynolds number flows. To address this problem, some work has been devoted 121 

to combining the IB methods with wall-layer models [40], local mesh refinement [41], or adaptive 122 

mesh refinement [42].  123 

In order to integrate the advantages of the overset grid methods and the IB methods while 124 

mitigating their drawbacks, a coupling method based on these methods has been proposed. Specific 125 

improvements in the coupling method include: (ⅰ) reducing the total number of grid cells and 126 

enhancing the computational efficiency of the IB method [43]; (ⅱ) increasing the grid resolution 127 

near body boundaries and improving the accuracy of the IB methods [33,44,45,46]; (ⅲ) simplifying 128 

grid generation in the overset grid method [32]. However, to the best knowledge of the authors, 129 

except for the half-domain body-fitted mesh immersed boundary method (HBM-IBM) proposed by 130 

Wang at al. [46], the reported weak coupling overset grid methods still require hole-cutting 131 

operations, and the iterative process between the background domain and the sub-domains cannot 132 

be avoided.  133 

To further address the limitations of the coupling method mentioned above, a novel overset 134 

grid assembly strategy is proposed in this study. In the present method, the diffuse-interface IB 135 

method is introduced into the assembly process of weak coupling overset grid methods, which 136 

significantly differs from the HBM-IBM, as shown in Table 1. During the transfer of flow field 137 

information from the background domain to the sub-domains, to accurately impose the boundary 138 

conditions of the sub-domains, the third-order polynomial time extrapolation technique is used to 139 

estimate the pressure at the sub-domain receptor points. The velocity at the sub-domain receptor 140 

points can be obtained using the estimated pressure and the intermediate velocity, which is directly 141 

interpolated from the background domain. When the flow field information is transferred from the 142 

sub-domains to the background domain, the two additional body force terms, obtained by the 143 

diffuse-interface IB method, are added to the momentum equations for solving the background 144 

domain. The novelties of the present method include: (ⅰ) The complex hole-cutting operation is 145 

avoided, compared to the traditional overset grid methods; (ⅱ) The iterative process between the 146 

background domain and the sub-domains is not necessary, in contrast to the traditional weak 147 

coupling overset grid methods; (ⅲ) Compared to the HBM-IBM, there is no need to search for the 148 

background domain grid covered by the sub-domains, and only the flow field on the background 149 

domain grid near the body boundary and the artificial boundary (see Fig. 8) needs to be corrected 150 

by the diffuse-interface IB method; (ⅳ) The novel overset grid assembly strategy can be easily 151 

combined with the IB methods to effectively suppress non-physical pressure oscillations in moving 152 

body simulations. 153 

In the present method, the background domain, discretized with Cartesian grids, is fixed. The 154 

sub-domains, discretized with body-fitted or Cartesian grids, are moving with the body. This study 155 

primarily focuses on the information exchange between the background domain and the sub-156 

domains. For simplicity, uniform Cartesian grids are used for both the background domain and the 157 

sub-domains. The IB method is used to impose the no-slip condition at the body boundary in the 158 

sub-domains. In addition, the motions in FSI are also simplified from induced motions to specified 159 
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motions. The rest of the paper is organized as follows. In Section 2, the numerical method is 160 

described in detail, including the governing equations, the novel overset grid assembly strategy, and 161 

the treatment of body boundaries. The results of a series of benchmark 2D cases are discussed in 162 

Section 3, including the results of Taylor-Green vortex flow (Section 3.1), lid-driven cavity flow 163 

(Section 3.2), flow past a fixed circular cylinder (Section 3.3), in-line oscillation of a circular 164 

cylinder (Section 3.4), transversely oscillating cylinder in a free-stream (Section 3.5) and flow past 165 

two tandem cylinders (Section 3.6). Conclusions are drawn in Section 4. 166 

 167 

2. Numerical method 168 

The overset grid assembly process typically involves the exchange of flow field information 169 

between the background domain and the sub-domains. In the novel overset grid assembly strategy, 170 

a third-order polynomial time extrapolation technique is used to accurately impose the boundary 171 

conditions of the sub-domains when flow field data is transferred from the background domain to 172 

the sub-domains. Conversely, for the transfer of flow field information from the sub-domains to the 173 

background domain, two additional body force terms, obtained by the diffuse-interface IB method, 174 

are considered in the momentum equations for solving the background domain. The first body force 175 

term implicitly imposes the no-slip condition on the body boundary in the background domain. The 176 

second body force term utilizes the information from the sub-domains to further correct the 177 

background flow field, thereby ensuring the continuity of the flow field between the background 178 

domain and the sub-domains. In the following sections, the proposed method is described in detail. 179 

 180 

2.1 Governing equations and numerical solver 181 

The non-inertial incompressible Navier-Stokes (N-S) equations with a body force are 182 

∇∙u = 0 (1) 

∂u

∂t
+ [(u− V)∙∇]u = −∇p+

1

Re
∇2u+ f −Ω × u (2) 

where u is the velocity vector, p is the pressure. Re denotes the Reynolds number defined by Re =183 

UL ν⁄  , U, L and ν  are the reference velocity, the reference length and the kinematic viscosity, 184 

respectively. V (V = V′ +Ω× r) denotes the moving velocity of the computational domain. Here, 185 

V′  and Ω denote the translational velocity and rotational angular velocity of the computational 186 

domain, respectively. r is the position vector from the arbitrary grid node to the rotational center. f 187 

is the body force term. In this work, the background domain is fixed, and the sub-domains can move 188 

with the bodies. Hence, V and Ω are set to zero in the background domain. 189 

The dynamics of a body are described by Newton’s second law and Euler’s equation [47].  190 

ms

dV′

dt
= F+ (ms −mf)g  (3) 

Is

dΩ

dt
= T  (4) 

where ms is the mass of the body, Is is the moment of inertia of the body, g is the gravitational 191 

acceleration, mf is the mass of the fluid displaced by the body. V′ and Ω represent the translational 192 

velocity and rotational angular velocity of the body, respectively. F and T represent the fluid force 193 

and fluid moment, respectively.  194 
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For a rigid body motion, the non-slip velocity boundary condition has to be satisfied on the 195 

body surface. The velocity at an arbitrary point on the body surface or inside the body is given by 196 

U = V′ +Ω × r′  (5) 

where r′ is the position vector from the body reference center to the arbitrary point.  197 

In this study, the incompressible N-S equations are numerically solved on staggered uniform 198 

Cartesian grids with finite difference method. A fractional step method is adopted for the velocity-199 

pressure coupling, in which the continuity equation is enforced by solving a pressure Poisson 200 

equation [48]. The third-order upwind scheme and second order central difference scheme are used 201 

for spatial discretization of the convective and viscous term, respectively. The second-order Adams-202 

Bashforth scheme is adopted for temporal discretization of the convection term and viscous term 203 

[49]. In the present method, a unified set of equations is used to solve the background domain and 204 

the sub-domains. The procedures of the flow field time-advancement for each time step are 205 

summarized as in Eqs. (6) ~ (10). 206 

u* − un

∆t
= −

1

2
(3Cn − Cn−1)+

1

2
(3Dn −Dn−1) − ∇pn −Ω × un (6) 

u** = u* + ∆t∇pn (7) 

û − u**

∆t
= f

 n+1 (8) 

∇2pn+1 =
∇∙û

∆t
 (9) 

un+1 = û − ∆t∇pn+1 (10) 

where, the superscript n denotes the current time step. u*, u** and û are three intermediate velocity 207 

fields. C and D represent the convective term and viscous term, [(u− V)∙∇]u  and ∇2u/Re, 208 

respectively. The pressure Poisson equation (Eq. (9)) is solved by successive over relaxation (SOR) 209 

method. The calculations for the body force terms f in the background domain and the sub-domains 210 

are presented in Sections 2.2 and 2.3, respectively. In the present work, the gravity is neglected. The 211 

body motion is specified for simplicity. Therefore, V and Ω are specified as constant.  212 

In this study, the information exchange between the background domain and the sub-domains 213 

involves the following key aspects: (ⅰ) the treatment of boundary conditions for the sub-domains 214 

during the transfer of flow field information from the background domain to the sub-domains; (ⅱ) 215 

the treatment of body boundaries in the background domain and the ensuring of flow field continuity 216 

in the whole computational domain when transmitting flow field data from the sub-domains to the 217 

background domain. The treatment of these key aspects is presented in Section 2.2. 218 

2.2 Novel overset grid assembly strategy 219 

The novel overset grid assembly strategy is described in this section. In the present method, 220 

the exchange of flow field information between the background domain and the sub-domains 221 

includes two steps: (i) the transfer of flow field data from the background domain to the sub-domains; 222 

(ii) the transfer of flow field information from the sub-domains to the background domain. In the 223 

first step, a third-order polynomial time extrapolation technique is used to accurately estimate the 224 

pressure at the sub-domain receptor points. The intermediate velocities at the receptor points are 225 

obtained from the intermediate velocity field of the background domain through interpolation, as 226 

shown in Fig. 2(a). Subsequently, the velocities at the receptor points can be computed using the 227 
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estimated pressure and the intermediate velocities. Thereby, the boundary conditions of the sub-228 

domains are accurately imposed without iterative calculations between the background domain and 229 

the sub-domains. In the second step, two additional body force terms are added to the momentum 230 

equations of the background domain. The first body force term implicitly imposes the no-slip 231 

condition on the body boundary in the background domain. The second body force term uses flow 232 

field data from the sub-domains to further correct the background domain flow field, thereby 233 

ensuring the continuity of the flow field in the whole computational domain. In this way, the explicit 234 

flow field information interpolation process from the sub-domains to the background domain is not 235 

necessary. Therefore, the complicated hole-cutting process can be avoided. In the present method, 236 

the velocities on the body boundary and the artificial boundary are used to compute the first and 237 

second body force terms, respectively, as illustrated in Fig. 2(b). 238 

 239 

Fig. 2. Schematic demonstration of the novel overset grid assembly strategy. (BTS: the flow field information is 240 

transferred from the background domain to the sub-domains; STB: the flow field information is transferred from the 241 

sub-domains to the background domain) 242 

 243 

2.2.1 Flow field information transfer from background domain to sub-domains 244 

For overset grid methods, transferring flow field information from the background domain to 245 

the sub-domains is essential. In general, this transfer is achieved by imposing boundary conditions 246 

on the sub-domains. Here, for the convenience of description, the grid nodes that impose sub-247 

domain boundary conditions are designated as receptor points, as illustrated in Fig. 3. At these 248 

receptor points, velocity and pressure are usually obtained by interpolation from the background 249 

domain. 250 

 251 

 252 
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Fig. 3. Sketch of the sub-domain receptor points on staggered Cartesian grids 253 

 254 

In overset grid methods, the accurate imposition of sub-domain boundary conditions requires 255 

that the velocity and pressure at the receptor points satisfy the following conditions: 256 

 257 

p
s
n+1(xreceptor

n+1 ) = Pb
n+1(xreceptor

n+1 ) (11) 

us
n+1(xreceptor

n+1 ) = Ub
n+1(xreceptor

n+1 ) (12) 

where, 258 

Pb
n+1(xreceptor

n+1 ) = 𝐼[p
b
n+1(x)] (13) 

Ub
n+1(xreceptor

n+1 ) = 𝐼[ub
n+1(x)] (14) 

represents the interpolated pressure and velocity at the receptor points, respectively. 𝐼  is the 259 

interpolation operation, the superscript n+ 1 denotes the next time step, the subscript s denotes the 260 

sub-domain, the subscript b denotes the background domain, receptor denotes the receptor point, x 261 

is the position vector, p is the pressure, u is velocity vector. 262 

In traditional overset grid methods, several iterations between the background domain and the 263 

sub-domains need to be performed to satisfy Eqs. (11) and (12), as shown in Fig. 4. From Eqs. (11) 264 

and (12), it can be observed that if the right-hand side terms can be determined during the sub-265 

domain solution, the velocity and pressure at the receptor points can be directly obtained via these 266 

equations. In this way, the boundary conditions of the sub-domains can be accurately imposed 267 

without iterative processes between the background domain and the sub-domains. In the present 268 

method, the velocity and pressure fields at the n + 1  time step in the background domain are 269 

unknown when solving the sub-domains (see Fig. 7). Therefore, the right-hand side terms of Eqs. 270 

(11) and (12) cannot be directly obtained by interpolation from the background domain. To obtain 271 

the right-hand side terms of Eqs. (11) and (12), special treatment of the velocity and pressure at the 272 

receptor points is required. 273 

In this study, to determine the right-hand side term of Eq. (11), a third-order polynomial time 274 

extrapolation technique is adopted, which has been used by Rajamuni et al. [50] to accurately 275 

estimate the acceleration of the body at the next time step. The third-order polynomial time 276 

extrapolation technique is applied to determine the right-hand side term of Eq. (11) as follows: 277 

Pb
n+1(xreceptor

n+1 ) = 3Pb
n(xreceptor

n )− 3Pb
n−1(xreceptor

n−1 )+ Pb
n−2(xreceptor

n−2 ) (15) 

where, the superscripts n, n− 1 and n − 2 denote the current, first preceding and second preceding 278 

time steps, respectively.  279 

In general, receptor points are non-conformal with the grid nodes of the background domain. 280 

This leads to the requirement that the pressures Pb
n , Pb

n−1 , and Pb
n−2  at the receptor points be 281 

interpolated from the background domain. Here, a distance-based bilinear interpolation is used [51]. 282 

Φ(xreceptor) = 𝐼[Φ(x)] =∑ ckΦ(xk)

nk

k=1

 (16) 

where, xreceptor is the position vector of the receptor point, x is the position vector of grid nodes in 283 

the background domain, xk  denotes the coordinates of a grid node in the interpolation stencil 284 

corresponding to the receptor point xreceptor. 𝐼 represents the interpolation operation. nk denotes the 285 
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number of grid nodes in the interpolation stencil, Φ denotes either the velocity or the pressure. c is 286 

the coefficient of the interpolation function and its specific value are detailed in Reference [51].  287 

Substituting Eq. (16) into Eq. (15), it becomes 288 

Pb
n+1(xreceptor

n+1 ) = 3𝐼[p
b
n(x)] − 3𝐼[p

b
n−1(x)] + 𝐼[p

b
n−2(x)] (17) 

Since the pressure fields in the background domain at the time steps n, n− 1 and n− 2 are 289 

known, the right-hand side term Pb
n+1 of Eq. (11) can be directly determined via Eq. (17). The 290 

pressure errors at receptor points are analyzed in Sections 3.1. The results indicate that the third-291 

order polynomial time extrapolation technique can accurately estimate the pressure at receptor 292 

points. 293 

For the velocity field, the intermediate velocity ub
**  in the background domain has been 294 

obtained when the sub-domain is being computed (see Fig. 7). In addition, the pressure  Pb
n+1 at the 295 

receptor points has been obtained through Eq. (17). In the sub-domain, the effects of the body 296 

boundary on receptor points are negligible because these points are sufficiently far from the body 297 

boundary. Thus, the right-hand side term of Eq. (12) can be determined by replacing ûb in Eq. (10) 298 

with ub
**, where ub

** is the intermediate velocity field not affected by the body boundary. 299 

Ub
n+1(xreceptor

n+1 ) = Ub
**(xreceptor

n+1 ) − ∆t∇Pb
n+1(xreceptor

n+1 ) (18) 

In Eq. (18), the intermediate velocity field Ub
** at the receptor points is obtained from the 300 

background domain via interpolation. Here, Eq. (16) is used to perform the interpolation operation. 301 

Substituting Eq. (16) into Eq. (18), it becomes 302 

Ub
n+1(xreceptor

n+1 ) = 𝐼[ub
**(x)] − ∆t∇Pb

n+1(xreceptor
n+1 ) (19) 

The desired values at the receptor points in the sub-domains can be obtained by substituting 303 

Eqs. (17) and (19) into Eqs. (11) and (12), respectively. Thereby, the boundary conditions of the 304 

sub-domains can be accurately imposed, without iterative processes between the background 305 

domain and the sub-domains.  306 

 307 
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 308 

Fig. 4. Calculation process of the traditional weak coupling overset grid method. 309 

 310 

2.2.2 Flow field information transfer from sub-domains to background domain 311 

In the process of transferring flow field information from the sub-domains to the background 312 

domain, two additional body force terms are introduced into the background domain. The first body 313 

force term implicitly imposes the no-slip condition on the body boundary in the background domain, 314 

while the second body force term ensures the continuity of the flow field between the sub-domains 315 

and the background domain. In this way, the explicit flow field information interpolation process 316 

from the sub-domains to the background domain is not necessary. Thereby, the complicated hole-317 

cutting process can be avoided.  318 

The first body force term 319 

In traditional overset grid methods, for the transfer of flow field information from the sub-320 

domains to the background domain, it is essential to determine the overlapping interface (see Fig. 321 

1) in the background domain. This process usually involves complex hole-cutting operations. After 322 

determining the overlapping interface, the flow field information of the sub-domains is transferred 323 

to the background domain with explicit interpolation.  324 

In this study, to avoid complex hole-cutting operations, the first body force term is added to 325 

the momentum equations of the background domain. The first body force term implicitly imposes 326 

the no-slip boundary condition of the body in the background domain, primarily incorporating the 327 

influence of the body boundaries into the background domain flow field. In the present method, the 328 

velocities on the body boundaries are used to calculate the first body force terms based on the 329 

diffuse-interface IB method, as shown in Fig. 5.  330 

 331 
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 332 

Fig. 5. Sketch of the sub-domain grid with body boundary and artificial boundary 333 

 334 

In general, Eq. (20) is used to impose the no-slip conditions at the body boundary points in the 335 

flow field. 336 

Ub
n+1(Xl

n+1) = Un+1(Xl
n+1) (20) 

where, 337 

Ub
n+1(Xl

n+1) = 𝐼[un+1(x)] (21) 

represents the interpolated velocity at the body boundary points, 𝐼  represents the interpolation 338 

operation, n+ 1 denotes the next time step, u is the velocity vector in the flow field, U is the body 339 

motion velocity, Xl is the coordinate of the body boundary points, x is the coordinate of the grid 340 

nodes in the flow field. 341 

In the present method, to satisfy Eq. (20) in the background domain, the first body force term 342 

is added to the momentum equations of the background domain. The summation of Eqs. (6), (7), 343 

and (8) yields: 344 

ũb − ub
n

∆t
= rhsn + fbb

 n+1 (22) 

where rhs regroups the convective and viscous terms, ub is the velocity vector in the background 345 

domain, fbb denotes the first body force term.  In Eq. (8), f includes both the first and second body 346 

force terms. At the current step, only the first body force term is required. Thus, ũb is used instead 347 

of ûb to distinguish it. 348 

If we define ub
** as the intermediate velocity of flow field, which is not affected by the body 349 

boundary. Eq. (22) can be rewritten in terms of it, as shown in Eq. (23). 350 

ũb − ub
**

∆t
+

ub
** − ub

n

∆t
= rhsn + fbb

 n+1 (23) 

Eq. (23) is then further divided into two parts: one includes body force effect while the other 351 

does not. It can be seen that effect of the body boundary to the velocity field, which is governed by 352 

Eq. (24), is not considered. This part can be solved based on the flow field information from the 353 

previous time step. 354 

ub
** − ub

n

∆t
= rhsn (24) 

ũb − ub
**

∆t
= fbb

 n+1 (25) 

Based on the study of Kim et al. [52], fbb
 n+1

  is determined such that ũb  satisfies the no-slip 355 

condition, with ub
n+1 satisfying the continuity equation because ub

n+1 = ũb − ∆t∇pn+1 = ũb + 𝜊(∆t2). 356 
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In the present method, to ensure the intermediate velocity ũb at the body boundary points satisfies 357 

Eq. (20), the body force fbb
 n+1

 is determined via Eq. (26) when the grid nodes in the background 358 

domain coincide with the body boundary points. 359 

fbb
 n+1(Xl

n+1) =
Un+1(Xl

n+1) − ub
**(Xl

n+1)

∆t
 (26) 

Substitute Eq. (26) into Eq. (25), it becomes 360 

ũb(Xl
n+1) = Un+1(Xl

n+1) (27) 

Eq. (27) shows that no-slip condition on the body boundary is satisfied automatically by using 361 

Eq. (26), i.e. ũb(Xl
n+1) = Un+1(Xl

n+1). However, the grid nodes in the background domain usually 362 

do not coincide with the body boundary points. Therefore, the body force fbb
 n+1

 in the background 363 

domain cannot be directly obtained from Eq. (26). To obtain this body force, a body force transfer 364 

mechanism between the background domain grid and the body boundary point is required. In the 365 

present study, the diffuse-interface IB method proposed by Uhlmann [53] is used to transfer body 366 

force between the background domain and the body boundary. 367 

Firstly, the intermediate velocity at the body boundary point Xl
n+1

  is interpolated from the 368 

intermediate velocity field ub
** on the background domain grid as: 369 

Ubb
**(Xl

n+1) = ∑ ub
**(x)δ∆b

(x− Xl
n+1)∆b

2

x∈g
h

 (28) 

where g
h
 denotes the collection of background domain grid points. Ubb

** is the intermediate velocity 370 

at the body boundary points, Xl
n+1is the coordinate of the body boundary points at the n+ 1 time 371 

step. The variable 𝐱 represents the coordinate of the background domain grid node, ∆b is the grid 372 

size of the background domain. δ∆b
 represents the regularized delta function. The general form of  373 

δ∆b
 for the two-dimensional case is: 374 

δ∆b
(x− X) =

1

∆b
2

ϕ (
x− X

∆b

) ϕ (
y− Y

∆b

) (29) 

with x = (x, y)  is the position vector of the background grid node, X = (X, Y)  are the position 375 

vectors of the body boundary points or the artificial boundary points. ϕ is a continuous 1D function 376 

depending on the specific regularized delta function.  377 

Secondly, the body force Fbb is calculated based on the velocity difference between Un+1
 and 378 

Ubb
** as: 379 

Fbb(Xl
n+1) =

Un+1(Xl
n+1)− Ubb

**(Xl
n+1)

∆t
 (30) 

where Un+1 is the body boundary velocity at the n+ 1 time step, Fbb represents the body force at 380 

the body boundary points, and ∆t is the time step size. 381 

Finally, the body force fbb
 n+1

  can be determined by spreading the body force Fbb  to the 382 

background domain using regularized delta functions as: 383 

fbb
 n+1(x) =∑Fbb(Xl

n+1)δ∆b
(x− Xl

n+1)∆bdh

Nl

l=1

 (31) 

where Nl  is the total number of the body boundary points, and dh is the grid size of the body 384 

boundary. Substituting Eq. (31) into Eq. (25) gives the intermediate velocity ũb corrected by the 385 
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first body force term. The velocity error on the body boundary is analyzed in Sections 3.3. The 386 

results indicate that the intermediate velocity ũb, corrected by the first body force term, satisfies the 387 

no-slip condition on the body boundary. 388 

The second body force term 389 

In overset grid methods, an overlapping zone is typically established between the background 390 

domain and the sub-domains. Continuity of the flow field between the background domain and the 391 

sub-domains is ensured by enforcing consistency of flow field information within the overlapping 392 

zone. In the overlapping zone, the velocity and pressure satisfy: 393 

p
s
n+1 = p

b
n+1 (32) 

us
n+1 = ub

n+1 (33) 

In traditional overset grid methods, to satisfy Eqs. (32) and (33) in the overlapping zone, several 394 

iterations need to be performed between the background domain and the sub-domains. However, 395 

the present method avoids the iterative process between the background domain and the sub-396 

domains by using Eqs. (17) and (19). This may induce flow field discontinuities near the sub-domain 397 

boundaries, particularly when the background domain uses a coarse grid and the sub-domains use a 398 

fine grid, as shown in Figs. C1(a) and C2(a) of Appendix C. To address this issue, a transition zone 399 

is constructed near the sub-domain boundaries. In this study, the sub-domain grids at a distance of 400 

H from the sub-domain boundaries are chosen as the artificial boundaries. The transition zone is 401 

composed of the enclosed region between the artificial boundary and the sub-domain boundary, as 402 

shown in Fig. 5. The study reveals that selecting an appropriate transition zone width is crucial for 403 

ensuring numerical stability. A detailed analysis of how the transition zone width affects numerical 404 

stability is provided in Appendix B. In the present method, to achieve smooth flow field transition 405 

in the transition zone, the second body force term is added to the momentum equations of the 406 

background domain to further correct the background domain flow field. The velocities on the 407 

artificial boundaries are used to calculate the second body force terms based on the diffuse-interface 408 

IB method [53].  409 

The intermediate velocity ûb in the background domain, corrected by the second body force 410 

term, is expressed as: 411 

ûb(x) = ũb(x)+ ∆tfab
 n+1(x) (34) 

where ũb is the intermediate velocity in the background domain corrected by the first body force 412 

term. fab
 n+1

  represents the second body force term. The calculation of the body force fab
 n+1

  is as 413 

follows. 414 

Initially, the intermediate velocity at the artificial boundary point Xk
n+1

 is interpolated from the 415 

intermediate velocity field ũb in the background domain as: 416 

Ũab(Xk
n+1) = ∑ ũb(x)δ∆b

(x−Xk
n+1)∆b

2

x∈g
h

 (35) 

where Ũab is the intermediate velocity at the artificial boundary points, and Xk
n+1is the coordinate 417 

of the artificial boundary points at the n+ 1 time step. 418 

Subsequently, the body force Fab is calculated based on the velocity difference between Uab
n+1 419 

and Ũab as: 420 
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Fab(Xk
n+1) =

Uab
n+1(Xk

n+1)− Ũab(Xk
n+1)

∆t
 (36) 

where Uab
n+1 is the velocity of the artificial boundary points at the n+ 1 time step, and Fab represents 421 

the body force at the artificial boundary points. Since the artificial boundary points coincide with 422 

the sub-domain grid nodes, this implies that Uab
n+1 = us

n+1, where us
n+1 denotes the velocity of the 423 

sub-domain at the n+ 1 time step. 424 

Lastly, the second body force term fab
 n+1

 can be determined by spreading the body force Fab to 425 

the background domain using regularized delta functions as: 426 

fab
 n+1(x) =∑Fab(Xk

n+1)δ∆b
(x− Xk

n+1)∆bds

Nk

k=1

 (37) 

where  Nk is the total number of the artificial boundary points, and ds is the grid size of the artificial 427 

boundary. 428 

 429 

Fig. 6. Schematic diagram of one-dimensional overset grid 430 

 431 

Substituting Eq. (37) into Eq. (34), the intermediate velocity ûb in the background domain, 432 

corrected by the second body force term, is obtained. Here, a one-dimensional overset grid is applied 433 

to illustrate the specific calculation procedure of the intermediate velocity field ûb corrected by the 434 

second body force term, as shown in Fig. 6. For an artificial boundary point Xk
 n+1

, substituting Eqs. 435 

(29), (35), (36), and (37) into Eq. (34) as: 436 

ûb(x) = ũb(x) + [ Uab
n+1(Xk

 n+1)− Ũab(Xk
 n+1) ]

1

∆b

ϕ (
x− Xk

 n+1

∆b

)∆b (38) 

where, Xk
 n+1 is the coordinate of the artificial boundary points at the n+ 1 time step. The variable x 437 

represents the coordinate of the background domain grid node.  438 

Further simplifying Eq. (38), we can obtain: 439 

ûb(x) = Uab
n+1(Xk

 n+1)ϕ(
x− Xk

 n+1

∆b

) + ũb(x) − Ũab(Xk
 n+1)ϕ(

x− Xk
 n+1

∆b

)   (39) 

If we substitute x = Xk
 n+1 into Eq. (39) with ϕ(0) = 1, it becomes 440 

ûb(Xk
 n+1) = Uab

n+1(Xk
 n+1)+ ũb(Xk

 n+1) − Ũab(Xk
 n+1)  (40) 

Since Uab
n+1 = us

n+1  and Ũab(Xk
 n+1) = ũb(Xk

 n+1)  (see Eq. (35)), it follows that ûb(Xk
 n+1) = 441 

us
n+1(Xk

 n+1) . When x is outside the support domain of the regularized delta function, 442 

 ϕ[(x− Xk
 n+1) ∆b⁄ ] = 0. By substituting this into Eq. (39), we can obtain that ûb(x) = ũb(x). 443 

As can be observed from Fig. 6, within the transition zone, the continuous function ϕ reaches 444 

its maximum value (ϕ(0)) at the artificial boundary point Xk and equals zero outside the support 445 

domain. This indicates that within the transition zone, the intermediate velocity ûb  in the 446 

background domain, corrected by the second body force term, gradually changes from us
n+1 to ũb as 447 



15 
 

the corresponding grid nodes in the background domain gradually transition from the artificial 448 

boundary to the outside of the support domain. After obtaining the intermediate velocity ûb in the 449 

background domain, ûb  is used to update the pressure and velocity in the background domain. 450 

Therefore, the flow field corrected by the artificial boundary is continuous in the whole 451 

computational domain. 452 

In the Appendix C, flow past a fixed circular cylinder and the in-line oscillation of a circular 453 

cylinder are used to illustrate the effect of the artificial boundary on the continuity of the flow field. 454 

Figs. C1 and C2 demonstrate that, for both stationary and oscillating circular cylinders, the flow 455 

field becomes discontinuous when the artificial boundary is absent. Conversely, the implementation 456 

of the artificial boundary effectively maintains flow field continuity across the entire computational 457 

domain. 458 

In the present method, to accurately impose the no-slip boundary condition of the body in the 459 

background domain, the iterative method proposed by Kempe et al. [54] is adopted to calculate the 460 

first body force term fbb
 n+1

. In addition, for the commonly used regularized delta function, ϕ(0) ≠ 1. 461 

This leads to ûb(Xk
 n+1) ≠ us

n+1(Xk
 n+1) . To ensure ûb(Xk

 n+1) = us
n+1(Xk

 n+1) , the second body force 462 

term fab
 n+1

 is also computed using the same method [54]. The calculation of the intermediate velocity 463 

field in the background domain corrected by the first and second body force terms, which are 464 

calculated based on the iterative method, is summarized in Algorithms 1 and 2. Here, according to 465 

the suggestion of Kempe et al. [54], nf  = 3 is used. 466 

In Algorithms 1 and 2, the regularized delta function δ∆b
 is used. In this study, several 467 

regularized delta functions are tested when computing the first and second body force terms. These 468 

functions include the 3-point function [55], 4-point function [56], 6-point function [57], 4-point 469 

piecewise cubic function [58], smooth 3-point function [35], and smooth 4-point function [35]. The 470 

one-dimensional versions of these regularized delta functions are provided in Appendix A, with r =471 

(x− X) ∆b⁄  or r= (y− Y) ∆b⁄ . 472 

 473 

Algorithm 1: The calculation of the intermediate velocity ũb corrected by the first body term 

ub
0(x) = ub

∗∗(x) 

do m = 1, nf 

(a)Interpolation:  

Ubb
**(Xl

n+1) = ∑ ub
m−1(x)δ∆b

(x− Xl
n+1)∆b

2

x∈g
h

 

(b)Forcing: 

Fbb(Xl
n+1) =

Un+1(Xl
n+1) − Ubb

**(Xl
n+1)

∆t
 

(c)Distribution:  

fbb
 n+1(x) =∑Fbb(Xl

n+1)δ∆b
(x−Xl

n+1)∆bdh

Nl

l=1

 

(d) Velocity correction: 

 ub
m(x) = ub

m−1(x)+ ∆tfbb
 n+1(x) 

end do 

ũb(x) = u
b

nf
(x) 

 474 

Algorithm 2: The calculation of the intermediate velocity ûb corrected by the second body term 

ub
0(x) = ũb(x) 
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do m = 1, nf 

(a)Interpolation:  

Ũab(Xk
n+1) = ∑ ub

m−1(x)δ∆b
(x− Xk

n+1)∆b
2

x∈g
h

 

(b)Forcing:  

Fab(Xk
n+1) =

Uab
n+1(Xk

n+1) − Ũab(Xk
n+1)

∆t
 

(c)Distribution:  

fab
 n+1(x) =∑Fab(Xk

n+1)δ∆b
(x− Xk

n+1)∆bds

Nk

k=1

 

(d) Velocity correction: 

 ub
m(x) = ub

m−1(x)+ ∆tfab
 n+1(x) 

end do 

ûb(x) = u
b

nf
(x) 

 475 

2.3 Treatment of body boundaries in sub-domains 476 

In the present method, body-fitted or Cartesian grids can be used for the sub-domains. This 477 

study primarily focuses on the information exchange between the background domain and the sub-478 

domains. For simplicity, uniform Cartesian grids are used for each sub-domain. The IB method is 479 

used to impose the no-slip condition on the body boundary in the sub-domains. For the IB method, 480 

the no-slip condition on the body boundary is imposed through the body force term f (see Eq. 8). 481 

The detailed description of imposing no-slip boundary condition via body force term f is presented 482 

in Section 2.2.2. Here, the calculation of the body force terms in the sub-domains is briefly 483 

introduced. In this study, the body force terms f are calculated by the standard diffuse-interface IB 484 

method [53], with the sub-domains discretized using an Eulerian grid and the body boundaries 485 

represented through a Lagrangian grid. 486 

Firstly, the intermediate velocity at the Lagrangian point Xl
n+1  is interpolated from the 487 

intermediate velocity field u** (Eq. 7) on the Eulerian grid as: 488 

U**(Xl
n+1) = ∑ u**(x)δh(x− Xl

n+1)h
2

x∈g
h

 (41) 

where 𝐱 is the position of an Eulerian grid point, g
h
 is the uniform Eulerian grid with grid size of h, 489 

and δh is the regularized delta function. 490 

Then, the Lagrangian force is calculated based on the velocity difference at the Lagrangian 491 

point Xl
n+1 as: 492 

F(Xl
n+1) =

Un+1(Xl
n+1) −U**(Xl

n+1)

∆t
 (42) 

with Un+1 is the Lagrangian point velocity at the n+ 1 time step.  493 

Finally, the Eulerian body force can be determined by spreading the Lagrangian force to the 494 

Eulerian grid using regularized delta functions as: 495 

f
 n+1(x) =∑F(Xl

n+1)δh(x −Xl
n+1)h

2

Nl

l=1

 (43) 

where Nl is the total number of Lagrangian points. 496 

The general form of δh for the two-dimensional case is: 497 
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δh(x− X) =
1

h
2

ϕ (
x − X

h
) ϕ (

y− Y

h
) (44) 

with x = (x, y) and X = (X, Y) are the position vectors of an Eulerian grid and a Lagrangian grid, 498 

respectively. ϕ is a continuous 1D function depending on the specific regularized delta function. 499 

Here, the 4-point regularized delta function proposed by Peskin [56] is used to calculate and 500 

distribute the body force at the Lagrangian points. The one-dimensional versions of the 4-point 501 

regularized delta function are provided in Appendix A, with r = (x− X) h⁄  or r = (y− Y) h⁄ .  502 

The calculation of the intermediate velocity field on the Eulerian grid corrected by the body 503 

force f
 n+1

, which are calculated based on the iterative method [54], is summarized in Algorithm 3. 504 

Following Kempe et al. [54] recommendation, three iteration steps (nf = 3) are used in this study. 505 

 506 

Algorithm 3: The calculation of the intermediate velocity û corrected by the body term f
 n+1

 

u0(x) = u∗∗(x) 

do m = 1, nf 

(a)Interpolation:  

U**(Xl
n+1) = ∑ um−1(x)δh(x− Xl

n+1)h
2

x∈g
h

 

(b)Forcing:  

F(Xl
n+1) =

Un+1(Xl
n+1)− U**(Xl

n+1)

∆t
 

(c)Distribution:  

f
 n+1(x) =∑F(Xl

n+1)δh(x− Xl
n+1)h

2

Nl

l=1

 

(d) Velocity correction: 

 um(x) = um−1(x)+ ∆tf n+1(x) 

end do 

û(x) = unf(x) 

 507 
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 508 
Fig. 7. Flowchart of the novel overset grid assembly method. 509 

 510 

The flowchart of the present novel overset grid assembly method is shown in Fig. 7. The 511 

comparison between the traditional overset grid method, the HBM-IBM, and the present method is 512 

listed in Table 1. It can be seen that the complex hole-cutting operations, and the iterative process 513 

between the background domain and the sub-domains are not necessary in the present method. 514 

Additionally, compared to the HBM-IBM, there is no need to search for the background domain 515 

grid covered by the sub-domain, and only the flow field on the background domain grid near the 516 

body boundary and the artificial boundary needs to be corrected by the diffuse-interface IB method, 517 

as shown in Fig. 8. Therefore, it can save computational resources and improve computational 518 

efficiency, especially in three-dimensional simulations. 519 

 520 

Table 1 521 

Comparison between the traditional overset grid method, HBM-IBM, and present method. 522 

 Traditional overset grid method HBM-IBM Present method 

BTS Explicit interpolation Explicit interpolation  
Explicit interpolation and 

time extrapolation 

STB Explicit interpolation Explicit interpolation Body force 

DFF 
Background domain and sub-

domain 
Background domain 

Background domain and sub-

domain 

HC  Need No need No need 

IT Need No need No need 

SBG Need Need No need 

CBG No need Need No need 

Notes: BTS represents the transfer of flow field information from the background domain to the sub-domain, STB 523 

represents the transfer of flow field information from the sub-domain to the background-domain, DFF represents 524 
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the computational domain displaying the flow field, HC represents the hole-cutting operations, IT represents the 525 

iterative process between the background domain and the sub-domain, SBG represents the search for background 526 

grid nodes covered by the sub-domain, and CBG represents the correction of all background grid nodes covered by 527 

the sub-domain using the sub-domain information. 528 

 529 

 530 

Fig. 8. The schematic diagram of the background domain flow field correction: (a) HBM-IBM; (b) present method. 531 

 532 

3. Results and discussions 533 

To verify and validate the novel overset grid assembly strategy, several benchmark cases have 534 

been conducted, including Taylor-Green vortex flow, lid-driven cavity flow, flow past a fixed 535 

circular cylinder, in-line oscillation of a circular cylinder, transversely oscillating cylinder in a free-536 

stream, and flow past two tandem cylinders. It should be noted that the Taylor-Green vortex and lid-537 

driven cavity flow simulations are conducted without considering any solid bodies. These cases 538 

solely serve to test the flow field information exchange process between the background domain 539 

and the sub-domains for the novel overset grid assembly strategy.  540 

3.1 Taylor-Green vortex flow 541 

The accuracy of the present method is verified by simulating the two-dimensional Taylor-542 

Green vortex flow with analytical solution [52]: 543 

u(x, y, t) = −cos(πx)sin(πy)e−2π2t/Re (45) 

v(x, y, t) = sin(πx)cos(πy)e−2π2t/Re (46) 

p(x, y, t) = −
1

4
(cos(2πx)+ cos(2πy))e−4π2t/Re (47) 

In this case, the computational domain and grid system are shown in Fig. 9, wherein the size 544 

of the background domain (Ωb) and sub-domain (Ωs) are [0,4]×[0,4] and [1,3]×[1,3], respectively. 545 

The initial flow field and boundary conditions are specified by analytical solutions. In this paper, 546 

when flow field information is transferred from the sub-domains to the background domain, the 547 
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second body force term is considered to ensure flow field continuity. However, the first body force 548 

term is introduced to impose the no-slip condition in the background domain only when bodies exist 549 

in the computational domain. In addition, all the cases are simulated on the servers with Intel ® 550 

Xeon (R) CPU E5-2667 V2 @ 3.3 GHz in serial mode. 551 

 552 

Fig. 9. Computational domain and grid system for the Taylor-Green vortex: (a) single domain solution; (b) overset 553 

grid solution. 554 

 555 

To check the order of accuracy of the present method. Four uniform Cartesian grids are used 556 

in the whole computational domain: ∆x = 0.125, 0.0625, 0.03125, and 0.015625. For all cases, in 557 

order to reduce the temporal discretization errors, the maximum Courant-Friedrichs-Lewy (CFL = 558 

Umax∆t/∆x) number is 10-3. Here, Umax is the initial maximum velocity, ∆t is the time step, and ∆x 559 

is the grid size. For all the computations, the Reynolds number (Re) is set to10. At each time step, 560 

the L∞ and L2 errors of the velocity and pressure in the computational domain are calculated as [59]: 561 

L∞ = |ηi
num − η

i
exact|

max
 (48) 

L2 = √∑ (η
i
num − η

i
exact)

2

N

i=1

∑ (η
i
exact)

2

N

i=1

⁄  (49) 

where, N is the total number of grid nodes. η
i
num and η

i
exact are the numerical and analytical solutions 562 

of velocity or pressure at the i-th grid node in the computational domain. 563 

Fig. 10 shows the variation of the L∞ and L2 errors in velocity (u) and pressure (p) with the 564 

grid size. The errors are obtained from the single domain solution (i.e., without the sub-domain, see 565 

Fig. 9(a)). The results indicate that the single domain solution is second-order accurate in both 566 

velocity and pressure. 567 

 568 
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Fig. 10. L∞ error (left) and L2 error (right) of the velocity and pressure field at t = 0.3s.  569 

 570 

The L∞  and L2  errors of the velocity (u) and pressure (p), obtained from the overset grid 571 

solution (i.e., with the sub-domain, see Fig. 9(b)), are shown in Fig. 11. Here, several regularized 572 

delta functions are used to calculate the second body force term, including the 3-point function [55], 573 

4-point function [56], 4-point piecewise cubic function [58], 6-point function [57], smoothed 3-574 

point function [35], and smoothed 4-point function [35]. In the present method, ensuring 575 

computational stability requires selecting an appropriate transition zone width for the specified 576 

regularized delta function. In this case, the minimum transition zone width in Table B1 (see 577 

Appendix B) is used. As shown in Fig. 11, it can be observed that the velocity accuracy decreases 578 

for all regularized delta functions, except for the smoothed 3-point function, compared to the single-579 

domain solution. This discrepancy may be attributed to the varying peak values and influence ranges 580 

of different regularized delta functions, which can directly affect computational accuracy. For all 581 

regularized delta functions, the pressure is only about 1 to 1.5 orders accuracy. In the diffuse-582 

interface IB method, due to the presence of the immersed boundary, the L∞ and L2 errors of the 583 

pressure are limited to orders of one and about 1.5, respectively [60]. In the overset grid method, 584 

the pressure accuracy is limited to 1 to 1.5 orders when linear interpolation is used for information 585 

exchange between the background domain and the sub-domains [61]. For the present method, the 586 

body force at the artificial boundary is obtained by the diffuse-interface IB method. Furthermore, 587 

bilinear interpolation is applied to transmit flow field information from the background domain to 588 

the sub-domains. Therefore, in the present simulations, the pressure accuracy is only about 1 to 1.5 589 

orders for all regularized delta functions. It should be emphasized that velocity errors are more 590 

important than pressure errors, due to the fact that the gradient of pressure plays a pivotal role in 591 

incompressible flows, not the pressure itself [62].  As illustrated in Fig. 11, among the various 592 

regularized delta functions, the smooth 3-point function achieves second-order spatial accuracy for 593 

velocity in both L∞ and L2 errors. As a result, the smooth 3-point function is adopted for calculating 594 

the first and second body force terms in all following cases.  595 
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 596 

Fig. 11. L∞ error and L2 error of the velocity (left) and pressure (right) field at t = 0.3s. 597 

 598 

Fig. 12 illustrates the variation of pressure error at the sub-domain receptor points over time 599 

steps. The pressure error is calculated as follows: 600 

L∞ = |pi
ext − p

i
n+1|

max
 (50) 

L2 = √∑ (pi
ext − p

i
n+1)

2

N

i=1

∑ (p
i
n+1)

2

N

i=1

⁄  (51) 

where, pi
ext represents the pressure at the n+ 1 time step obtained by time extrapolation at the sub-601 

domain receptor points, p
i
n+1 represents the pressure at the sub-domain receptor points interpolated 602 

from the background domain flow field at the n+ 1 time step, and N is the total number of sub-603 

domain receptor points. 604 
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 605 
Fig. 12. Variation of pressure error with time step at the receptor points of the sub-domain. 606 

 607 

Fig. 12 shows that a significant pressure error is observed during the initial time steps, which 608 

can be attributed to the identical initial values assigned to p
b
n−2, p

b
n−1, and p

b
n in Eq. (17). As the time 609 

steps advance, the pressure error rapidly decreases to 10-5 due to p
b
n−2, p

b
n−1 and p

b
n being updated 610 

with computational results. As a result, the third-order polynomial time extrapolation technique can 611 

accurately estimate the pressure at the sub-domain receptor points for the n+ 1  time step. The 612 

distribution of pressure contours in the whole computational domain is shown in Fig. 13. It can be 613 

seen that using the third-order polynomial time extrapolation technique to estimate the pressure at 614 

the sub-domain receptor points can ensure the continuity of the pressure in the entire computational 615 

domain. 616 

 617 

Fig. 13. The pressure distribution in the computational domain at t = 0.3s. (Solid line: background domain solution, 618 

dashed line: sub-domain solution, ∆x = 0.03125) 619 

 620 

3.2 Lid-driven cavity flow 621 

In this section, 2D lid-driven cavity flow is used to validate the present method. In this case, 622 

the computational domain and boundary conditions are shown in Fig. 14(a), and the background 623 

domain grid (Ωb ) and sub-domain grid (Ωs ) are demonstrated in Fig. 14(b). The computational 624 

domain sizes for the background domain and the sub-domain are [0,1]×[0,1] and [0.25,0.75]×625 

[0.25,0.75], respectively. The Reynolds number (Re) is 1000, the CFL number based on the 626 

minimum grid size ∆x, the lid velocity, and the time step is CFL = Umax∆t/∆x = 0.1 (i.e., Umax =627 

1.0).  628 
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 629 

  
(a) (b) 

Fig. 14. Boundary condition and grid layout for lid-driven cavity flow. (a) Boundary condition; (b) Grid layout with 630 

background domain and sub-domain. 631 

 632 

 633 
Fig. 15. Distribution of horizontal velocity (u) and vertical velocity (v) along the center lines of the cavity for three 634 

uniform mesh sizes. (Transition zone width (H) = 3∆b, Re = 1000, CFL number = 0.1) 635 

 636 

In this study, the grid sizes in the background domain and the sub-domain are denoted as ∆b 637 

and ∆s, respectively. Fig. 15 shows the velocity profiles along the horizontal and vertical centerlines 638 

using three different uniform grid resolutions of ∆b = ∆s = 0.02, 0.01 and 0.005. It is observed that 639 

a grid resolution of ∆b = ∆s = 0.01 is sufficient to achieve grid-independent results. Therefore, the 640 

grid resolution of ∆b = ∆s = 0.01 are used for further validation. Fig. 16 presents the contour lines 641 

of the velocity and pressure fields with the transition zone width (H) of 3∆b (see Table B1). The 642 

results indicate that the present method is able to obtain a continuous flow field in the whole 643 

computational domain. 644 

In Fig. 17, the horizontal and vertical velocities along the vertical and horizontal centerlines 645 

are compared with the benchmark results of Ghia et al. [63]. As illustrated, the results from both the 646 

overset grid and the single domain (only using the background domain Ωb) correspond well with 647 

the reference results.  648 

The above validations demonstrate that the present method can not only accurately predict the 649 

flow fields of the lid-driven cavity flow but also maintain the continuity of velocity and pressure in 650 

the whole computational domain. 651 
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 652 

Fig. 16. The velocity and pressure distribution in the computational domain. (Transition zone width (H) = 3∆b, solid 653 

line: background domain solution, dashed line: sub-domain solution, Re = 1000, CFL number = 0.1, ∆b = ∆s =654 

0.01) 655 

 656 

 657 

Fig. 17. The comparison of horizontal velocity (u) and vertical velocity (v) along the center lines of the cavity with 658 

the benchmark solution of Ghia et al. [63]. (Transition zone width (H) = 3∆b, ∆b = ∆s = 0.01, Re = 1000, CFL 659 

number = 0.1) 660 

 661 

3.3 Flow past a fixed circular cylinder 662 

The flow past a fixed cylinder is simulated to further check the accuracy of the present method. 663 

In this simulation, two cases with Reynolds number (Re) of 100 and 185 are considered. The 664 

computation is performed in the background domain and the sub-domain. The domain sizes for the 665 

background domain and the sub-domain are [0,30]×[0,20] and [7,13]×[7,13], respectively. The 666 

cylinder position and the boundary conditions are shown in the Fig. 18(a), and the grid layouts are 667 

given in the Fig. 18(b). In the Fig. 18(a), D denotes the cylinder diameter, and the convection 668 

velocity c is set as the freestream velocity [64]. 669 

 670 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

y 
(m

)

u (m/s)

 Ghia et al. [63]

 Single domain

 Overset grid

v 
(m

/s
)

x (m)

 Ghia et al. [63]

 Single domain

 Overset grid



26 
 

  
(a) Boundary conditions  (b) Overset grid layout 

Fig. 18. Boundary conditions of the computational domain and a schematic diagram of the grid layout. (Black line: 671 

background domain grid, red line: sub-domain grid, blue line: cylinder) 672 

 673 

Firstly, the mesh-independence test and time step size verifications are conducted for a fixed 674 

circular cylinder with a Re of 100, and all the cases are simulated for 200s. In this paper, the force 675 

acting on the cylinder is calculated [65]: 676 

Fx = ρ∫ f
x

Sb

ds− ρΛu̇c(t) (52) 

Fy = ρ∫ f
y

Sb

ds − ρΛv̇c(t) (53) 

where ρ is the density, Sb is the cylinder surface, f
x
 and f

y
 are the Lagrangian force, Λ is the area of 677 

the cylinder, u̇c and v̇c is the accelerations of cylinder motion. 678 

The mesh-independence test is performed using four different grid resolutions of D/∆b =679 

D/∆s = 20, 25, 40 and 50 with a CFL number of 0.05. The CFL number based on the free-stream 680 

velocity U∞, the time step size ∆t, and the sub-domain grid size ∆s is CFL = U∞∆t ∆s⁄ . As shown in 681 

Fig. 19(a), a grid resolution of D/∆b = D/∆s = 40  is sufficient for obtaining mesh-independent 682 

results. Therefore, this grid resolution is adopted for further time step size verifications. Fig. 19(b) 683 

depicts the time-averaged drag coefficient and peak lift coefficient for CFL numbers of 0.100, 0.050, 684 

0.040, and 0.025. As shown, the differences between the results of CFL = 0.04 and CFL = 0.025 685 

are well below 1%. Based on the overall considerations of accuracy and efficiency, the grid 686 

resolution of D/∆b = D/∆s = 40 and the time step size corresponding to CFL = 0.04 are adopted 687 

for the following simulations. 688 

 689 

 690 

Fig. 19. Variation of lift coefficient and drag coefficient of cylinders under different grid resolutions (a) and CFL 691 

numbers (b). 692 
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For the overset grid method, it is important to assess the additional computational cost. This 693 

additional computation includes the overset grid operations (such as hole-cutting, interpolation 694 

searching, and iteration between the background domain and the sub-domains) and the solving of 695 

additional flow fields in the sub-domains. Table 2 compares the computational efficiency of the 696 

present method with the single-domain solution (IB method) at different grid resolutions for 697 

simulating flow past a fixed cylinder at Re = 100. As shown in Table 2, the additional computational 698 

time for the present method is less than 10%. This indicates that the present method does not 699 

significantly increase computational time compared to the single domain solution. 700 

 701 

Table 2 702 

Comparison of total CPU time between the IB method and the present method. 703 

Total CPU time (h) 

D/Δs IB method (T1) Present method (T2) ( T2 − T1) T1⁄ ×100% 

20 6.024 6.616 9.827 

25 10.923 11.908 9.018 

40 44.548 48.477 8.820 

50 89.736 94.816 5.661 

 704 

 705 

Fig. 20. The schematic diagram of the relative position between the artificial boundary and the cylinder. 706 

 707 

In the overset grid method, the size of the sub-domain will also have an impact on the 708 

computation results. Here, the size of the sub-domain is controlled by changing the value of δL. The 709 

variable δL  represents the distance from the artificial boundary to the center of the cylinder, as 710 

shown in Fig. 20. In all simulations, a transition zone width of 3∆b  is used. The single-domain 711 

solution, obtained using the IB method on a uniform grid (∆x = 0.025), provides a benchmark for 712 

evaluating the present method. The variations of the mean drag coefficient and the max lift 713 

coefficient as a function of the sub-domain size are shown in Fig. 21. For ∆b = ∆s, the intermediate 714 

velocity fields corrected by the body force term are consistent in the background domain and the 715 

sub-domain. At this point, the influence of sub-domain size on the results can be ignored, as shown 716 

in Fig. 21. For ∆b > ∆s , the intermediate velocity fields obtained by Eq. (7) are different in the 717 

background domain and the sub-domain. In addition, the body force on the body boundary differs 718 

in the background domain and the sub-domain due to ∆b > ∆s . This leads to differences in the 719 

intermediate velocity field corrected by the body force on the body boundary in the two domains. 720 

Under such conditions, the size of the sub-domain will affect the calculation results, as shown in 721 

Fig. 21. However, compared with the single-domain results, the maximum error of the average drag 722 

coefficient is only 0.37%, and the maximum error of the maximum lift coefficient is only 2.18%. 723 
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As the size of the sub-domain decreases, the error between the results of the present method and the 724 

single-domain results gradually decreases. In this study, in order to mitigate the effects of sub-725 

domain size, δL/D = 1.0 is used when ∆b/∆s = 2. 726 

 727 

 728 

Fig. 21. Variation of average drag coefficient (left) and maximum lift coefficient (right) with δL/D. (Transition zone 729 

width (H) = 3∆b, Re = 100, CFL number = 0.04)  730 

 731 

In the transition zone, the relative grid size (∆b/∆s) between the background domain and the 732 

sub-domain directly affects the accuracy and continuity of the simulation result. To test the effect of 733 

the relative grid size, three background domain grid resolutions of D/∆b =  10, 20, and 40 are 734 

performed, and a constant grid resolution of D/∆s = 40 is used for the sub-domain. The Fig. 22. 735 

displays that the contour lines of the velocity and pressure fields become discontinuous when the 736 

resolution of background domain is D/∆b = 10. However, the background domain resolutions of 737 

D/∆b = 20 and D/∆b = 40 ensure the continuity of the flow field contour lines. This indicates that, 738 

within the transition zone, the grid size of the background domain should be close the sub-domain 739 

grid size to achieve accurate and continuous results. In addition, it can be seen that H = 3∆b  is 740 

adequate to ensure the continuity of the flow field in the entire computational domain for the 741 

background domain resolutions of D/∆b = 20 and D/∆b = 40. In this paper, considering the overall 742 

factors of accuracy, efficiency, and flow field continuity, the grid resolutions of D/∆b = 20 , 743 

D/∆s = 40, H = 3∆b, and δL/D = 1.0 are adopted for all the following simulations unless otherwise 744 

stated. 745 
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 747 
Fig. 22. The distribution of pressure and velocity contours in the computational domain with different background 748 

domain grid sizes. (Black line: background domain solution, red line: sub-domain solution, blue line: cylinder, 749 

transition zone width (H) = 3∆b, Re = 100, CFL number = 0.04, δL/D = 1.0) 750 

 751 

To assess the accuracy of the no-slip condition imposed by the first body force term in the 752 

background domain, the time-averaged velocity error on the body boundary was computed, as 753 

shown in Fig. 23. The error of the velocity is defined as follows: 754 

 E(Xl
n+1) = |Ũb(Xl

n+1)− Un+1(Xl
n+1)| (54) 

where Xl
n+1is the coordinate of the body boundary points at the n+ 1 time step, Un+1 is the desired 755 

velocity at the body boundary. Ũb denotes the velocity on the body boundary interpolated from the 756 

background domain intermediate velocity field ũb. Here, ũb is the intermediate velocity field in the 757 

background domain corrected by the first body force term.  758 

As shown in Fig. 23, the maximum velocity error occurs at the stagnation point, with an 759 

approximate value of 1.42×10-3. This indicates that the intermediate velocity field ũb, corrected by 760 

the first body force term, satisfies the no-slip condition on the body boundary. Therefore, the present 761 

method can implicitly impose the no-slip condition in the background domain by adding the first 762 

body force term to the momentum equation of the background domain. Furthermore, the 763 

conservation properties of the present method are also discussed, with a detailed analysis provided 764 

in Appendix D. 765 
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  766 
Fig. 23. The time-averaged velocity error at the body boundary in the background domain. (Transition zone width 767 

(H) = 3∆b, Re = 100, CFL number = 0.04, δL/D = 1.0, D/∆b = 20, D/∆s = 40)  768 

 769 

The time-averaged drag coefficients (C̅D), root-mean-square of lift coefficients (CL
max) and the 770 

Strouhal numbers (St) are compared with reference results in Table 3 and Table 4 for the two 771 

Reynolds numbers of 100 and 185, respectively. As shown in the table, the current results align well 772 

with the reference data. 773 

 774 

Table 3 775 

Comparison of drag coefficient, lift coefficient, and St with Re = 100 776 

Source Method C̅D CL
max St 

Present  - 1.340 0.321 0.161 

Williamson [66] Experiment - - 0.164 

Uhlmann [53] Diffuse-interface IB method 1.453 0.339 0.169 

Ji et al. [49] Diffuse-interface IB method 1.402 0.349 0.167 

Yu et al. [59] Sharp-interface IB method 1.500 0.390 0.167 

Shen et al. [65] Diffuse-interface IB method 1.376 0.325 0.166 

Lai & Peskin [67] Diffuse-interface IB method 1.447 0.329 0.160 

 777 

Table 4 778 

Comparison of drag coefficient, lift coefficient, and St with Re = 185 779 

Source Method C̅D CL
rms St 

Present  - 1.349 0.441 0.189 

Guilmineau and Queutey [68] Experiment 1.280 - 0.190 

Guilmineau and Queutey [68] Body-fitted grid 1.287 0.443 0.195 

Lu and Dalton [69] Body-fitted grid 1.310 0.422 0.195 

Gronskis and Artana [70] Sharp-interface IB method 1.440 0.596 0.195 

 780 

3.4 In-line oscillation of a circular cylinder 781 

To investigate the accuracy of the present method in moving boundary problems, in-line 782 

oscillation of a cylinder is computed. The in-line motion of the cylinder is given as 𝑥(t) =783 
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−Asin(2πft) , where A and f are the oscillating amplitude and frequency, respectively. In this 784 

simulation, there are two key parameters: Reynolds number (Re = UmaxD/ν) and Keulegan-785 

Carpenter number (KC = Umax/fD), where Umax is the maximum moving velocity of the circular 786 

cylinder and D is the cylinder diameter. To compare with the experimental data and numerical results 787 

of Dutsch [71], simulations are performed with Re = 100 and KC = 5. In this case, the background 788 

domain size is [-10,10]×[-10,10] and the sub-domain size is [-1.15,1.15]×[-1.15,1.15]. The initial 789 

position of the cylinder is located at the center of the computational domain. The boundary 790 

conditions and grid layout are given in Fig. 24.  791 

 792 

  
(a) (b) 

Fig. 24. Boundary conditions and grid layouts for in-line oscillating circular cylinder. (a) Boundary conditions; (b) 793 

Grid layouts with background domain (black line: Ωb), sub-domain (red line: Ωs), and cylinder (blue line). 794 

 795 

 796 

Fig. 25. Comparison of the instantaneous in-line force coefficient Cx  of an in-line oscillating circular cylinder. 797 

(Transition zone width (H) = 3∆b, CFL number = 0.04, δL/D = 1.0, D/∆b = 20, D/∆s = 40) 798 

 799 

In Fig. 25, the instantaneous in-line force coefficient Cx is contrasted with the results of Dutsch 800 

et al. [71], wherein Cx is defined as Cx = Fx/(ρDUmax
2 ) with Fx being the in-line force on the circular 801 

cylinder. It is evident that the results of the present method are in good agreement with the numerical 802 

results of Dutsch et al. [71]. 803 

The velocity components along the transverse direction (y ) at four in-line positions of x =804 

-0.6, 0.0, 0.6 and 1.2 are compared with the experimental and numerical results of Dutsch et al. [71] 805 

for three different phase positions of 180°, 210° and 330° in Fig. 26, 27, and 28, respectively. As 806 

shown, very good agreement is reached in the comparisons.  807 

Fig. 29 shows the pressure and vorticity fields at different phase angles. Smooth transitions of 808 

0.0 0.2 0.4 0.6 0.8 1.0
-3

-2

-1

0

1

2

3

C
x

t/T

 Present

 Dutsch et al. [71]



32 
 

the pressure and vorticity contours are observed at the boundaries of the sub-domain. These results 809 

demonstrate that the present method is able to accurately predict the flow field induced by a moving 810 

boundary, and the continuity of physical quantities is ensured in the whole computational domain.  811 

Table 5 summarizes the computational time required for each component of the present method. 812 

To compare the present method with the single-domain solution (IB method), the background grid 813 

resolution of the present method is adopted for the single-domain solution. In Table 5, the total CPU 814 

time represents the overall computational cost over 30,000 time steps. As can be seen from Table 5, 815 

compared with the single-domain solution, the total computational cost of the present method only 816 

increases by 11.67%. Among them, the sub-domain flow field solution accounts for 4.45%, and the 817 

overset grid assembly process accounts for 2.69%. Post-processing (including flow field output and 818 

residual calculation, etc.) and sub-domain coordinate transformation account for 4.53%. The results 819 

show that the present method does not significantly increase the computational cost compared with 820 

the single-domain solution when simulating moving bodies. Moreover, the overset grid assembly 821 

process only increases the computational cost by 2.69%. This highlights that the novel overset grid 822 

assembly strategy has good computational efficacy.  823 

 824 

Table 5  825 

Total CPU time (h) of each component in the present method 826 

 IB method 

(I) 

Present method 

(P) 
P_T1/I_T3 P_T2/I_T3 (P_T3-I_T3)/I_T3 

Sub-domain time (T1) - 0.248 - - - 

OGA time (T2) - 0.150 - - - 

Total time (T3) 5.57 6.22 - - - 

P I⁄ ×100% - - 4.45 2.69 11.67 

Notes: Sub-domain time represents the total CPU time required for the sub-domain flow field solution. OGA time 827 

represents the total CPU time for the overset grid assembly process, which includes determining donor and receptor 828 

points, computing the first and second body force terms, and performing interpolation operations. Total time 829 

represents the total CPU time for the whole computational domain solution, including the sub-domain flow field 830 

solution, the overset grid assembly process, the background domain flow field solution, the coordinate 831 

transformation, and the post-processing. 832 

 833 
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 834 
Fig. 26. Comparison of the x-direction velocity (U) and y-direction velocity (V) at different cross sections at phase 835 

position 180°. ■: experimental data [71]; ●: numerical results [71]; solid line: the present results. (Transition zone 836 

width (H) = 3∆b, CFL number = 0.04, δL/D = 1.0, D/∆b = 20, D/∆s = 40) 837 
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 839 
Fig. 27. Comparison of the x-direction velocity (U) and y-direction velocity (V) at different cross sections at phase 840 

position 210°. ■: experimental data [71]; ●: numerical results [71]; solid line: the present results. (Transition zone 841 

width (H) = 3∆b, CFL number = 0.04, δL/D = 1.0, D/∆b = 20, D/∆s = 40) 842 
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 844 
Fig. 28. Comparison of the x-direction velocity (U) and y-direction velocity (V) at different cross sections at phase 845 

position 330°. ■: experimental data [71]; ●: numerical results [71]; solid line: the present results. (Transition zone 846 

width (H) = 3∆b, CFL number = 0.04, δL/D = 1.0, D/∆b = 20, D/∆s = 40) 847 
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 849 

Fig. 29. Pressure and vorticity contours at four different phase positions for the present method solutions. (Black 850 

line: background domain solution, red line: sub-domain solution, green line: cylinder, transition zone width (H) = 851 

3∆b, CFL number = 0.04, δL/D = 1.0, D/∆b = 20, D/∆s = 40)  852 

 853 

 854 

 855 
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3.5 Transversely oscillating cylinder in a free-stream 856 

To further validate the present method, a transversely oscillating cylinder in uniform free-857 

stream is simulated. The oscillating function of the cylinder is y(t) = Acos(2πfet), where A is the 858 

amplitude of the oscillation and fe is the excitation frequency. The Reynolds number (Re) is 185, 859 

and the oscillating amplitude A is 0.2D. The excitation frequency range is 0.8 ≤ f
e
/f

0
≤ 1.2, where 860 

f
0
= 0.195  is the vortex shedding frequency of a fixed cylinder at Re = 185 . This simulation is 861 

carried out in two computational domains, wherein the background domain size is [0,30]×[0,20] 862 

and the sub-domain size is [8.85,11.15]×[8.85,11.15]. The boundary conditions and grid layout of 863 

the computational domain are shown in Fig. 30.  864 

 865 

  
(a) (b) 

Fig. 30. Boundary condition and grid layout for transversely oscillating cylinder in a free-stream. (a) Boundary 866 

condition; (b) Grid layout with background domain (black line: Ωb), sub-domain (red line: Ωs), and cylinder (blue 867 

line). 868 

 869 

The results of fe/f0 = 0.8 are summarized in Table 6, in which the average drag coefficient (C̅D), 870 

the root mean square value of the drag coefficient (CD
rms

) and the root mean square value of the lift 871 

coefficient (CL
rms

 ) are presented. All the three key quantities agree well with the reference data. 872 

Further comparison reveals that the root mean square value of the lift coefficient that calculated 873 

using the present method is more closely aligned with the body-fitted grid results of Guilmineau 874 

and Queutey [68]. The time histories of the drag and lift coefficients with six exciting frequencies 875 

(fe/f0 = 0.8, 0.9, 1.0, 1.1, 1.12 and 1.2) are presented in Fig. 31. As demonstrated, the well-known 876 

“knot phenomenon” for fe/f0 = 1.1 is also well captured by the present method. 877 

 878 

Table 6 879 

Comparison of the force coefficients for the transversely oscillating cylinder at Re = 185, fe/f0 = 0.8. 880 

Source Method C̅D CD
rms

 CL
rms

 

Present  - 1.307 0.043 0.077 

Yang et al. [35] Diffuse-interface IB method 1.290 0.043 0.070 

Guilmineau and Queutey [68] Body-fitted grid 1.195 0.036 0.080 

Yang and Balaras [34] Sharp-interface IB method 1.266 0.042 0.070 

 881 

 882 
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 883 

Fig. 31. Time histories of the lift (lower line) and drag (upper line) coefficients of a transversely oscillating cylinder 884 

with different excitation frequencies at Re = 185 . (Transition zone width (H) = 3∆b , CFL number = 0.04, 885 

δL/D = 1.0, D/∆b = 20, D/∆s = 40) 886 

 887 

The comparisons of the drag and lift coefficients for six frequencies with the different 888 

numerical results are shown in Fig. 32(a). The phase angle between the lift coefficient and the 889 

vertical displacement of the cylinder at different frequencies is shown in Fig. 32(b). The results are 890 

in good agreement with the corresponding results of Guilmineau [68] and Yang [34]. Fig. 33 shows 891 

the pressure and vorticity contours at three excitation frequencies when the cylinder is at the positive 892 

peak of the oscillation. It can be observed that the pressure and vorticity fields are continuous near 893 

the sub-domain boundary. 894 
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 896 

Fig. 32. Comparison of (a) the force coefficients and (b) the phase angle between lift coefficient and vertical 897 

displacement for a transversely oscillating cylinder with different excitation frequencies at Re = 185. (Transition 898 

zone width (H) = 3∆b, CFL number = 0.04, δL/D = 1.0, D/∆b = 20, D/∆s = 40) 899 

 900 

In the IB methods, a point within the body can become a point within the fluid at the next time 901 

step and vice versa, as the body boundary moves. This leads to the velocity and pressure at certain 902 

points in the flow acquiring non-physical values due to their previous location within the body 903 

boundary [34]. Therefore, for IB methods, non-physical pressure oscillations can be found when 904 

simulating moving boundaries. Fig. 34 compares the pressure obtained by the IB method and the 905 

present method at three monitoring points (see Fig. 35). Here, a uniform grid with D ∆x⁄ = 40 is 906 

used in the whole computational domain for the IB method. In the present method, a grid resolution 907 

of D ∆x⁄ = 20 is used for the background domain and D ∆x⁄ = 40 for the sub-domain to enhance 908 

computational efficiency. The results indicate that the IB method has non-physical pressure 909 

oscillations on the body surface for 2-point [72], 3-point [55], and 4-point [56] functions. In contrast, 910 

the present method effectively suppresses the non-physical pressure oscillations for all tested 911 

regularized delta functions. This is attributable to the body boundaries remaining stationary relative 912 

to the sub-domain during the simulation of moving bodies. In this way, the points within the body 913 

boundary do not become fluid points. As a result, the present method can effectively suppress non-914 

physical pressure oscillations when simulating moving boundaries. This leads to the following 915 

benefits of the present method compared to the traditional IB method: (ⅰ) In the traditional diffuse-916 

interface IB method, the 2-point function can achieve higher wall resolution. However, it leads to 917 

very significant non-physical pressure oscillations (see Fig. 34(a)). In addition, the 3-point and 4-918 

point functions can achieve higher accuracy due to smaller non-physical pressure oscillations. 919 

Therefore, the 2-point function is rarely used. For the present method, the 2-point function can be 920 

used to impose the no-slip boundary condition in the sub-domain for achieving better wall resolution, 921 

since the non-physical pressure oscillations are effectively suppressed; (ⅱ) The present method can 922 

effectively suppress non-physical pressure oscillations without requiring relatively fine grids. In 923 

three-dimensional simulations, it can save computational resources and improve computational 924 

efficiency; (ⅲ) In traditional IB methods, non-physical pressure oscillations can also be suppressed 925 

with the non-uniform grids. However, in scenarios where bodies undergo large distance motion 926 
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induced by the flow (such as sedimenting particles), non-uniform grid approaches may become 927 

cumbersome, whereas the present method could be advantageous in these cases. 928 

The above results show that the present method can accurately simulate moving bodies and 929 

ensure the continuity of physical quantities in the whole computational domain. Meanwhile, the 930 

present method can effectively suppress the non-physical pressure oscillations when the IB method 931 

is used to impose no-slip boundary conditions in the sub-domain. 932 

 933 

 934 

Fig. 33. Pressure and vorticity contours at three excitation frequencies. (Black line: background domain solution, 935 

red line: sub-domain solution, green line: cylinder, transition zone width (H) = 3∆b, CFL number = 0.04, δL/D = 1.0, 936 

D/∆b = 20, D/∆s = 40)  937 

 938 

 939 

 940 

 941 
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 942 

Fig. 34. Time-periodic variation of the pressure at the monitoring point of the body surface with different regularized 943 

delta functions. (Transition zone width (H) = 3∆b, CFL number = 0.04, δL/D = 1.0) 944 

 945 

 946 

Fig. 35. Schematic diagram of pressure monitoring point location 947 

 948 

3.6 Flow past two tandem cylinders 949 

To assess the accuracy of the present method in simulating the interaction of multiple bodies, 950 

the flow past two tandem cylinders is computed. In this simulation, the upstream cylinder is 951 
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stationary, while the downstream cylinder is stationary or undergoes a transverse motion. For the 952 

two cases, a Reynolds number (Re) of 100 is used. The boundary conditions and grid layout are 953 

shown in Fig. 36.  954 

 955 

  
(a) (b) 

Fig. 36. Boundary condition and grid layout for flow past two tandem cylinders. (a) Boundary condition; (b) Grid 956 

layout with background domain (black line: Ωb), sub-domain (red line: Ωs), and cylinder (blue line). 957 

 958 

For the stationary downstream cylinder, three center-to-center spacing distances are considered: 959 

T/D = 2.5, T/D = 5.5 and T/D = 7.0, where D is the cylinder diameter. In this simulation, the size 960 

of the background domain is [0,30+T]×[0,20]. The corresponding values of L1 and L2 are 10 and 961 

20+T, respectively. The sizes of the sub-domains corresponding to the upstream cylinder and the 962 

downstream cylinder are [8.85,11.15]×[8.85,11.15] and [8.85+T,11.15+T]×[8.85,11.15], 963 

respectively. Table 7 presents the comparison of drag coefficient, lift coefficient, and Strouhal 964 

number between the present method and the reference data. It can be observed that the mean drag 965 

coefficient and the Strouhal number are close to the results of Ding et al [73]. The maximum error, 966 

which occurs for the downstream cylinder, is 3.96%. Regarding the peak value of the lift coefficient, 967 

it is close to the result of Mittal and Kumar [74], and the maximum error, also occurring for the 968 

downstream cylinder, is 6.38%. Overall, the present results are in good agreement with the reference 969 

data.  970 

Table 7 971 

Comparison of drag coefficient, lift coefficient, and Strouhal number for two stationary tandem cylinders at Re = 972 

100. 973 

  T/D = 2.5  T/D = 5.5 

  UC DC  UC DC 

Drag 

coefficient 

Present 1.202 –0.0859  1.378 ± 0.014 0.824 ± 0.131 

Ding et al. [73] 1.163 –0.0895  1.329 ± 0.013 0.858 ± 0.125 

Mittal and Kumar [74] 1.271 –0.075  1.433 ± 0.015 0.952 ± 0.164 

Lift 

coefficient 

Present 0.0 0.0  0.0 ± 0.395 0.0 ± 1.630 

Ding et al. [73] 0.0 0.0  0.0 ± 0.330 0.0 ± 1.554 

Mittal and Kumar [74] 0.0 0.0  0.0 ± 0.403 0.0 ± 1.741 

Strouhal 

number 

Present - -  0.158 0.158 

Ding et al. [73] - -  0.160 0.160 

Mittal and Kumar [74] - -  0.168 0.168 

Note: UC refers to the upstream cylinder, DC refers to the downstream cylinder 974 
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The results for Re = 100 and T/D = 7.0 are summarized in Table 8, which presents the drag 975 

coefficient, lift coefficient, and Strouhal number. It can be seen that the maximum error in the drag 976 

coefficient, lift coefficient and Strouhal number are 1.33%, 1.93% and 3.61%, respectively. The 977 

results indicate that the present results are well consistent with the results of Mahir and Altaç [75]. 978 

Additionally, when investigating different center-to-center distances, a limitation of the present 979 

method was identified. Specifically, the two sub-domains must remain non-overlapping to prevent 980 

numerical divergence. In traditional overset grid methods, each computational domains are assigned 981 

a priority level, with higher-level domains overriding lower-level ones. The boundary values of 982 

higher-level domains are interpolated from the lower-level domains. In the present method, no 983 

priority level is assigned to the computational domains, and the boundary values for the two sub-984 

domains are interpolated from the background domain. This may be the cause of the numerical 985 

divergence observed when the two sub-domains overlap. In future work, each computational 986 

domain will be assigned a priority level to overcome the current limitations. 987 

 988 

Table 8 989 

Comparison of drag coefficient, lift coefficient, and Strouhal number for two stationary tandem cylinders with Re = 990 

100 and T/D = 7.0. 991 

 
Drag coefficient  Lift coefficient  Strouhal number 

 
UC DC  UC DC  UC DC 

Present 1.373 ± 0.012 0.673 ± 0.07  ±0.356 ±1.319  0.160 0.160 

Mahir and Altaç [75]  1.355 ± 0.014 0.682 ± 0.07  ±0.363 ±1.309  0.166 0.166 

Error (%) 1.33 1.32  1.93 0.76  3.61 3.61 

Note: UC refers to the upstream cylinder, DC refers to the downstream cylinder 992 

 993 

 994 
Fig. 37. Time-averaged drag coefficient (C̅D) and root mean square value of the lift coefficient (CL

rms) versus vibration 995 

frequency at T/D = 7.0. (UC: upstream cylinder, DC: downstream cylinder, transition zone width (H) = 3∆b, CFL 996 

number = 0.04, δL/D = 1.0, D/∆b = 20, D/∆s = 40) 997 

 998 

In the second case, the upstream cylinder is stationary, and the downstream cylinder undergoes 999 

a specified transverse motion. In the present method, the IB method is applied in the sub-domains. 1000 

For validation purposes, the numerical results reported by Ren et al. [76] using the IB method serve 1001 

as reference data for comparative analysis. In this simulation, the oscillating function of the cylinder 1002 
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is y(t) = Asin(2πfet), where A is the amplitude of the oscillation and fe is the excitation frequency. 1003 

T/D = 7.0, A = 0.15D, and four excitation frequencies are used. The four excitation frequencies are 1004 

f
e
/f

0
= 0.0 ,  f

e
/f

0
= 0.7 ,  f

e
/f

0
= 1.3 , and  f

e
/f

0
= 1.7 . Here, f

0
= 0.158  is the vortex shedding 1005 

frequency of the two tandem stationary cylinders at T/D = 7.0. The size of the background domain 1006 

is [0, 45]×[0, 30]. The corresponding values of L1 and L2 are 15 and 30, respectively. The sizes of 1007 

the sub-domains corresponding to the upstream cylinder and the downstream cylinder are [13.85, 1008 

16.15]×[13.85, 16.15] and [20.85, 23.15]×[13.85, 16.15], respectively.  1009 

The comparisons of the drag and lift coefficients for different frequencies with the numerical 1010 

results of Ren et al. are shown in Fig. 37. It can be seen that the present results are in good agreement 1011 

with the results of Ren et al. [76], except for the average drag coefficient of the upstream cylinder. 1012 

For the upstream cylinder, the maximum error in the average drag coefficient is only 5.07%. In 1013 

general, the present method shows a good agreement with the results obtained by Ren et al. [76].  1014 

Fig. 38 shows the pressure and vorticity contours at three excitation frequencies when the 1015 

downstream cylinder is at the positive peak of the oscillation. It can be observed that the pressure 1016 

and vorticity fields are continuous near the sub-domain boundaries. The above results demonstrate 1017 

that the present method can accurately simulate the interactions of multiple bodies involving motion 1018 

and ensure the continuity of physical quantities in the whole computational domain. 1019 

 1020 

 1021 
Fig. 38. Pressure and vorticity contours at three excitation frequencies. (UC: upstream cylinder, DC: downstream 1022 

cylinder, black line: background domain solution, red line: sub-domain solution, green line: cylinder, transition zone 1023 
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width (H) = 3∆b, CFL number = 0.04, δL/D = 1.0, D/∆b = 20, D/∆s = 40)  1024 

 1025 

4. Conclusions 1026 

In this study, a novel overset grid assembly strategy based on the diffuse-interface IB method 1027 

for a weak coupling framework is presented. The present method integrates the advantages of the 1028 

overset grid method and the IB method while mitigating their limitations. The highlights of the 1029 

present method include: (ⅰ) At each time step, the third-order polynomial time extrapolation 1030 

technique is used to estimate the pressure at the sub-domain receptor points. The velocity at the sub-1031 

domain receptor points is determined using the estimated pressure and the intermediate velocity 1032 

directly interpolated from the background domain. Thereby, the velocity and pressure boundary 1033 

conditions of the sub-domains can be accurately imposed without the iterative process. Compared 1034 

to traditional weak coupling overset grid methods, the iterative process between the background 1035 

domain and the sub-domains is not necessary, which significantly enhances the computational 1036 

efficiency; (ⅱ) Two additional body force terms, obtained by the diffuse-interface IB method, are 1037 

added to the momentum equations in the background domain. The first body force term implicitly 1038 

imposes the no-slip condition on the body boundary in the background domain. The second body 1039 

force term utilizes the information from the sub-domains to further correct the background flow 1040 

field, thereby ensuring the continuity of the flow field between the background domain and the sub-1041 

domains. In this way, the explicit flow field information interpolation process from the sub-domains 1042 

to the background domain is not necessary. Therefore, in contrast to traditional overset grid methods, 1043 

the complex hole-cutting operation is avoided; (ⅲ) There is non-physical pressure oscillations in IB 1044 

methods when dealing with moving bodies. However, the present method can effectively suppress 1045 

the non-physical pressure oscillations in moving body simulations; (ⅳ) Compared to the HBM-IBM, 1046 

there is no need to search for the background domain grid covered by the sub-domains, and only the 1047 

flow field on the background domain grid near the body boundary and the artificial boundary (see 1048 

Fig. 8) needs to be corrected by the diffuse-interface IB method. Thereby, it can save computational 1049 

resources and improve computational efficiency, especially in three-dimensional simulations. 1050 

To validate the present method, a series of numerical simulations have been carried out. In the 1051 

Taylor-Green vortex simulation, second-order spatial convergence accuracy for velocity is obtained. 1052 

The lid-driven cavity flow is used to test the flow field information exchange process between the 1053 

background domain and the sub-domains. In the simulation of fixed cylinder, several key parameters 1054 

are discussed, such as transition zone width (H), sub-domain size and relative grid size (Δb Δs⁄ ), etc. 1055 

In addition, the computational efficiency is analyzed by the fixed cylinder and the in-line oscillating 1056 

cylinder simulation. The results show that for the fixed cylinder, the computational time of the 1057 

present method only increases by about 10% compared to the single domain solution with the same 1058 

grid size. For the moving cylinder, compared with the single-domain solution, the total 1059 

computational cost of the present method only increases by 11.67%. In the in-line and transversely 1060 

oscillating cylinder simulation, the computed results agree well with the reference data. The 1061 

effectiveness of the present method in suppressing non-physical pressure oscillations is 1062 

demonstrated by the simulation of a transversely oscillating cylinder. In addition, the flow past two 1063 

tandem cylinders is used to assess the accuracy of the present method in simulating the interaction 1064 

of multiple bodies. 1065 

In the overset grid method, body-fitted grids are typically used for sub-domains. This study 1066 
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primarily focuses on data exchange between the background domain and the sub-domains. For 1067 

simplicity, uniform Cartesian grids are used for sub-domains. In addition, the motions in FSI are 1068 

also simplified from induced motions to specified motions. In future work, the novel overset grid 1069 

assembly strategy combined with body-fitted sub-domains will be applied to simulate FSI involving 1070 

induced motions and high Reynolds number flows. It should be noted that the explicit treatment of 1071 

viscous terms and a low CFL number are not suitable for simulating high Reynolds number flows 1072 

in this study. Thus, further refinements to the present method will be necessary in future research, 1073 

such as the use of a semi-implicit treatment for viscous terms. 1074 
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 1079 

Appendix A. Regularized delta functions 1080 

Here we write the one-dimensional form of some of the regularized delta functions used in this 1081 

work. In multiple dimensions, a tensor product of the one-dimensional regularized delta functions 1082 

is formed.  1083 

 1084 

A 2-point function [72]: 1085 

ϕ
1
(r) = {

1− |r|, |r|<1.0

 0,      1.0≤|r|
 (A.1) 

 1086 

A 3-point function [55]: 1087 
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 1088 

A 4-point function [56]: 1089 
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 1090 

A 6-point function [57]: 1091 
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 1092 

A 4-point piecewise cubic function [58]: 1093 
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ϕ
4

∗(r) =
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 1094 

A smoothed 3-point function [35]: 1095 
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A smoothed 4-point function [35]: 1097 
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 1098 

Appendix B. Effect of transition zone width on numerical stability  1099 

To facilitate description, the grid nodes used to impose sub-domain boundary conditions are 1100 

designated as receptor points, while the background grid nodes providing interpolation information 1101 

to the receptor points are referred to as donor points. The background domain corrected by the 1102 

artificial boundary is designated as the correction zone, as shown in Fig. B1. If the donor points are 1103 

located within the correction zone, the flow field information at the donor points becomes 1104 

contaminated, providing error flow field data to the receptor points. As time stepping progresses, 1105 

this ultimately leads to computational divergence. Therefore, the donor points must be located 1106 

outside the correction zone to ensure numerical stability. From Fig. B1, it can be observed that the 1107 

spatial position between the donor point and the correction zone can be controlled by adjusting the 1108 

transition zone width. In addition, the correction zone size depending on the specific regularized 1109 

delta function. This indicates that a minimum transition zone width must be determined for the 1110 

specified regularized delta function to ensure numerical stability. In the Fig. B1, the donor points 1111 

and correction zone are located on the background domain. Thus, the transition zone width must be 1112 

determined based on the background domain grid size. In this study, the transition zone widths are 1113 

set as integer multiples of the background domain grid size due to the coincidence of the artificial 1114 

boundary with the sub-domain grid. For the present method, the minimum transition zone widths 1115 

corresponding to different regularized delta functions are presented in Table B1. 1116 

 1117 
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 1118 

Fig. B1. Two-dimensional example of information exchange in the novel overset grid assembly strategy. (a) The 1119 

donor point is located within the correction zone; (b) The donor point is located outside the correction zone. 1120 

 1121 

Table B1 1122 

The minimum transition zone width required to ensure the stability of the novel overset grid assembly strategy. 1123 

Regularized delta function Support domain radius (𝑟𝑠) Minimum transition zone width (H) 

3-point function 1.5 3∆b 

4-point function 2 3∆b 

6-point function 3 4∆b 

4-point piecewise cubic function 2 3∆b 

Smoothed 3-point function 2 3∆b 

Smoothed 4-point function 2.5 4∆b 

 1124 

Appendix C. Effect of artificial boundary on flow field continuity 1125 

In the present method, in order to ensure the continuity of the flow field in the whole 1126 

computational domain, the second body force term, calculated based on the velocity on the artificial 1127 

boundary, is added to the momentum equations in the background domain. To more clearly 1128 

demonstrate the impact of the artificial boundary on flow field continuity, two cases are presented: 1129 

flow past a fixed circular cylinder and the in-line oscillation of a circular cylinder. From Fig. C1 and 1130 

Fig. C2, it can be observed that for the stationary and moving circular cylinders, the absence of the 1131 

artificial boundary will result in a discontinuous flow field. In contrast, the presence of the artificial 1132 

boundary can ensure the continuity of the flow field in the whole computational domain. 1133 
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 1134 

Fig. C1. Pressure and velocity contours at 200 s for a fixed circular cylinder. (Black line: background domain 1135 

solution, red line: sub-domain solution, green line: cylinder, transition zone width (H) = 3∆b, Re = 100, CFL number 1136 

= 0.04, δL D⁄  = 3.0, D/∆b = 20, D/∆s = 40) 1137 

 1138 

 1139 
Fig. C2. Pressure and velocity contours at 192° phase positions for the in-line oscillation of a circular cylinder. 1140 

(Black line: background domain solution, red line: sub-domain solution, green line: cylinder, transition zone width 1141 

(H) = 3∆b, CFL number = 0.04, δL D⁄  = 1.0, D/∆b = 20, D/∆s = 40) 1142 
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Appendix D. The conservation properties 1143 

In the IB methods, the lack of mass conservation has been identified as one of the causes for 1144 

generating spurious force oscillations in case of moving body simulations [62]. In the present 1145 

method, two additional body force terms, obtained by the diffuse-interface IB method, are 1146 

considered into the momentum equations for solving the background domain. Thus, it is necessary 1147 

to discuss the mass conservation properties of the present method. 1148 

Here, flow past a fixed circular cylinder and a transversely oscillating cylinder in a free-stream 1149 

are used to examine the efficacy of the present method in mass conservation. The simulations are 1150 

carried out in two computational domains, where the background domain size is [0,30]×[0,20] and 1151 

the sub-domain size is [8.85,11.15]×[8.85,11.15]. For the moving cylinder, the oscillating function 1152 

of the cylinder is y(t) = Acos(2πfet), where A is the amplitude of the oscillation and fe is the excitation 1153 

frequency. The oscillating amplitude A is 0.2D. The excitation frequency is  f
e
/f

0
= 0.8, where f

0
=1154 

0.195 is the vortex shedding frequency of a fixed cylinder at Re = 185.  1155 

The temporal history of the local maximum divergence |∇·u| in the background domain and 1156 

the sub-domain for the fixed cylinder is presented in Fig. D1. It can be seen that the velocity field 1157 

satisfies the divergence-free condition in both the background domain and the sub-domain, with the 1158 

maximum value of the local velocity divergence being 10-5. This proves that the present method 1159 

satisfies the discrete local mass conservation. For the moving cylinder, Fig. D2 depicts the temporal 1160 

evolution of the local maximum divergence in both the background domain and the sub-domain, 1161 

which remains bounded and less than 10-4 over the course of simulation. This further confirms the 1162 

efficacy of the proposed method in satisfying the discrete mass conservation constraint even in 1163 

simulations of moving bodies. 1164 

  
Fig. D1. Local maximum divergence in the background domain and sub-domain for the flow past a fixed circular 1165 

cylinder. (Transition zone width (H) = 3∆b, Re = 185, CFL number = 0.04, δL D⁄  = 1.0, D/∆b = 20, D/∆s = 40) 1166 
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Fig. D2. Local maximum divergence in the background domain and sub-domain for the transversely oscillating 1167 

cylinder in a free-stream. (Transition zone width (H) = 3∆b , Re = 185, CFL number = 0.04, δL D⁄  = 1.0 , 1168 

D/∆b = 20, D/∆s = 40) 1169 
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