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Abstract 

A novel adaptive control dynamic-grids generation method based on two-dimensional body 

fitted grids is developed, which offers a solution to the application of high-precision structured 

grids in the complicated moving and deforming boundary flow fields. There have been some 

dynamic-grids methods proposed by researchers. In these methods, advantages of structured 

grids in the accuracy and rate of generation, and the applicability of turbulence models, have 

not been made full use of. The adaptive control method manages to generate updated high-

precision body fitted structured grids in each time step according to the movement and 

deformation of flow field boundaries. Researches of flow fields with moving and deforming 

boundaries are supposed to benefit from this new dynamic-grids method.  

Keywords: dynamic-grids; grid generation; body fitted structured grids; deforming boundary 

flow field; fish-like undulation 

Introduction 

In the field of simulation and quantification of biological locomotion in fluids, a series of 

challenges are presented for the development of suitable numerical methods in front of 

researchers. The movement and deformation of the boundary in an unsteady flow field remains 

a challenge for numerous CFD researches. The dynamic-grids technology is a commonly used 

method to tackle with such situation. Then more dynamic-grids methods are proposed and 

developed by researchers.  

The dynamic-grids methods are generally coupled with unstructured triangular grids owing to 

its brilliant solution to the complex geometric configurations. Cavallon et al. [1] developed an 

edge-based unstructured flow solver for flow fields with moving and/or deforming boundaries. 

In the work of Batina [2], an improved algorithms for the solution of the time-dependent Euler 

equations are presented for unsteady aerodynamic analysis involving unstructured dynamic 



 

 

meshes. Blom [3] presents an investigation on the spring analogy, which serves for deformation 

in a moving boundary problem. Many researchers have used and improved the spring analogy 

coupled with unstructured grids in a variety of flow fields. Bottasso et al. [4] complement a 

network of edge springs with an additional set of linear springs that oppose element collapsing 

to achieve better robustness. Pérez et al. [5] applied the 2D dynamic mesh based on spring-

smoothing dynamic mesh model for deposit shape prediction in boiler banks. However, it is 

still unable to handle the large deformation using only spring-smoothing method for dynamic-

grids. Therefor this method is often coupled with globe or regional remeshing methods.  

But the inherent defect of unstructured triangular grids is inextricable. The structured grid 

has more advantages compared with the unstructured grid in the computer memory saving and 

the computational efficiency. To employ the structured grids on the dynamic-grids methods, the 

first requirement is to generate the body-fitted grids for different boundaries. In 1999, the 

generation of various forms of grids has been systematically introduced [6]. It is a challenge for 

researchers to maintain the grids quality and orthogonality during the movement and 

deformation of boundaries. The commercial CFD software, FLUENT, is adopted a dynamic-

grids method for structured grids, which is called diffusion-smoothing method. But this method 

is still of strong limitation. At present, few researchers stimulate the flow fields with moving 

and deforming boundaries with structured grids, which is a treasure trove for CFD.  

With the development of CFD technology, many other methods are introduced into the problem. 

The wake structure of a single swimmer is simulated by Mattia et al. [7] using a vortex particle 

method coupled with a penalization technique. Yigang Xu and Decheng Wan [8] approach the 

problem with multi-block and overset grid method.  

We present a novel adaptive control dynamic-grids generation method based on two-

dimensional body fitted grids in the paper. The method, which is named as adaptive control 

dynamic-grids method, aims to solve the application of high-precision structured grids in the 

complicated flow field of moving and deforming boundaries. It can control the accuracy of 

structured grids of the entire flow field readily, especially in the near-wall and wake region. The 

computational expense is less than most present dynamic-grids methods. 

Methodology 

Structured body fitted grids generation method 

The kernel of body fitted structured grids generation is to build up the mapping relation between 

the computational domain and the physical domain. Many pioneering researchers have 

proposed various schemes such as the TTM [9] method based on solving a set of elliptic partial 

differential equations. However, considering that the grids of entire flow field should update in 

each time steps or certain time steps when using dynamic-grids method, the computational 

speed and burden are an important factor. As a result, we construct the new method by the 

algebraic method to achieve the high generating speed. The quality of body fitted grids can be 

of enough precise. To mapping the physical domain into the computational domain, the Eq. (1) 

needs to be figured out. 
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where Domain xy refers to the physical domain and Domain ξη refers to the computational 

domain. In the application of CFD, the boundary condition is the input parameter, which means 

that the one-to-one correspondence can be formed between physical domain boundaries and 

computational domain boundaries. The relation is presented as Eq. (2): 
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where Mx and My are the number of nodes in x and y dimension separately. In order to 

implement the coordinate conversion between two different coordinate systems, the Jacobian 

matrix is introduced. The Jacobian matrix can be deduced as 
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where J is the Jacobian matrix. Subscripts represent partial differentiations with respect to the 

referred variables. It should be noted that these partial differentiations are actually discrete form 

because the grids nodes are discrete. The computational process is illustrated as Fig. 1 below.

 

Figure 1 Algebraic interpolation principle 
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In Eq. (4), subscripts of ξ and η represent the partial differentiations while the subscripts of x 

and y are the indications of different points as the figure illustrated. The robustness of the 

computational process is important to deal with various flow field boundaries. There are 

divisions performed to obtain J. Therefore an extra procedure is applied to complete the 

coordinate conversion if the denominators happen to be 0 or close to 0.  

A subroutine is programmed into the computational process. When the absolute value of the 

denominator is less than 10-6, the coordinate system is rotated by the subroutine. By rotation of 

the coordinate of a particular angle, the value of each node is converted and the difference is 

enlarged to avoid morbid matrix. After the coordinate values of all nodes in the new coordinate 

system are achieved, let the coordinate just rotate backward by the same angle. By completing 

the steps above, the grids generation is of generality for different flow field.  



 

 

Adaptive control dynamic-grids method  

Commercial software (FLUENT) has several built-in methods, which can help users to solve 

dynamic-grids problem readily. But yet, these methods are not able to satisfy researches of 

various flow fields universally.  

The adaptive control dynamic-grids method is coupled with the User Define Function (UDF) 

based on FLUENT. The UDF is written by the users themselves in C code. Actually, users are 

able to interfere in any steps of the entire process and redefine them by UDF. However, most 

of the dynamic-grids applications based on UDF are confined to the moving rigid boundary or 

unstructured grids. We present the new dynamic-grids method based on structured grids to solve 

the moving and deforming boundary flow field problem, which is a breakthrough for structured 

dynamic-grids. 

The key part of dynamic-grids is how to control the movement of boundaries and the update of 

grids. For instance, when a flexible object is locomote in a flow, the movement and deformation 

occurs simultaneously, which is a challenge for the quality of grids. The software has provided 

several functional interfaces to settle the dynamic boundaries, while there is hardly any one of 

them that has been used to control the nodes system of the entire flow field. Fig. 2 presents the 

process diagram of the adaptive control method. 
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In the Grids Update step, some functions and function functional interfaces are adopted by UDF. 

The adaptive control method manages to employ the DEFINE_GRID_MOTION functional 

interface in the entire flow field instead of only boundaries. Firstly, function NODE_X and 

function NODE_Y traverse all nodes to get their coordinate information. And then, the location 

and configuration of boundaries are defined according to motion equations. Afterward, the new 

grids of present time step can be generated by the algebraic interpolation mentioned above.  

Figure 2: the process diagram of the adaptive control dynamic-grids method 



 

 

During the update process, the sequence of nodes is rigid when functions traverse and 

coordinates update, which needs extra attention. The match-up of the original nodes and update 

nodes is important for the date iteration. To arrange the node sequence properly, we number all 

the nodes and the sequence number is used to iterate back the update coordinates and other 

discrete flow field data. 

Due to the complete control of grid nodes, the quality of grids does not depend on smooth 

models of FLUENT. The quality of both globe and regional grids can be assured by adjusting 

the UDF. In general, the adaptive control dynamic-grids method updates grid nodes in each 

time step rapidly and control the spacing of boundaries to assure the grid quality and 

orthogonality.   

Application and Validation  

In hydrodynamic researches concerning fish swimming, the hydrodynamic characters of 

flexible boundaries remain a hot spot. The high propulsive efficiency and energy saving 

locomotion style of fish undulation are attractive for scientists to study and simulate. Research 

of flexible body locomotion is subject to the difficulties of dealing with moving and deforming 

boundaries. Methods provided by most CFD softwares are still not able to settle the problem 

perfectly. To validate the advantages of the adaptive dynamic-grids method, we compared it 

with several other methods in a fish-like undulation flow field. 

The moving and deforming boundary problem of fish-like undulation 

The simulated body undulates actively in unbounded oncoming flow. Related variables are 

normalized by the body length L and oncoming velocity U, as well as the time is normalized 

by L/U. The movement of the undulating body in y direction is given as 

 ( , ) sin[2 ( )]ny x t ax b x Sp t     (5) 

where a is amplitude, n=1.1, 2πb is wave number, Sp is phase velocity, t is time, where x and y 

are the stream-wise and the lateral coordinates whose origin locates at the leading edge of the 

body. 0≦x≦Xend(t) where Xend(t) is x-coordinate of the trailing edge calculated as 
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Figure 3: Configurations of an 

undulating NACA0010 during one 

period (a=0.051, b=1.0) 
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Equation (2.2) keeps the body length constant during the undulation. The obtained smooth 

deforming surface of NACA0010 can be seen in Figure 3. 

In the present study, in the flow field acceleration stage, which is within the non-dimensional 

time, the undulating amplitude increase from zero to a final constant. As shown in Fig.4, when 

t ≥ t0, it keeps constant. The acceleration model satisfies Eq. (7): 
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It is noted that the boundary of the fish body is flexible. When the fish is swimming, the 

movement and deformation of the boundary both occur, which lead to the enormous problems 

of dynamic-grids.  

Application of present dynamic-grids methods 

In the simulation of fish undulation flow field, on the one hand, the movement and deformation 

of boundaries are of significance. On the other hand, a finer grid scheme in the boundary layer 

region should be maintained consistently. As different turbulence models have different 

requirements for the grids quality in the boundary layer region, the initial spacing of boundary 

grids must be carefully maintained to meet various requirements during the dynamic 

computation 

The spring-based smoothing method regards the edges between any two grid nodes as a network 

of interconnected springs. When the grids deteriorated because of the boundary displacement, 

a remeshing method will be enabled to update the new grids to avoid convergence problems. 

In Fig. 5, different remeshing parameters are chose for the triangular grids. The Maximum 

Length Scale (MLS) parameters, which specifies the upper limit of cell size above which the 

cells are marked for remeshing, are 0.01 for Fig. 5(a) and 0.001 for Fig. 5(b). When the MLS 

is 0.01 which is relatively a large number, the alteration of the globe grids is slight. While if 

MLS becomes 0.001, which is relatively a small number, clusters of dense grids appear 

stochastically. To obtain acceptable grids, many researchers have made lots of improvements 

for the choices of relevant parameters based on their particular projects. But the disadvantages 

of unstructured triangular grids on the study of the boundary layer are inevitable. 

The diffusion-smoothing method is proposed based on structured grids. The grids motion is 

governed by a diffusion equation, which is a Laplace equation. The equation describes how the 

prescribed boundary motion diffuses into the interior grids. Fig. 6(a) and Fig. (b) show the grids 

at t=1 and t=6 separately. When the fish just finished the acceleration at t=1, the orthogonality 

of grids in the near-wall region is no longer as good as the initial grids. When computation 

proceed to t=6, the skewness of structured quadrilateral grid in some regions, especially in the 

intense motion region, is so deteriorated that the convergence problem may happen. Compared 

with spring-smoothing method, the diffusion-smoothing method is computationally more 

expensive but is able to achieve better grid quality.  



 

 

 

In the overset grid method, the background grid and the embedded grid are generated 

independently. When the fish swims, only the embedded grid need to move and deform without 

having to remesh the background grid. The connection between background and the embedded 

grid is the interfaces, which interpolate cell data in overlapping regions. To avoid the 

interpolation errors, the embedded region must overlap sufficiently, which is expensive 

computationally. 

Application of Adaptive control dynamic-grids method 

The initial grid topology of the adaptive control dynamic-grids method is similar with the 

diffusion-smoothing method besides the enhancement of boundary and wake grids. The 

computational domain is –3.0≦x≦5.0, -2.0≦y≦2.0, where the coordinates are normalized 

by fish length L. The grid consists of [140×195] points in x, y directions where minimum 

normal spacing is 2×10-5 to meet the requirement of SST turbulence model. The obtained grids 

movement and deformation can be seen in Fig. 7.  

During one complete period of a fish undulation (Fig. 7), the density of grid nodes maintains 

consistently. Although the motion of boundary is intense, the orthogonality of grid in the near-

wall region is well preserved. Considering the wake flow of the fish undulation, grids in the 

wake region are diffused gradually. Moreover, the edge curvature of grid cells are correlated 

with the camber line of the fish body. From the generation method aforementioned, it can be 

noticed that the update grids in new time step are independent of the grids in last time step, 

which means that the quality of grids will not deteriorate time-dependently. When the 

movement and deformation of boundaries are cyclical, the motion of grids can be accordingly 

cyclical by using this new method, which ensure the quality of grids and the accuracy of 

computation. 

 

Figure 5: Grids based on spring 

smoothing and remeshing method at 

different Maximum Length Scale 

Figure 6: Domain grid and grid at 

boundary layer based on diffusion- 

smoothing method at t=1 (a) and t=6 (b) 



 

 

 

Validation on hydrodynamic force coefficients and  

The total force acting on the body varies during the undulating motion. Therefore, in the present 

study, self-propulsion is defined as the condition when the time-averaged total force becomes 

zero. The hydrodynamic force coefficients are defined as follows[10]: 
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where Fxf is x-component of frictional force exerted on the body, Fxp is x-component of pressure 

Figure 7: The dynamic movement and deformation of structured grids 

based on the adaptive control method during one period (a=0.051, b=1.0) 
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exerted on the body, T is the period of the undulation, ρ is the density of the fluid, U0 is the 

oncoming velocity, S is the area of the body. The negative symbol of pressure component Fxp 

(against to x-axis) represents thrust and the positive symbol of frictional force component Fxf 

(same to x-axis) represents resistance. When the self-propulsion condition is achieved, the time-

averaged total force exerted on the body becomes zero. The hydrodynamic force coefficients 

computed by these methods mentioned above are compared. CFx, CPx and CTx are the primary 

focus. 

Fig. 8 presents the simulated time history of hydrodynamic force coefficient CFx of overset grid 

method. The computed curves of CFx oscillate by time with large noise as shown in Fig. 8. The 

noise comes from the interpolation errors resulted from the data exchange. The noise can be 

decreased by densifying background grids, which causes the computational expense increased 

significantly. Nevertheless, encryption can only attenuate the noise, but it is unable to remove 

the noise completely.  

 

 

Figure 8: Simulated time history of hydrodynamic force coefficients at  

(Re=107, a=0.051, b=1.5, Sp=1.17）based on overset grids method 

Figure 9: Simulated time history of hydrodynamic force coefficients at

（Re=107, a=0.051, b=1.5, Sp=1.17）based on diffusion-smoothing method 



 

 

Fig. 9 is the computed results of diffusion-smoothing method. The time-averaged value of CFx 

gradually decrease with the periodical locomotion of fish, which means that the result is 

unauthentic. If finer grids with smaller height value of the first boundary layer grids are adopted 

to meet the requirement of advanced turbulence models, the deterioration of grids quality will 

lead to computational divergence.  

The results of the adaptive control method are presented in Fig.10. Simulated time history of 

indicates that the self-propulsion condition is achieved. All the hydrodynamic force coefficients 

are continuous and smooth, and undulate periodically. The results will not be deteriorative or 

even divergent as computation goes on.  

   

The structure and characteristics of the flow field are also part and parcel of the computation. 

The globe and regional velocity contours based on the adaptive control method and the spring 

smoothing method are compared in Fig. 11. The globe velocity contours are similar, while in 

the wake region, the obvious differences can be noticed. The adaptive control method better 

simulates the process of shedding vortices, which is expected to be smooth without noise 

according to the previous works.  

If more detailed observation is taken on the boundary layer, significant errors will be noticed in 

the boundary layer calculated by the spring-smoothing method. Because of the limitation of 

unstructured grids on the simulation of the flow field in near-wall region, the accurate flow field 

can hardly be achieved. The shape of grid cells has evident influences on the contours, which 

lead to the uncertainty of computation. 

Figure 10: Simulated time history of hydrodynamic force coefficients at 

（Re=107，a=0.051，b=1.5，Sp=1.17）based on adaptive control method 



 

 

 

 

The velocity contours illustrate that a row of low velocity zones appear in the wake of fish 

undulating. With the help of accuracy computational results based on the adaptive control 

method, the complete process of the shedding vortices can be simulated and researched. Fig. 

13 illustrates the morphology of the wake and the flow adjacent to the fish body. The results 

are also compared with previous experimental and numerical research. The vorticity 

distributions are correspondent to the experimental flow field of a swimming eel visualized by 

Figure 11: Velocity contours based on adaptive control 

method (a) and spring-smoothing method (b) method 

Figure 12: Boundary layer based on adaptive 

control method (a) and spring-smoothing method 

(b) 



 

 

PIV[11]. The wake structure resembles a reverse von Karman vortex street. The numerical 

simulation of Chen [10] and Mattia[7] with different methods came to the similar conclusion.   

 

Concluding Remarks 

Numerous dynamic-grids methods have been proposed by previous researchers for the flow 

fields with moving and deforming boundary. But these methods are not able to solve this 

problem perfectly. In the paper, the adaptive control dynamic-grids method is compared with 

several methods by being adopted in a fish-like undulation flow field  

The method is based on structured grids, which can achieve higher grid quality in the near-wall 

region and the wake. The deterioration of grid quality can be avoided with the solution 

processing. There is no interpolation error, which is inevitable when using overset grid method. 

Some frequent problems occurred in previous dynamic-grids methods, including grids 

intersection and quality deterioration, are solved efficiently. Especially in the boundary layer 

region, the quality of near-wall structured grids can be guaranteed, which is vital to match up 

with advanced turbulence models. The comparisons have demonstrated advantages of the new 

methods in grids quality, the computational cost and the simulation accuracy. These advantages 

make it an efficient alternative dynamic-grids method to assist with related research.  

t=2.250 t=2.125 

t=2.500 t=2.375 

Figure 13: Vorticity contour of the wake flow field by adaptive control 

dynamic grids method 
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