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Abstract. The paper presents research concerning the influence of computational domain 

discretization on the results of CFD analysis. Tetrahedral and polyhedral numerical mesh 

types are analyzed and the mesh convergence index is calculated. The obtained results are 

compared to the experimental measurements concerning the estimation of drag coefficient 

of the vehicle model. The research carried out indicates the great influence of pre-process-

ing on the reliability of the obtained results. Moreover, the advantages of polyhedral mesh 

over tetrahedral mesh are pointed out in the paper. 
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1. Introduction  

Various mathematical methods have recently been applied to investigate several 

cases related to the contemporary science [1] and technology [2-4]. Computational 

Fluid Dynamics (CFD) is one of such methods and its application as a research tool 

is common in various industries including automotive [5] and [6], civil-engineering 

[7-11], power engineering [12, 13] and others [14]. CFD allows for low-cost prod-

uct design and/or improvement. It applies numerical methods of solving nonlinear 

differential equations describing fluid flow, heat and mass transfer, chemical reac-

tions (combustion) and others. Majority of the above mentioned equations do 

not have analytical solutions, therefore approximate numerical methods have to be 

applied to solve them. The level of approximation contributes to the reliability 

of the obtained results because the round-off errors and truncation errors influence 

the solution accuracy. The truncation errors can be minimized by improving 

the pre-processing stage of CFD, which is the computational domain discretization 
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(meshing). It highly contributes to the quality of obtained results as well as the

numerical stability and convergence of the investigated case 

The discretization of 

cation of three different mesh types depicted in Figure 1: hexahedral (HEX), tetr

hedral (TETRA) and polyhedral (POLY). All types of mesh elements are characte

ized by different numerical diffusion whi

result: HEX elements are least diffusive while TETRA elements are most diffusive 

[16]. Unfortunately, the numerical diffusion of HEX mesh increases in the case

of the flow that is not perpendicular to the cell faces. Moreover it is not always 

possible to build a HEX mesh for c

is not commonly applied in rapid prototyping. Despite the high numerical diffusion 

of TETRA mesh, the unquestionable advantage of this mesh type is the highly

-automated process of generation. On the other han

stretched excessively, so a significantly larger number of elements has to be used

in order to properly represent the investigated geometry.

 

Fig. 1. Examples of numerical mesh types:

POLY elements are worth investigating as their numerical diffusion is at a level 

comparable to HEX and in addition, POLYs can easily by applied to describe even 

very complicated geometries 

more cells in comparison to HEX and TETRA, which improves the calculation of 

gradients and allows better heat and mass transfer through numerous faces. In co

sequence, the application of POLY mesh reduces the influence of numerical diff

sion in case of the flow not perpendicular to any of the cell face. It is advantageous 

in situations where no p

accurate solution achieved with a lower cell count 

a simple conversion of TETRA mesh to POLY mesh by decomposition of cells

into multiple sub-volumes.

The research performed concerns the application of the above

numerical methods to investigate the drag coefficient of a vehicle model. Research 

into aerodynamic parameters of a single vehicle as well as arrangement of subs

quent vehicles driving in a so

industry in order to reduce the fuel consumption and in consequence increase

the efficiency of the analyzed design 

estimation of  the influence of computational domain discretization on CFD results 

concerning the aerodynamics of a vehicle are purposeful.

a) 

M. Sosnowski 

(meshing). It highly contributes to the quality of obtained results as well as the

numerical stability and convergence of the investigated case [15, 16]. 

The discretization of the computational domain can be achieved with the appl

cation of three different mesh types depicted in Figure 1: hexahedral (HEX), tetr

hedral (TETRA) and polyhedral (POLY). All types of mesh elements are characte

ized by different numerical diffusion which directly influences the quality of the 

result: HEX elements are least diffusive while TETRA elements are most diffusive 

. Unfortunately, the numerical diffusion of HEX mesh increases in the case

of the flow that is not perpendicular to the cell faces. Moreover it is not always 

possible to build a HEX mesh for complex geometries. Therefore such a mesh type 

is not commonly applied in rapid prototyping. Despite the high numerical diffusion 

of TETRA mesh, the unquestionable advantage of this mesh type is the highly

automated process of generation. On the other hand, TETRA cells cannot be 

stretched excessively, so a significantly larger number of elements has to be used

in order to properly represent the investigated geometry. 

 

Fig. 1. Examples of numerical mesh types: hexahedral (a), 

tetrahedral (b) and polyhedral (c) 

POLY elements are worth investigating as their numerical diffusion is at a level 

comparable to HEX and in addition, POLYs can easily by applied to describe even 

very complicated geometries [13]. The individual POLY element neighbors with 

more cells in comparison to HEX and TETRA, which improves the calculation of 

llows better heat and mass transfer through numerous faces. In co

sequence, the application of POLY mesh reduces the influence of numerical diff

sion in case of the flow not perpendicular to any of the cell face. It is advantageous 

in situations where no prevailing flow direction can be identified and leads to  more 

accurate solution achieved with a lower cell count [16]. POLY mesh generation is

a simple conversion of TETRA mesh to POLY mesh by decomposition of cells

volumes. 

The research performed concerns the application of the above

ical methods to investigate the drag coefficient of a vehicle model. Research 

into aerodynamic parameters of a single vehicle as well as arrangement of subs

quent vehicles driving in a so-called platoon are carried out in the automotive

o reduce the fuel consumption and in consequence increase

the efficiency of the analyzed design [17]. Therefore research dedicated to the

estimation of  the influence of computational domain discretization on CFD results 

concerning the aerodynamics of a vehicle are purposeful. 
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2. Methods  

2.1. The numerical setup 

The research object is a vehicle model described in [17] and commonly called 

the AHMED body. It is one of the most popular models used as a simplified vehi-

cle shape to predict the fundamental flow physics associated with a vehicle wake. 

The dimension of the analyzed body used in the research is 261×97.25×72 mm 

(L×W×H) and the frontal area is 7e-3 m
2
. The slant angle of the rear of the vehicle 

is set to 25 degrees.  

The simulations were performed using ANSYS Fluent 18.1. The identical com-

putational models (except for the mesh) were used for all analyzed cases. The size 

of the computation domain corresponds to the experimental test stand. The distance 

of the inlet plane to the vehicle model was set to 0.5 m.  

The bottom surface of the AHMED body was located at 0.02 m above the 

ground. The solver was configured as pressure based, and the analysis were 

performed for a steady state. The 3D steady RANS equations were solved with 

the standard k–ε model. The choice of the standard k–ε model was made based on 

a previous extensive validation study for the aerodynamics of vehicles [17].  

Pressure-velocity coupling was taken care of by the SIMPLEC algorithm based 

on the relation between velocity and pressure to enforce mass conservation and to 

obtain the pressure field. Pressure interpolation was second-order, and second-order 

discretization schemes were used for both the convection terms and the viscous 

terms of the governing equations. Convergence was monitored carefully and 

the iterations were terminated when all residuals showed no further reduction up to 

a certain threshold with an increasing number of iterations. 

Air at normal conditions was the fluid medium. The velocity-inlet boundary 

condition type was assigned to the inlet with velocity magnitude normal to the 

boundary equal 8 m/s (corresponding to carried out experiment). The outlet of the 

computational domain was defined as pressure-outlet with ambient static pressure. 

A wall with no slip shear condition and no roughness was assigned to the remain-

ing surfaces (car model and wind tunnel walls). 

2.2. Computational domain discretization 

The meshing process was performed using ANSYS Meshing 18.1. TETRA and 

POLY elements were used to discretize the computational domain. Figure 2 shows 

part of the mesh distribution on the surface of the AHMED body for both mesh 

types and each of the three analyzed mesh densities. 

The size function was set to UNIFORM in order to obtain the most regular 

mesh. Moreover the maximal face size as well as maximal cell size constrains were 

set to the value corresponding to 1/20 of the computational domain length. Addi-

tional face sizing on surfaces representing car models was altered in order to obtain 

different mesh resolutions. The growth rate equal to 1.1 was set in order to refine 
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the mesh in the vicinity of the analyzed vehicle model. Such a meshing procedure 

was previously applied and validated in 

 

Fig. 2. Analyzed cases of computational domain discretization

The experimental research described in 

the obtained numerical results in an open

section equal 1 m
2
. The inlet velocity of air in the wind tunnel was 8

in the Reynolds number of 1,4e+5, based on the length of the analyzed body. Air 

pressure and temperature were measured continuously during wind tunnel oper

tion. The vehicle model was made of wood and it was aligned with the direction of 

the wind in the tunnel. The load on the body was measured with an aerodynamic 

balance, which was located und

through a holder. 

The investigated drag coefficient was calculated on the basis of equation (1):

where: 

Fd - measured drag force in the direction of the flow,

ρ - air density, 

u - flow velocity, 

A - reference area. 

2.3. Mesh dependency analysis

The mesh dependency analysis applied within the carried out research to est

the discretization error is based on Richardson Extrapolation 

tive mesh size h was defined according to equation (2) based on 
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the mesh in the vicinity of the analyzed vehicle model. Such a meshing procedure 

was previously applied and validated in [17-18]. 

Fig. 2. Analyzed cases of computational domain discretization 

research described in [17] was carried out in order to validate

the obtained numerical results in an open-circuit wind tunnel facility of cross

. The inlet velocity of air in the wind tunnel was 8 m/s resulting 

in the Reynolds number of 1,4e+5, based on the length of the analyzed body. Air 

nd temperature were measured continuously during wind tunnel oper

tion. The vehicle model was made of wood and it was aligned with the direction of 

the wind in the tunnel. The load on the body was measured with an aerodynamic 

balance, which was located under the tunnel floor and was attached to the body 

The investigated drag coefficient was calculated on the basis of equation (1):
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where: 

∆Vi - volume of the i
th
 mesh element, 

N - total number of mesh elements. 

The mesh refinement factor r was calculated as quotient of representative size 

of coarse and fine mesh (3): 
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The order of convergence p was calculated based on equation (4) where 

ε
32 = φ3 – φ2

 and ε
21 = φ2 – φ1

. It was solved using fixed-point iteration with the 

initial guess equal to the first term: 
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φ
k
 denotes the value of the variable important to the objective of the simulation 

study for a solution obtained with the k
th
 mesh. The drag coefficient was chosen as 

the most representative variable within the confines of the research. The extrapo-

lated values were calculated on the basis of equation (5), approximate relative error 

on the basis of eq. (6), extrapolated relative error on the basis of eq. (7) and mesh 

convergence index C on the basis of eq. (8) based on [16, 19]: 
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The mesh convergence is evaluated using formula (9): 

����	
���
 �< 0							���������	(����
 !��")
> 1																								��!	���������#0,1$																														��������� % (9) 

3. Results 

The applied meshing settings resulted in the final mesh consisting of approx. 

230 to 1500 thousand elements depending on the desired mesh resolution as stated 

in Table 1. The mesh quality was also taken into consideration. The quality analy-

sis provided a metric that ranges between 0 and 1. A value of 1 indicates a perfect 

element while a value of 0 indicates that the element has a zero or negative volume. 

The element of the worst quality generated throughout the entire research was 

characterized by the quality index of 0.154 for TETRA mesh and 0.207 for POLY 

mesh (details in Table 1). Therefore it was assumed that the mesh did not affect 

the numerical stability of the computational model. 

Table 1 

Analyzed cases and results 

 
TETRAHEDRAL MESH POLYHEDRAL MESH 

Coarse Normal Fine Coarse Normal Fine 

Number of mesh 

elements 
232 820 607 190 1 547 250 231 325 610 087 1 501 668 

Mesh element 

of worst quality 
0.154 0.165 0.156 0.287 0.207 0.268 

Mesh convergence 

index 
– 5.13% 1.60% – 0.02% 0.37% 

Mesh convergence not converged converged 

Iterations to model 

convergence 
unstable 327 351 355 297 277 

 
The mesh convergence index was higher for TETRA mesh in comparison to 

POLY mesh and the TETRA mesh was not converged. Moreover the number of 

solver iterations necessary to obtain the converged solution was lower for POLY 

mesh and in case of the coarsest TETRA mesh, the solution did not converge 

at all - the model was numerically unstable.  

The wall shear on the surface of the analyzed AHMED body for both analyzed 

mesh types and three mesh resolutions is presented in Figure 2 in order to depict 

the influence of computational domain discretization on CFD results concerning 

aerodynamics of a vehicle. Moreover velocity (Figs. 3 and 4) as well as turbulence 

kinetic energy (Fig. 5) in the center-plane of the domain are depicted. 



The influence of computational domain discretization on CFD results concerning aerodynamics 

 

Fig. 2. Wall Shear on AHMED body surface for all analyzed cases

The influence of computational domain discretization on CFD results concerning aerodynamics 

Fig. 2. Wall Shear on AHMED body surface for all analyzed cases 

The influence of computational domain discretization on CFD results concerning aerodynamics … 85

 



86 

Fig. 3. Velocity magnitude in the center

Fig. 4. Velocity magnitude in the center

Fig. 5. Turbulence kinetic energy in the center
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Fig. 3. Velocity magnitude in the center-plane of the domain 

elocity magnitude in the center-plane of the domain (zoomed view)

Fig. 5. Turbulence kinetic energy in the center-plane of the domain (zoomed view)

 

 

(zoomed view) 

 

plane of the domain (zoomed view) 
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The drag coefficient obtained by

of different resolutions is norm

basis of experimental research are depicted in Figure 6.
 

Fig. 6. Normalized drag coefficient obtained for different meshes in relation

to the measured drag coefficient marked with red dotted line

4. Conclusions 

The mesh quality estimated on the basis of the quality of the worst element

is better for POLY mesh (0.207) than for TETRA mesh (0.154).

The number of iterations necessary to obtain the convergence of the model

is lower for POLY mesh and the conve

not be achieved due to the unstable behavior of the solution.

The qualitative results (Figs.

type as well as the mesh resolution on the obtained results. Moreover, me

facts can be observed for all analyzed TETRA meshes while POLY mesh seems to 

be free from such issues.

The quantitative comparison of CFD and experimental results in terms of drag 

coefficient indicates good agreement 

was obtained for coarse TETRA and POLY mesh respectively (Fig.

the results obtained for TETRA mesh prove the lack of mesh convergence as the

relative error varies from 6.69% (coarse) to 

(–2.88%) is obtained for the normal mesh. In contrast, the quantitative results

obtained for POLY mesh indicate mesh convergence as the lowest error (0.63%)

is obtained for the fine mesh and the highest error (

the coarse mesh. 

Therefore the main conclusion based on the carried out research is that the

pre-processing stage of CFD analysis is crucial in terms of the reliability of the

results and the mesh convergence studies have to be obligatorily performed in order

to define the appropriate mesh

is vital for both the stability of the model as well as the number of iterations nece

sary to obtain the converged solution.

The influence of computational domain discretization on CFD results concerning aerodynamics 

The drag coefficient obtained by CFD performed with TETRA and POLY

of different resolutions is normalized with the drag coefficient calculated on the

basis of experimental research are depicted in Figure 6. 

Fig. 6. Normalized drag coefficient obtained for different meshes in relation

to the measured drag coefficient marked with red dotted line 

The mesh quality estimated on the basis of the quality of the worst element

is better for POLY mesh (0.207) than for TETRA mesh (0.154). 

The number of iterations necessary to obtain the convergence of the model

is lower for POLY mesh and the convergence for the coarse TETRA mesh could 

not be achieved due to the unstable behavior of the solution. 

The qualitative results (Figs. 2-5) indicate the great influence of both the mesh 

type as well as the mesh resolution on the obtained results. Moreover, me

facts can be observed for all analyzed TETRA meshes while POLY mesh seems to 

be free from such issues. 

The quantitative comparison of CFD and experimental results in terms of drag 

coefficient indicates good agreement - the maximal error of 6.69 and 

was obtained for coarse TETRA and POLY mesh respectively (Fig. 6). Moreover,

the results obtained for TETRA mesh prove the lack of mesh convergence as the

tive error varies from 6.69% (coarse) to –5.66% (fine) and the best agreement

obtained for the normal mesh. In contrast, the quantitative results

obtained for POLY mesh indicate mesh convergence as the lowest error (0.63%)

is obtained for the fine mesh and the highest error (–6.75%) is obtained for

n conclusion based on the carried out research is that the

processing stage of CFD analysis is crucial in terms of the reliability of the

results and the mesh convergence studies have to be obligatorily performed in order

to define the appropriate mesh resolution. Moreover the application of POLY mesh 

is vital for both the stability of the model as well as the number of iterations nece

sary to obtain the converged solution. 
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obtained for the normal mesh. In contrast, the quantitative results 

obtained for POLY mesh indicate mesh convergence as the lowest error (0.63%) 

6.75%) is obtained for 

n conclusion based on the carried out research is that the 

processing stage of CFD analysis is crucial in terms of the reliability of the 

results and the mesh convergence studies have to be obligatorily performed in order 

resolution. Moreover the application of POLY mesh 

is vital for both the stability of the model as well as the number of iterations neces-
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