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Computational fluid dynamics (CFD) is extensively utilized to predict flow behaviour in 
various industries and applications. The Full Order Model (FOM) is a high-accuracy 
approach to flow modelling, but it requires significant computational resources due to 
its high order and thousands of variables. To address this problem, the Reduced Order 
Model (ROM) was developed. Despite the advancement brought by ROM, there is a 
notable gap in research concerning the impact of mesh configuration on CFD-ROM 
results. While the number of modes has been extensively studied for its influence on 
CFD-ROM, the mesh configuration, a critical aspect of the simulation process, has 
received relatively limited attention. This study investigates the effect of mesh 
resolution on numerical results in CFD-ROM concerning turbulent flow within 
stationary parallel plates. Employing rigorous methods, including Richardson 
Extrapolation, verification, validation, and error percentage. The results explicitly 
confirm that mesh resolution directly impacts the numerical results of the velocity field 
in CFD-ROM. It is found that there is a notable reduction in Convergence Grid Index 
(CGI) values for different mesh ratios: 6.401% for medium-to-coarse and 2.031% for 
fine-to-medium ratio. Thus, with the same mode number,  mesh resolution selection 
can enhance the numerical result of the velocity field in CFD-ROM. 

Keywords: 
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1. Introduction 
 

Computational Fluid Dynamics (CFD) employs sophisticated algorithms to predict various fluid 
phenomena, making it a vital tool for analyzing fluid flows, including turbulence, heat transfer, 
particle dispersion, phase changes, and chemical reactions [1-4]. Researchers and practitioners 
extensively utilize CFD to optimize equipment performance, investigate failures, and improve 
operational parameters [5-8]. 
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The core principle of CFD involves discretizing the continuum equation in both space and time, 
transforming nonlinear high-order Partial Differential Equations (PDEs) into linear algebraic 
equations. These equations are organized into a matrix, and computational algorithms like Simple, 
Simplec, and Piso are used to couple pressure and velocity, determining momentum values in each 
mesh [9, 10].  

Physical flow is considered when determining the mathematical model to be solved. For example, 
in cavity flow, the prediction of velocity and pressure is computed by solving the equations of 
conservation of mass and momentum [11]. On the other hand, the temperature and composition of 
flue gas in the burning of sugarcane bagasse are computed by solving equations of mass 
conservation, momentum, energy, turbulence, species transportation, and chemical reactions [12]. 
Therefore, CFD-FOM requires high-order mathematical models and refined mesh to simulate 
complex flow phenomena [13]. It increased computing time and data storage requirements [14-16]. 

Based on the previous discussion, CFD-ROM can be used to overcome the limitations of CFD-FOM. 
CFD-ROM predicts flow phenomena from a reduced mathematical model, which is used initial data 
from the CFD-FOM simulation results [17-19]. Therefore, it is essential to ensure that the CFD-FOM 
results are accurate and stable before constructing a reliably reduced model. As command, mesh is 
one of foundation of numerical in CFD-FOM. Mesh resolution plays a crucial role in CFD, directly 
impacting result accuracy [20]. Jun Zhang et al., [21] analyzed the effect of mesh resolution, 
turbulence model, and near-wall models on erosion prediction and found that they affect accuracy. 
Shan Wang et al., [22] investigated the number and distribution of mesh and width of the water 
domain for increasing the accuracy of total slamming force, using open Foam. The mesh size also 
influences the pressure field in the air-particle flow [23]. A mesh independency test is required to 
obtain verified mesh, which consumes 50% of the simulation work [24]. 

Based on the principal frame work of CFD-ROM, the accuracy and robustness of CFD-ROM have 
been trending topics to study. Some researchers have been analyzed the accuracy of CFD-ROM 
results. In the fluid-thermal back step, it was found that 15 modes had error percentage of 1.02% 
while the 30 modes had 0.66% [25]. B. Sanderse et al., [26] have analyzed the turbulence on lid cavity-
driven flow. It found that 20 modes obtained the highest accuracy of velocity and pressure 
distribution.  

It appears that many studies have focused on enhancing the quality of CFD-ROM simulation result 
by increasing the number of modes, but little attention to change the mesh resolution. Therefore, 
this study aims to analyze the impact of mesh resolution on the quality of CFD-ROM results in 
turbulent flow between two parallel stationary plates. There are 3 different mesh resolutions, 
denoted as coarse, medium, and fine. The analysis used some method Grid Convergence Index (GCI) 
using Richardson Extrapolation, alongside verification, validation, and percentage error.  
 
2. Methodology  
2.1 Numerical of CFD-FOM 
 

The control volume method discretizes the fluid continuum into elements that have                                
closed surface 𝑑𝑆 at a fixed control volume Ω [9]. It can be seen in Figure 1. 
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Fig. 1. Finite volume principle in fixed space[9]  

 

The Navier-stokes model is governed by the conservation law and Newton's second law, which 
predict changes in mass, momentum, and energy within a boundary of control volume [27, 28]. The 
Navier-Stoke conservation equation are taken from reference [28]: 

 
Mass conservation 
 
∂tρ + div(ρv) = 0           (1) 
 
Momentum conservation 
 
𝜕𝑡(𝜌𝑣) + 𝑑𝑖𝑣(𝜌𝑣⨂𝑣) = 𝑑𝑖𝑣𝜎          (2) 
 
Energy conservation  
 
𝜕𝑡(𝜌𝐸) + 𝑑𝑖𝑣(𝜌𝑣𝐻) = 𝑑𝑖𝑣(𝜏𝑣) − 𝑑𝑖𝑣 𝑞        (3) 
 

𝜕𝑡𝜌 is the time rate changes of the quantity  𝜌  (∂tρ =
∂ρ

∂t
+

∂ρ

∂x
+

∂ρ

∂y
+

∂ρ

∂z
) ,  𝑑𝑖𝑣 is divergence 

div(ρv) =
∂ρu

∂x
+

∂ρv

∂y
+

∂ρw

∂z
, u field flow in x; v in y, w in z direction, ⨂ dyadic tensor, σ  total surface 

of stress tensor, E energy, H enthalpy, 𝜏 viscous stress tensor, and q heat flux vector.  
The Navier-Stokes form in integral and differential is taken from reference [9]: 
 

∂

∂t
∫ U⃗⃗  dΩ + ∫ ∇. (F̿c − F̿v)ΩΩ

dΩ = ∫ Q⃗⃗  dΩ
Ω

       (4) 

 
∂U⃗⃗ 

∂t
+ ∇⃗⃗ . (F̿c − F̿v) = Q⃗⃗           (5) 

 
The Math Models of Navier-Stokes is presented below [28] : 
 
∂U⃗⃗ 

∂t
+

∂F̿

∂x
+

∂G̿

∂y
+

∂H̿

∂z
= 0          (6) 
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�⃗⃗�  is conservative variable, �̿�𝑐  and �̿�𝑣  convective and viscouse flux tensor, �⃗�   source term, function of 

(�̿�𝑐 − �̿�𝑣 + 𝑞) in i direction is F ; in j direction G;  in k direction H. �⃗⃗� , �̿�𝑐, �̿�𝑣, �̿�, 𝐺,̿ �̿�, �⃗�  is described as 

function in Matrix form, can be seen in Table 1: 
 
                 Table 1 

  Navier-Stokes equation for 3D 
Conservative 
variable 

Sum of convective, viscous, and source 
term 

Viscous stress tensor 

U =

[
 
 
 
 

𝜌
𝜌𝑢
𝜌𝑣
𝜌𝑤
𝜌𝐸]

 
 
 
 

 F̿ =

[
 
 
 
 

ρu

ρu2 + p − τxx
ρuv − τxy

ρww − τxz

ρuH − τxxu − τxyv − τxzw + qx]
 
 
 
 

 

τxx = 2μ
∂u

∂x
+ λ (

∂u

∂x
+

∂v

∂y
+

∂w

∂z
) 

τyy = 2μ
∂v

∂x
+ λ (

∂u

∂x
+

∂v

∂y
+

∂w

∂z
) 

τzz = 2μ
∂w

∂z
+ λ (

∂u

∂x
+

∂v

∂y
+

∂w

∂z
) 

 

G̿ =

[
 
 
 
 

ρu
ρuv − τyx

ρu2 + p − τyy

ρww − τyz

ρvH − τyxu − τyyv − τyzw + qy]
 
 
 
 

 

 

τxy = τyx = μ(
∂u

∂y
+

∂v

∂x
) 

τxz = τzx = μ(
∂w

∂x
+

∂u

∂z
) 

τxy = τyx = μ(
∂v

∂z
+

∂w

∂y
) 

 

H̿ =

[
 
 
 
 

ρw
ρuv − τxx
ρvw − τzy

ρw2 + p − τzz

ρwH − τzxu − τzyv − τzzw + qz]
 
 
 
 

 

 

 
The Standard k-ε model, introduced by Launder and Spalding [29] is a semi-empirical model that 

assumes fully turbulent flow and neglects the influence of molecular viscosity. It formulates the 
turbulent kinetic energy equation and turbulence kinetic energy dissipation rate equation as follows: 
 
∂(ρk)

∂t
+

∂(ρkui̅̅ ̅)

∂xi
=

∂

∂xj
[
μt

σk

∂k

∂xj
] + 2μtSijSij − ρε        (7) 

 
∂(ρε)

∂t
+

∂(ρεui̅̅ ̅)

∂xi
=

∂

∂xj
[
μt

σε

∂ε

∂xj
] + C1ε

ε

k
2μtSijSij − C2ερ

ε2

k
      (8) 

 
The equation involves variables such as �̅�𝑖  is mean velocity components,𝑆𝑖𝑗  is deformation rate 

or mean velocity gradients, k is turbulent energy, ε turbulent dissipation, and 𝜇𝑡turbulent viscosity 
and 𝜎𝑘  is turbulent Prandtl numbers for k and σε  is turbulent Prandtl numbers for ε. The default 
values for all constants have been derived from experimental data for different turbulent flows and 
are defined as follows: cμ =0.09, c1ε =1.44, c2ε =1.92, 𝜎𝑘  =1, and σε  =1.3. 

 
2.2 Numerical of CFD-ROM 
 

The concept of CFD-ROM is to reduce the order of the mathematical model [18]. There are several 
methods, and POD is one of the prestigious methods for reconstructing ROM, especially for the 
nonlinear case [17]. Basically, the CFD-ROM solved by offline and online stage [30]. The offline stage 
consists of discretization, computation of the full-order model, and snapshot for reconstructing the 
POD bases, while the online stage simulates the fluid flow using the reduced model. The snapshot 
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process arranges data from the CFD-FOM in matrix form. Therefore, the online stage runs faster than 
the offline stage because it has a lower order [31].  

The POD variable is determined by fluid flow parameters such as velocity (ϕi), mass flux(ψi), and 
pressure (χi). The mathematical formula for the CFD-ROM is shown below [32]. The matrix 

formulation of velocity (Su) and pressure (Sp) is as follows:  

 

Su = [u(μ1, t1),… , u(μNr , tNt)] ∈ ℝNu
hxNs        (9) 

 

Sp = [p(μ1, t1), … , p(μNr , tNt)] ∈ ℝNu
hxNs                    (10) 

 
The formulation consists of u(μ1, t1)  are data points of velocity. µ is parameter space and t is 

parameter time. Nr is the total number of different parameter set μ. Nt is the total number of time 

instances or time step. Nu
h represents the number of spatial degrees of freedom (or spatial nodes) in 

discretization used in CFD. Ns is the total number of snapshots. p(μ1, t1) are data point of pressure.  
 
Generated reduce basis space 
 

ENPOD = ∑ ‖ui − ∑ ak
i φk

NPOD
k=1 ‖∀ NPOD = 1,… , N Ns

i=1                                (11) 

 

(φi, φj)L2(Ω) = δij  ∀ i, j = 1,… . , Ns                    (12) 

 
CuQu = Quλu                       (13) 
 

Cij
u = (ui, uj)L2(Ω) for i, j = 1, . . . , Ns                     (14) 

 
ENPOD represent due to the error of POD. NPOD ranges from 1 to N, which is relates to the modes 

number. (i, j, k) is vector position.  φi, φj are basis functions. L2(Ω) represents the space of square-

integrable functions over the domain. δij  is the Kronecker delta, which equals 1 when i=j and 0 

otherwise. Cu is a correlation matrix, Qu is a square matrix of eigenvectors, and λu is a vector of 
eigenvalue. 
 
Obtained basis function 
 

φi =
1

Nsλi
u ∑ ujQij

uNs
j=1                       (15) 

 
Built POD space 
 

Lu = [φ1, … , φNu
r ]ϵℝNu

hxNu
r

                      (16) 
 

Lp = [χ1, … , χNu
r ]ϵℝNp

hxNp
r

                      (17) 

  
λi
u represented the eigenvalue associated with the modes.[𝜑1, … , 𝜑𝑁𝑢

𝑟] represent a set of basic 
functions or modes. Nu

r  represents the number of basic function of velocity. Np
r  represent the number 

of basic function of pressure. Lu is a matrix  u of size 𝑁𝑢
ℎ𝑥𝑁𝑢

𝑟. Lpis a matrix  p of size 𝑁𝑝
ℎ𝑥𝑁𝑝

𝑟. 
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Formulated reduced of velocity and pressure  
 

ur ≈ ∑ ai(t, μ)Nu
r

i=1 φi(x)                     (18) 

 

pr ≈ ∑ bi(t, μ)
Np

r

i=1
χi(x)                     (19) 

 
ur represents a reduced order approximation of velocity.  ai(t, μ) represents the time and 

parameter-dependent coefficients associated with each basis function φi(x). pr represents a 
reduced order approximation of pressure. bi(t, μ) represents the time and parameter-dependent 
coefficients associated with each basis function χi(x). 
 
Found coefficient of 𝑎𝑖 and bi 

 
Mrȧ − vAra + Cr(a)a + Brb = 0                    (20) 
 
Pra = 0                       (21) 
 
Evaluated the 𝑎𝑖  and bi 

 

Mrij = (φi, φj)L2(Ω)
                      (22) 

 

Arij = (φi, ∇.2∇sφj)L2(Ω)
                     (23) 

 

Brij = (φi, ∇χj)L2(Ω)
                      (24) 

 

Prij = (χi, ∇. φj)L2(Ω)
                      (25) 

 
Computed the reduced model 
 

Crijk
= (φi, ∇. (φj⨂φj))

L2(Ω)
                    (26) 

 
Rci

r = (Cr(a)a)i = aTCri∙∙
a                     (27) 

 
Mrȧ, Ara , Cr(a), and Br are matrix. a and b are coefficient.  𝑅𝑐𝑖

𝑟  represent the result of Matrix 𝐶𝑟𝑖𝑗𝑘
. 

T is transpose of matrix.  
 
2.3 Simulation Procedure 
 

Open Foam is used to simulate CFD-FOM [33]. Ithaca FV is utilized to simulate the CFD-ROM [34]. 
The CFD procedure consists of three stages: pre-processing, processing, and post-processing [35]. In 
the pre-processor stage, various tasks are performed, including mesh preparation, defining boundary 
conditions, specifying fluid properties, flow properties, and selecting the turbulence model. The 
processing stage involves executing the computational simulation, while the post-processing stage 
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presents the simulation results graphically using graphs, contours, vectors, and animations. The 
simulation procedure is shown in Figure 2. 

 

Grid 

generation

Boundary 

condition

Input fluid 

property

Input flow 

property

Input turbulence 

model

iteration
Verification and 

validation

No

Yes
End

 

Grid 

generation

Boundary 

condition

Input fluid 

property

Input flow 

property

Input turbulence 

model

iteration
Verification and 

validation

No

Yes
End

 
Fig. 2. CFD-FOM procedure 

 

This simulation used air as fluid. Fluid flow is turbulent which used k-epsilon model. Wall set as 
non-slip wall. The simulation parameter is described in Table 2. 
 

      Table 2 
      Simulation parameter 

No Description value Unit 

1 Fluid property   
1.1 Density 1.2 kg/m3 
1.2 Dynamic viscosity  0.000005 Pas 
2 Flow property   
2.1 Inlet velocity 1  m/s 
2.2 k 0.0938 m2/s2 
2.3 e 1.857 m2/s2 
3 Turbulence Model RAS k-epsilon 

 

The reduced mathematical model is utilized by CFD-ROM to predict the flow, requiring specific 
simulation procedures. The CFD-ROM simulation procedure is presented in Figure 3. CFD-ROM needs 
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several inlet velocities to reconstruct the reduced model. This research utilized eighty inlet velocities, 
as shown in Table 3. The velocity range spans from 0.7 to 1 m/s. CFD-ROM used the same simulation 
parameters as CFD-FOM. This simulation used 5 modes. However, it's important to note that ITHACA-
FV currently employs wall conditions as the default setting. 

 

Grid generation
Boundary 

condition

Input fluid 

property

Input turbulence 

model

Verification and 

validation

No

Yes
End

Input flow property

Input several 

velocity inlet

Iteration

Fail

 
Fig. 3. CFD-ROM procedure 

         
Table 3 
Inlet velocity 

Value of Inlet velocity (m/s) 

0.70 0.93 0.86 0.78 0.99 0.92 0.84 0.96 

0.71 0.94 0.87 0.80 0.91 0.93 0.86 0.98 

0.73 0.96 0.88 0.80 0.92 0.85 0.97 0.98 

0.74 0.97 0.90 0.81 0.94 0.86 0.98 0.89 

0.76 0.99 0.80 0.82 0.95 0.87 0.98 0.91 

0.77 1.00 0.71 0.84 0.96 0.89 1.00 0.82 

0.79 1.00 0.73 0.85 0.98 0.89 0.91 0.83 

0.90 0.81 0.74 0.87 0.99 0.90 0.92 0.85 

1.00 0.83 0.75 0.88 0.99 0.81 0.94 0.86 

0.91 0.84 0.77 0.99 0.90 0.83 0.95 0.87 

 
2.4 Geometry and Mesh 
 

The geometry and boundary conditions for the simulation were defined in accordance with the 
specifications outlined in the referenced source [36]. The geometry's boundaries consist of an inlet, 
outlet, wall, and symmetry. The length of the plate is 10 m, and the distance between the upper and 
bottom walls is 0.1 m. The velocity simulation results for CFD-FOM and CFD-ROM were taken at a 
distance of 2 m from the inlet. The geometry is presented in Figure 4. 
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Fig. 4. Geometry [36] 

 
Mesh is generated by using CFDSOF [37]. There are three mesh resolutions, which have different 

skewness values and aspect ratios. Those parameters affect the mesh quality [38]. This research used 
three mesh resolutions to analyse the effect of mesh resolution on the CFD-ROM simulation results. 
The mesh description is shown in Table 4 and mesh resolution is presented in Figure 5.  
 

                         Table 4 
   Mesh description 

Mesh resolution Number of mesh skewness Max aspect ratio 

Coarse 20000 3.622 e-12 8.174 
Medium 30000 3.621 e-12 8.286 
Fine 70000 1.421 e-12 28 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. Mesh resolution 

 
Richardson extrapolation (RE) method is used to predict the discretization error. RE method has 

been used to select the optimum mesh in CFD-FOM [39]. The equation are as follows [40]: 
Calculate mesh size (h) 
 

h = [
1

N
∑ ∆AiN

i=1 ]
1/2

                      (28) 

 

rfine =
hmedium

hfine
                     (29) 

 

rmedium =
hcoarse

hmedium
                     (30) 
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r is mesh refinement factor. ∆Ai is the area, and N is the total number of mesh. 
 
Find apparent order (p) 
 

p =
1

ln (rfine)
|
ϕcoarse−ϕmedium

ϕmedium−ϕfine
+ q(p)|                               (31) 

 

q(p) = ln (
rfine

p−s

rmedium
p−s

)                    (32) 

 

s = 1. sign (
ϕcoarse−ϕmedium

ϕmedium−ϕfine
)                    (33) 

Approximate relative error 
 

ea
medium = |

(ϕmedium−ϕcoarse)

ϕmedium
|                     (34) 

 

ea
fin = |

(ϕfine−ϕmedium)

ϕfine
|                                                (35) 

 

𝑒𝑎
𝑚𝑒𝑑𝑖𝑢𝑚 is relative error of medium to coarse mesh. 𝑒𝑎

𝑓𝑖𝑛
 is relative error of fine to medium coarse.  

 
Calculate Grid Convergence Index (GCI) 
 

GCImedium =
1.25ea

medium

rmedium
p−1

                    (36) 

 

𝐺𝐶𝐼𝑓𝑖𝑛𝑒 =
1.25𝑒𝑎

𝑓𝑖𝑛𝑒

𝑟𝑓𝑖𝑛𝑒
𝑝−1

                      (37) 

 
3. Results 
  

Turbulence flow between two plates is simulated using CFD-FOM and CFD-ROM. Both simulation 
results are compared with validation data from reference [36]. The plate geometry and the 
boundaries are shown in Figure 1. All simulations are run on a normal desktop with an Intel Core i7 
processor at 3.2 GHz and 8 GB of RAM. Three meshes with different resolutions are chosen: coarse, 
medium, and fine. 

The results of the discretization error analysis using the Richardson Extrapolation method are 
shown in Table 5. It can be observed that the relative error predictions for the coarse-to-medium and 
medium-to-fine ratios in CFD-FOM are 1.020% and 0.211%, respectively. In contrast, the relative 
error predictions in CFD-ROM are 3.643% and 3.339%, respectively. It indicates that the CFD-FOM 
and CFD-ROM simulation methods have different predictions for the maximum velocity for the same 
mesh resolution. Nevertheless, there the error reduced when used fine mesh resolution both CFD-
FOM and CFD-ROM. 
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Table 5 
Calculation of discretization error based on maximum velocity                     
Description  CFD-FOM CFD-ROM Unit Note 

h coarse 0.00333  m  
h medium 0.00222   m  
h fine 0.000952   m  
r medium 1.500     
r fine 2.333     
𝜙 𝑐𝑜𝑎𝑟𝑠𝑒   1.198 1.230 m/s x = 2 m; y = 0.05 m 
𝜙 𝑚𝑒𝑑𝑖𝑢𝑚   1.186 1.277 m/s x = 2 m; y = 0.05 m 
𝜙 𝑓𝑖𝑛𝑒   1.184 1.342 m/s x = 2 m; y = 0.05 m 

p  4.298 1.32   
𝑒𝑎 medium  1.020 3.643 %  
𝑒𝑎 fine  0.211 3.339 %  
GCI medium  0.271 6.401 %  
GCI fine  0.0071 2.013 %  

 
Figure 6 presents a comparison of the monotonic convergence graph results from CFD-FOM and 

CFD-ROM. The results show that CFD-FOM predicted the maximum velocity for coarse, medium, and 
fine meshes as 1.198 m/s, 1.186 m/s, and 1.184 m/s, respectively. Conversely, the CFD-ROM method 
approximated the maximum velocity for each mesh resolution at 1.230 m/s, 1.277 m/s, and 1.340 
m/s, respectively. Both CFD methods show convergence in the numerical results. Furthermore, the 
results indicate that the finer mesh can significantly reduce the discretization error for CFD-FOM 
more than for CFD-ROM. Thus, mesh resolution influences the numerical results of both CFD 
methods. 
 

 
Fig. 6. Monotonic convergence graph     

 
After the discretization error analysis, the simulation results of CFD-FOM were then verified, as 

shown in Figure 7. It shows the velocity field and velocity vector from the CFD-FOM simulation results. 
It observes that the low velocity formed near the walls, while the highest velocity formed between 
the top and bottom plates for all mesh resolution. It is in good agreement with the concept of the 

1.100

1.150

1.200

1.250

1.300

1.350

Coarse medium fine

u
 (

m
/s

)

mesh resolution

CFD-FOM

CFD-ROM
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boundary layer in the stationary plate [41]. It found that the refines mesh can predict the lower 
velocity near the wall.   

After the discretization error analysis, the simulation results of CFD-FOM were then verified, as 
shown in Figure 7. It shows the velocity field and velocity vector from the CFD-FOM simulation results. 
It observes that the low velocity formed near the walls, while the highest velocity formed between 
the top and bottom plates for all mesh resolution. It is in good agreement with the concept of the 
boundary layer in the stationary plate [41]. It found that the refines mesh can predict the lower 
velocity near the wall.   

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. The simulation result of contour and vector velocity of CFD-FOM 
(a) coarse mesh (b) medium mesh (c) fine mesh 

 
Thereafter, it compared the results of CFD-FOM to comprehensively analyse mesh resolution as 

shown in Figure 8. All mesh resolutions exhibit the same curve pattern as the validation data. The 
curves tend to be flat near the maximum velocity. These velocity yield curves show good agreement 
with the characteristics of turbulent flow [36]. The results from the three mesh resolutions align with 
the velocity field predictions in the validation data. Specifically, the fine mesh predicts both the 
minimum and maximum velocity results in accordance with the validation data.  
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Fig. 8. Velocity field of CFD-FOM result compare to the validation data 

 

Figure 9 represents the comparison of CFD-ROM results for all mesh resolution with CFD-FOM 
result of fine mesh. Generally, the CFD-ROM results have a good agreement with the CFD-FOM. The 
finer mesh results of CFD-ROM can predict the lower velocity near the plates. It indicates that the 
mesh resolution affects the numerical result. Compare to CFD-FOM result for fine mesh, the CFD-
ROM can produce the lower velocity near the plate. It implies that the mathematics model influences 
the numerical result. The velocity yield of CFD-ROM as shown in Figure 9. 

 

 
(a) 

 

 
(b) 
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(c) 

 
(d) 

Fig. 9. Velocity vector of CFD-ROM compare to CFD-FOM for 
fine mesh (a) fine-FOM (b) coarse-ROM (c) medium-ROM (d) 
fine-ROM 

 

As plotted in Figure 10, the velocity yield of CFD-ROM results varies as the increase in mesh 
resolution. It shows the CFD-ROM can predict the velocity near the wall close to validation data for 
all mesh resolutions. Whereas, CFD-ROM over predict the maximum velocity compare to validation 
data. These range velocity field produce a parabolic curve for all the mesh resolution which is 
difference from the validation data. It indicates that the velocity near the maximum velocity is more 
varies compare to validation data. However, refine mesh has a widest curve compare to coarse and 
medium.  

 

 
Fig. 10. Velocity yield of CFD ROM compare to validation data 
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Furthermore, the average velocity simulated by CFD-ROM is compared to validation data. Error 
percentage is used. R coarse, R medium, and R fine are follow: 

 

Rcoarse = |
|uave|−|uavecoarse

ROM |

|uave|
|                     (38) 

 

Rmedium = |
|uave|−|uavemedium

ROM |

|uave|
|                    (39) 

          

Rfine = |
|uave|−|uavefine

ROM|

|uave|
|                     (40) 

 

Table 6 represents the error percentage of average velocity. The coarse, medium, and fine mesh 
has 15.038%, 19.117%, and 7.577%, respectively. The refiner of mesh resolution from coarse to 
medium, the error percentage is increased. Meanwhile, from medium to fine mesh, the error 
percentage is decrease. However, the fine mesh gives the lowest error percentage. It indicates that 
the appropriate mesh resolution can effectively reduce the numerical error in CFD-ROM.  
 

Table 6 
Error percentage of CFD-ROM compare to validation data 

Description U ave (m/s) % error 

Validation  0.820  
coarse-ROM 0.697 15.038 

medium-ROM 0.663 19.117 

fine-ROM 0.758 7.577 

 
4. Conclusions 
 

In this study, we investigated the impact of mesh resolution on velocity field results in CFD-ROM 
without change the number of modes. It used Richardson extrapolation, verification, validation, and 
% error percentage methods. Simulations were conducted using the open-source libraries Open 
Foam for CFD-FOM and ITHACA-FV for CFD-ROM, while Paraview was employed for visualization. 

The investigation clearly shows that mesh resolution influences the numerical results in CFD-
ROM. The observed decrease in CGI values for coarse-to-medium and medium-to-fine ratios was 
6.401% and 2.031% respectively. Verification results affirm that CFD-ROM velocity yield for various 
mesh resolutions has good agreement with the boundary layer concept. Additionally, it is found 
variations in numerical results for minimum and maximum velocity. The CFD-ROM velocity field for 
the three mesh resolutions exhibits a broader velocity range, resulting in a steeper slope of the 
velocity difference compared to the validation data. The medium mesh produces the highest error 
of average velocity of validation data, reaching 19.117%, while the fine mesh obtains the lowest error 
at 7.577%. Hence, selecting an appropriate mesh resolution can enhance the accuracy of the velocity 
field in CFD-ROM without increasing number of modes, for turbulent flows with a Reynolds number 
of 12000. However, the result of CFD-FOM by using fine mesh has more nearly to the validation data 
than the result of CFD-ROM as shown in Figure 8 and Figure 10.  
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