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ABSTRACT 

 
In spite of the recent great development of Computational Fluid Dynamics (CFD), there are still some issues 

about how to assess its accurateness. This work presents the validation of a CFD methodology devised to 

estimate the pressure drop of water flow through perforated plates similar to the ones used in some reactor core 

components. This was accomplished by comparing the results of CFD simulations against experimental data of 

5 perforated plates with different geometric characteristics. The proposed methodology correlates the 

experimental data within a range of ± 7.5%. The validation procedure recommended by the ASME Standard for 

Verification and Validation in Computational Fluid Dynamics and Heat Transfer-V&V 20 is also evaluated. The 

conclusion is that it is not adequate to this specific use. 

 

 

1. INTRODUCTION 

 

Computational Fluid Dynamics-CFD has undergone a great development in last years, due 

mainly to the enhancement of computing capacity. There are nowadays many codes 

available, open source and commercials, which incorporate advanced physical models and 

numerical solution techniques. In spite of that, there are still some issues about the 

uncertainty assessment of its results.  

 

Basically, CFD can be described as the use of numerical discretization techniques to solve a 

set of partial differential equations derived by the mathematical modeling of the flow 

physical phenomena The models are not exact, which is the case, for example, of the widely 

used RANS two equations turbulence models, which carry a great deal of approximations. 

Numerical techniques also introduce errors in the solution, due to the implementation of the 

method in the code as much as for the discretization and iteration processes themselves, 

which are intrinsically inexact. The process of estimating these errors is usually called 

verification and validation, or more commonly stated, V&V.  

 

There is consensus among experts that a deeper penetration of CFD into a highly regulated 

field as the nuclear, will depend on the establishment of comprehensive programs of 

Verification and Validation-V&V to improve confidence on the codes [1, 2]. There are many 

works in the related literature where experimental results are used to validate CFD 

simulations [3, 4, 5, 6, 7, 8]. The point in common with them is that they do not report any 

evaluation of the errors involved in the simulations. They claim that the calculations are 

validated if the simulation results fall within an acceptable uncertainty range. 
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Some authors, on the other hand, consider that estimating the error of a simulation plays a 

major role in V&V [9, 10, 11, 12]. The main idea is that it arises from three independent 

sources: modeling (mainly turbulence), numerical and input data. Therefore, any assertion 

about the accurateness of a model for a particular problem can only be possible after those 

errors have been estimated. This is vital for the improvement of existing models as well as for 

the development of new ones and should be the ultimate objective of V&V activities. Their 

point of view is consolidated in the ASME Standard for Verification and Validation in 

Computational Fluid Dynamics and Heat Transfer-V&V 20 [13]. 

 

This work presents the results of the first part of a comprehensive program devised by the 

Thermal Hydraulics Laboratory of the Centro de Desenvolvimento de Tecnologia Nuclear to 

develop and validate CFD methodologies to be used in the design and safety analysis of 

reactor components. A CFD methodology is proposed to estimate the pressure loss of water 

flow through perforated plates. This component is used in many reactor systems, as for 

example into the core as end pieces of fuel assemblies, like the one shown in Fig. 1. The 

methodology is validated against experimental results performed with 5 different perforated 

plates. The V&V 20 validation approach is applied and its adequacy to this particular use is 

discussed. 

 

 

 

 

Figure 1. Bottom end piece with the nozzle and perforated plate in detail 
 

 

1.1.  Verification and Validation - ASME Standard V&V 20 

 

According to this standard, the objective of validation is to estimate the modeling error within 

an uncertainty range. This is accomplished by comparing the result of a simulation and an 

experiment at a particular validation point such that: 

 

𝛿𝑚𝑜𝑑𝑒𝑙 = 𝐸 ± 𝑢𝑣𝑎𝑙                                                      (1) 

 

where E is the discrepancy between simulation and experiment and the validation uncertainty 

 

Nozzle 
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Fuel assembly 



INAC 2011, Belo Horizonte, MG, Brazil. 

 

is a combination of the experimental, input data and numerical uncertainties given by: 

 

𝑢𝑣𝑎𝑙 =  𝑢𝑛𝑢𝑚2 + 𝑢𝑖𝑛𝑝𝑢𝑡
2 + 𝑢𝑒𝑥𝑝2                                              (2) 

 

The estimation of these uncertainties is at the core of the process of validation. The input data 

and experimental uncertainties can be estimated by well established techniques [13]. The 

numerical uncertainty, on the other hand, poses much more difficulty to access.  

 

Numerical uncertainty estimation is called verification and is usually split into two 

categories: code and solution verification. Code verification evaluates the mathematical 

correctness of the code and is accomplished by simulating a problem that has a known exact 

solution. Although the V&V 20 recommends that the code verification must be performed by 

the user, it is common practice to take commercial codes as verified.  

 

Solution verification is the process of estimating the numerical uncertainty for a particular 

solution of a problem of interest. The two main sources of errors here are the discretization 

and iteration processes. The discretization error is the difference between the result of a 

simulation using a finite grid and that obtained with an infinitely refined one and the iteration 

error is the difference between calculations with a finite and an infinite number of iterations. 

 

For the discretization uncertainty, the V&V 20 suggests the Grid Convergence Index method, 

or GCI [11], which is based on a generalization of the Richardson Extrapolation method-RE. 

The theoretical basis of the RE method is to assume that the discrete solutions φi have a 

power series representation in the grid spacing hi, in such a way that, as the mesh is refined, 

the results asymptotically converge towards the exact (or extrapolated) solution of the 

equation system, at a rate proportional to the formal order of accuracy of the discretization 

scheme. If the formal order is known, then the method provides an estimate of the error with 

the solutions from only two different grids. If it is unknown, then it is necessary to take the 

results of three grids to determine the observed order of convergence and the error estimate. 

Supposing that φi-1, φi and φi+1 are the solutions from simulations using grids with element 

sizes hi-1<hi<hi+1, and refinement ratios ri=hi+12/hi, then the observed order p is determined 

by: 

 

     iiiii pqrp    1lnln1                                                (3)
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where ε are the absolute errors εi+1 = φi+1 - φi  and εi = φi-1 - φi.  And finally: 
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When Fs is assigned a value of 1.25, the GCI method gives the value of an expanded 
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uncertainty compatible with a 2σ range of the parent population of errors, i.e. a 95% 

confidence level range that the exact solution falls within: φexact=φi-1±GCI. 

 

Values of observed orders p lower than one or higher than two can introduce strong 

deviations in the GCI values. In order to avoid this, the V&V 20 recommends that those 

values are used as limiters in eq. 6. 

 

The V&V 20 recommends that the iteration error should be negligible compared to the 

discretization error to guarantee that it has no influence on its estimation. This is generally 

accomplished by adopting a very small value for the RMS convergence target. 

 

2. EXPERIMENTAL METHODOLOGY 

 

A schematic of the facility used in the experiments is shown in Fig. 2. Water is pumped from 

a storage tank through a test section. The test section is a square duct made of acrylic with 

internal side of 72.14 mm and a total length of 3435.9 mm. It is divided in two halves with 

flanges on both ends. The perforated plates were positioned between the halves by means of a 

holding flange. 

 

 

 

 

Figure2.  Experimental set up 
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The flow rate was measured by an orifice plate located upstream the section. The test 

temperature was taken by a thermocouple located at the section inlet flange and the absolute 

pressure by a pressure transmitter at the middle of the section. The pressure drop was 

measured by a set of differential transmitters of different spans so as to optimize the accuracy 

of the measurement (the lower the span, the more accurate the equipment). The two pressure 

taps were drilled 700 mm upstream and 963 mm downstream the plate 

 

All plates were manufactured in PVC using four blades cylindrical drills for the holes and 

cone drills for the chamfers. They are 20 mm thick and have a regular square hole pattern 

covering the whole flow section. The distance between the center of the holes closest to the 

wall and the wall is half the pitch. Table 1 lists the geometrical features of the plates and Fig. 

3 shows a picture of some plates. This set of plates was chosen to cover a wide range of the 

dimensionless ratio diameter/thickness and to account for chamfers in the inlet and outlet 

separately.  

 

 

Table 1.  Geometric features of the perforated plates 

 

Plate 
Number of 

holes 

Hole diameter 

[mm] 

Width 

[mm] 

Characteristics of the chamfer  

 

Position l – [mm] Angle θ – [degree] 

1  25 8.593 

20 

 0 0 

2  4 21.51  0 0 

3   3.905  0 0 

4   8,594 inlet 0.981 45 

5   8,594 outlet 0.981 45 

 

 

 

 
 

Figure 3.  Perforated plates 

 

 

As long as the internal rugosity of some plates could not be measured, much care was taken, 

during the manufacturing, to keep the internal surface of the holes as smooth as possible. 

 

The tests were performed at a Reynolds number of 120000. 
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3 NUMERICAL METHODOLOGY 

 

The simulation methodology is constituted of four main parts: a geometric domain, a mesh, a 

model for the turbulence and a discretization technique.  

 

A scaled down geometric domain with only one hole and a 45 degrees symmetry shown in 

Fig. 4 was used in the simulations. It was chosen after a comprehensive study, where the 

results of hundreds of simulations of plates with distinct geometric features performed with 

this domain were compared with the ones obtained with domains representing the complete 

plates. The results discrepancies fell within the range ±0,12% (±2s). Their dimensions were 

determined by keeping the same area ratio (plate flow area/test section area) and hole 

diameter to plate thickness ratio of the real plates. The lengths up and downstream the plates 

were respectively 10 and 20 hole diameters. This scaled down configuration was adopted 

because its small size allowed simulations with very refined grids. 

 

 

 

 
 

Figure 4.  Geometric domain of simulation (plate 4) 

 

 

Non structured hexaedrical meshes were used in the simulations. The element sizes were 

chosen so as to keep constant their ratio to the hole diameter for all domains in each level of 

refinement. The meshes were homogeneous over the domain, with no localized refinement. 

They were generated by the meshing module of the ANSYS Multi-Physics code [15]. The 

sweep method was used since it produces more structured and much better quality meshes 

than the other options available in the module. Unstructured and low quality meshes is one of 

the main causes of non convergent grid refinement results [11]. Fig. 5 shows some details of 

the meshes used. Table. 2 lists the details of the meshes used. The refinement ratio adopted 

was 1.3 which doubles the number of elements of the meshes. This is the smallest value 

allowed by the V&V 20. The real element size of each mesh was determined after the 

generation by: 

 

h = (domain volume/number of elements)
1/3

                              (7) 
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Figure 5.  Illustration of mesh 8 on plate 4 geometric domain 

 

 

 

Table 2.  Details of the meshes (number of elements and element size) 

 

Mesh 
Domain (Plate number) 

19 23 31 15 15 inv 

1 
N = 43610614 

h= 0.057 mm 
    

2 
N = 20138070 

h= 0.073 mm 

N = 20627750 

h= 0.181 mm 

N = 21332149 

h= 0.033 mm 

N = 20138070 

h= 0.069 mm 

N = 20358957 

h= 0.073 mm 

3 
N = 9178665 

h= 0.095 mm 

N = 9188796 

h= 0.237 mm 

N = 9990504 

h= 0.042 mm 

N = 9178665 

h= 0.091mm 

N = 9414562 

h= 0.095 mm 

4 
N = 4219731 

h= 0.124 mm 

N = 4374342 

h= 0.304 mm 

N = 4556095 

h= 0.055 mm 

N = 4219731 

h= 0.119 mm 

N = 4264320 

h= 0.123 mm 

5 
N = 2014607 

h= 0.158 mm 

N = 1997947 

h= 0.395 mm 

N = 2237362 

h= 0.070 mm 

N = 2014607 

h= 0.152 mm 

N = 2045964 

h= 0.157 mm 

6 
N = 1016623 

h= 0.198 mm 

N = 918398 

h= 0.511 mm 

N = 1024063 

h= 0.091mm 

N = 1016623 

h= 0.200 mm 

N = 932592 

h= 0.204 mm 

7 
N = 424610 

h= 0.266 mm 

N = 419506 

h= 0.664 mm 

N = 429211 

h= 0.121 mm 

N = 424610 

h= 0.252 mm 

N = 438890 

h= 0.263 mm 

8 
N = 200913 

h= 0.341 mm 

N = 199625 

h= 0.851 mm 

N = 203306 

h= 0.155 mm 

N = 200913 

h= 0.314 mm 

N = 308649 

h= 0.295 mm 

Volume[mm
3
] 79512 122881 761 7953 7953 

 

 

The simulations were performed with the commercial code CFX 13 [15]. Three different 

RANS two equation turbulence models were used, the standard k-ε, the SST and the k-ε 

RNG. The code uses default wall functions for the boundary layer for each one of these 

models. The high resolution discretization scheme was used. It is the best compromise 
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between robustness and accuracy available in the code. It is basically a technique that tries to 

keep the order of accuracy as close to two as possible. The important point here is that the 

formal order is not known. Double precision mathematics as well as momentum equations 

averaged residual target of 10
-8

 were used in all simulations. Boundary conditions adopted 

were: flat average velocity and 10% turbulence intensity at the inlet, smooth walls at the 

plate, symmetry on the lateral faces outside the plates and defined pressure averaged over the 

outlet.  

 

The simulations run in parallel mode in 6 computers with 2 quad core processors each, 

proceeding from the coarsest to the finest mesh and using the results of the previous run as 

initial values for the next one. This shortened the calculation time and improved the quality of 

the iteration convergence.  

 

4 RESULTS 

 

Table 3 lists the experimental values of the pressure loss coefficient K, calculated by: 

 

2

2

V

DP
K







                                                             (8) 

 

Where V is the mean velocity in the test section and DP is the difference between the 

pressure drop measured with and without the plate. Also in Table 3 are the experimental 

uncertainties.  

 

 

 

Table 3. Experimental pressure loss coefficient and uncertainties 

 

Plate Re DP [mbar] K 2s(K) 2s(K)/K [%] 

1 124409 109.05 13.32 0.198 1.485 

2 121598 103.29 1266 0.194 1.529 

3 123989 109.87 13.45 0.196 1.457 

4 123431 79.47 9.74 0.166 1.701 

5 123506 100.43 12.31 0.190 1.543 

 

 

The results of the simulations and the GCI values are listed in Table 4. Simulations with 

mesh number 1 were run only for plate 1. It is a very large mesh and the runs were extremely 

long with the computational resources available. The other blanks in the table were caused by 

simulations that did not converge properly. 

 

Fig. 6 shows plots of the relative discrepancies between experimental and calculated results. 

Among the three turbulence models used, the standard k-ε gave the overall better agreement 

between experiment and simulation. With the exception of plates 2 and 4, the SST and RNG 

simulations gave also good agreement with experiment. The standard k-ε is also the model 

with the best quality and faster iteration convergence. Some of the simulations with SST and 

RNG k-ε presented very slow and oscillating iteration convergence. Mesh number 4 with 

standard k-ε presents the best concordance for all plates taken together: E = 0.065±7,5%. 
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Table 4. Calculated pressure loss coefficients and GCI values (in brackets) 
 

 
Mesh 

Plates 

1 2 3 4 5 

Standard k-ε 

1 13.505 (0.585)      

2 13.386 (0.571) 13.336 (0.445) 14.800 (0.667) 9.157 (0.162) 12.350 (0.681) 

3 13.259 (0.567) 13.232 (0.212) 14.646 (0.723) 9.118 (0.125) 12.192 (0.810) 

4 13.133 (0.513) 13.146 (0.112) 14.479 (0.667) 9.088 (0.096) 12.004 (0.827) 

5 13.019 (0.189) 13.086 (0.017) 14.325 (0.653) 9.065 (0.074) 11.812 (0.810) 

6 12.923 (0.152) 13.095 (0.121) 14.165 (0.591) 9.039 (0.136) 11.624 (0.343) 

7 12.842  13.161 14.022 9.008 11.443 

8 12.868 13.288 13.898 8.973 11.155 

SST 

1 12.093 (0.321)     

2 13.034 (0.275) 14.624 (0.011) 13.565 (0.385) 8.391 (0.121) 12.425 (0.706) 

3 12.973 (0.183) 14.630 (0.122) 13.476 (0.411) 8.234 (0.009) 12.261 (0.702) 

4 12.922 (0.065) 14.680 (0.146) 13.381 (0.333) 8.319 (0.105) 12.098 (0.260) 

5 12.889 (0.006) 14.758 (0.019) 13.304 (0.123) 8.261 (0.034) 11.960 (0.132) 

6 12.892 (0.118) 14.768 (0.290) 13.239 (0.022) 8.243 (0.056) 11.890 (0.089) 

7 12.955 14.855 13.251 8.272 11.862 

8 13.126 14.914 13.333 8.351 11.624 

RNG k-ε 

1 12.923 (0.085)     

2 12.883 (0.095)  13.399 (0.266) 8.286 (0.082) 12.149 (0.336) 

3 12.836 (0.047) 16.092 (0.642) 13.340 (0.255) 8.315 (0.035) 12.071 (0.274) 

4 12.811 (0.002) 16.242 (0.347) 13.280 (0.208) 8.334 (0.137) 12.002 (0.091) 

5 12.812 (0.078) 16.428 (0.271) 13.233 (0.221) 8.410 (0.006) 11.953 (0.043) 

6 12.848 (0.139) 16.327 (0.273) 13.191 (0.281) 8.482 (0.244) 11.976 (0.036) 

7 12.921 16.177 13.191 8.539 12.123 

8 13.104 16.213 13.227 8.609 11.972 

 

 

 

Fig 7 shows the relative modeling error, with its validation uncertainty, according to the 

V&V 20 recommendations. The validation uncertainty was calculated with only the 

contributions from experimental and discretization uncertainties. Applying the most rigorous 

interpretation, validation is accomplished when E ≤ uval. A look at Fig. 7 shows that it 

happens only in very few cases. This is an unexpected result.  

 

According to the V&V 20, the objective of a validation is to estimate the error of a model 

within a certain range. The intention is to evaluate how good a model represents the physical 

phenomenon, independently of other sources of errors. The advantage of the GCI approach is 

its general character, i. e., the validation of a model is for a flow structure, which means that 

it should be valid for other similar cases. The results show nevertheless, large discrepancies 

between the accuracy of the same model for very similar flow structures.  

 

The most frequent cause cited for this behavior is that the GCI theoretical basis makes it valid 

only for the regions of the refinement space where the results converge smoothly to the exact 

value. In this region the values of the observed order are more constant and closer to the 

formal value. The observed orders obtained in this study differ greatly and, with few 

exceptions, have values much greater than 2 and lower than 1. This can be noted in Fig. 7, 
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where the curves do not seem to converge to an asymptote as the mesh is refined. It can also 

be argued that the meshes are not refined enough. This does not seem to be the case here. The 

meshes used, more specifically mesh number 1 has element sizes almost small enough to be 

used with more advanced turbulence models, like for example the Large Eddy Simulation-

LES, and so, there is no use to further refinement for RANS models. Besides, this behavior 

has been investigated by some experts in CFD validation [9, 14] and seems to be the rule for 

complex flows. 

 

 

 

 
 

Figure 6.  Relative difference between experiment and simulations 
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Figure 7.  Modeling relative error with validation uncertainty (V&V 20 [11]) 

 

 

5 CONCLUSIONS 

 

Experimental tests were performed to validate a CFD methodology to estimate the pressure 

loss coefficient of perforated plates similar to the ones used in reactor components. The 
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methodology consists of running the simulations in a scaled down geometric domain with 

only one hole, a 45 degrees symmetry and dimensions normalized by the area flow ratio 

inside and outside the plate and hole diameter to thickness of the real plate. The lengths up 

and downstream the plate were 10 and 20 times the hole diameter. Three different turbulence 

models were used in the simulations. 

 

The best overall agreement between experiments and simulation was obtained using mesh 

number 4 and standard k-ε model, which correlated the data within the range ± 7.5%. In spite 

of the few tests performed, this is an example of a validation procedure acceptable for many 

real industrial problems, with very few exceptions. A new set of experimental data, soon to 

be published will confirm it. 

 

An option to this approach is the use of the GCI method, recommended by the ASME 

Standard V&V 20. This method was applied here and did not allow any coherent conclusion. 

The cause is that the non convergent nature of this specific problem makes the theoretical 

basis of this method not applicable.  
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