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Abstract: At present, software products for numerical simulation of fluid dynamics problems (ANSYS
Fluent, Ansys CFX, Star CCM, Comsol, etc.) problems are widely used. These software products
are mainly based on the numerical solution of the Navier–Stokes equations, the most common and
computationally easy method of solving, which is Reynolds averaging (RANS), and further closing
the system using semi-empirical turbulence models. Currently, there are many modeling methods and
turbulence models; however, there are no generalized recommendations for setting up grid models
for modeling flows, while for practical use both the correct mathematical models and the setting
of the computational grid are important. In particular, there are no generalized recommendations
on the choice of scale of global elements of grid models for typical single channels. This work is
devoted to the development and study of relations for a priori estimation of the parameters of a
grid model in relation to solving hydrodynamic problems with fluid flow in channels. The paper
proposes the introduction of a generalized grid convergence criterion for single channels at high
Reynolds numbers. As single channels, a channel with a sudden expansion, a channel with a sudden
contraction, and diffuser channels with different opening angles are considered. Based on the results
of variant calculations of typical single channels at various Reynolds numbers and various geometric
parameters, generalized criterion correlations were obtained to find dimensionless linear scales of grid
elements relative to the hydrodynamic characteristics of the flow in the channel. Variant calculations
of the compound channel were investigated, which showed the adequacy of correlations proposed.

Keywords: mesh recommendations; mesh cell size; grid convergence; optimization; criterial analysis

1. Introduction

At present, the modeling of fluid dynamics processes in the flow in channels is an
urgent task associated with the development and design of complex science-intensive
products in power engineering, aviation and other industries. The main difficulty in
modeling hydro-gas-dynamic processes lies in the correct modeling of the turbulence
phenomenon, which is characterized by:

1. Non-stationarity;
2. Irregularity, lack of strict order in time;
3. Randomness;
4. Three-dimensionality;
5. Viscous and vortex nature of the flow;
6. Coherence of large vortex structures.

Usually, the flow regime becomes turbulent at Reynolds number (Re) more than a
critical values, which is different for various types of flow. The Re by definition is:

Re =
u·DH

ν
, (1)
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where:

DH—characteristic size, m.
u—characteristic velocity, m/s;
ν—viscosity, m2/s. There are currently several main approaches to modeling turbulence:

1. Direct numerical simulation (DNS) [1] calculates the Navier–Stokes equations for
eddies of all scales up to the Kolmogorov scale. With an increase in the size of the
computational cell, the system of equations for DNS, as a rule, does not converge.
At present, the DNS is used mainly for research purposes and in modeling low-
Re currents.

2. Large eddy modeling (LES) [2] uses the separation of eddies by scale: large eddies
are directly resolved, small eddies are modeled using subgrid models. LES methods
require a grid of the order of the scale of large eddies. Currently, LES is used in
scientific research and technical applications as a highly accurate method.

3. Modeling of Reynolds-averaged Navier-Stokes equations or unsteady Reynolds-
averaged Navier-Stokes equations (RANS, URANS) [3]. Modeling is done by closing
the equations through Boussinesq hypothesis and semi-empirical turbulence models
over the entire energy spectrum.

At present, this method is most widely used in technology in the development of new
equipment, scientific research, etc. Figure 1 shows a comparative diagram of DNS, LES
and RANS/URANS approaches for modeling turbulent flows. The hybrid methods as
a detached eddy simulation (DES) [4] are between LES and RANS/URANS in terms of
physicality and volume of calculations.
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Figure 1. Comparison of different approaches to modeling turbulent flows.

There are a large number of turbulence models for the RANS method, the most
widely used of which are the two-parameter models of the k-ε [5] and k-ω [6] groups. The
main difference between the turbulence models of the k-ε group is the type of differential
equations that allow, together with the averaged system of Navier–Stokes equations, to
determine the kinetic energy of turbulence and the rate of its dissipation. Additional
differential equations for k and ε are transport equations of the given quantities. The k-ω
and Shear Stress Transport (SST) turbulence models are traditionally referred to as the
low Reynolds group of turbulence models. The turbulence model k-ω is similar to the
turbulence models from the high-Reynolds k-ε family, only in this case, to determine the
turbulent viscosity, differential equations are additionally solved for the specific dissipation
rate of kinetic energy ω. One of the most versatile turbulence models is the k-ω SST
hybrid model. The group of equations of the low Reynolds SST [7] turbulence model
includes equations for the high Reynolds k-ε turbulence model solved for the flow core and
equations for the low Reynolds k-ω turbulence model solved for the boundary layer region.

Since RANS methods, unlike LES and DNS methods, do not directly calculate vortex
structures, but model them using semi-empirical models, there are no unambiguous criteria
for constructing grid models [3] related to the scales of resolvable vortex structures that can
be built for these methods for DNS and LES methods [8]. At the same time, the formation of
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recommendations for the construction of computational grids that ensure high calculation
accuracy for specific geometric and regime characteristics is an important applied task,
since it allows for advanced verification of flow modeling, which in turn reduces the
number of numerical and physical experiments.

The paper [9] summarizes recommendations for numerical modeling of flow processes
in the interblade channels of turbines. Based on the results of the review, the authors recom-
mend the use of the k-ω SST model, the use of inflation in the vicinity of the wall with the
thickness of the first near-wall element corresponding to y+ < 1, as well as recommendations
for choosing the size of the global mesh element, corresponding to the number of elements
in the range between 500,000 and 1,500,000. The y+ is the dimensionless universal flow
coordinate, which is by definition:

y+ =
uτ ·y

ν
, (2)

where:

y—wall distance, m.
uτ—shear velocity, m/s.
ν—viscosity, m2/s.

Using the example of modeling thermal–hydraulic processes occurring in the core
of the CANDU (Canada Deuterium Uranium) reactor, it was shown in [10] that a good
approximation at a Reynolds number of 2.3 · 106 is provided with a number of elements of
the grid model of 84 million, while the size of the element in the zones of a high-velocity
gradient should not exceed 0.4 mm. It is also noted in the work that during modeling, a
much greater sensitivity is manifested to a change in the size of the global element than to
a change in the size of the near-wall cells.

The main problem of using the data of the above works is the lack of generalized
recommendations for constructing grid models for the sizes of global elements, while for
near-grid cells there are recommendations for choosing sizes (y+ < 5 for low Reynolds
models and y+ > 30 for high Reynolds ones) [11].

For a global element of a grid model, an important characteristic is the grid conver-
gence point [12] when conducting a grid-independence study. The grid convergence point
is the value of the element size, at which a further decrease in the element size does not
lead to a noticeable increase in the accuracy of calculations; therefore, this value is of
great importance, since it is the optimal element size that provides the required modeling
accuracy at relatively low computational costs.

The paper [13] presents the results of the study of grid convergence as applied to
modeling the external flow around a wind turbine with a Darrieus rotor. The paper
proposes a methodology and correlations for estimating element sizes in relation to URANS
modeling using the SST model, using a combination of the Courant number (Co) and
the newly introduced GRV (Grid-Reduced Vorticity) criterion. The advantages of the
described approach include a high degree of physical validity, as well as high accuracy. The
disadvantages are the need to construct the vorticity field, which excludes the possibility of
a priori estimation of the size of the grid model.

The purpose of this work is to form correlations for estimating the sizes of global ele-
ments of grid models that provide grid convergence in modeling fluid dynamics processes
in turbulent flow in typical single channels, which are considered channels with sudden
expansion, sudden contraction, as well as diffuser channels. In this case, the ratios must be
designed for application for use in a wide range of operating characteristics and meet the
following requirements:

1. The size of the grid element in correlations should be associated with characteristic
hydrodynamic quantities that have a length scale and characterize the flow regime.

2. The nature of the quantities used should allow one to estimate the scale of the element
a priori, before conducting numerical studies.

3. Correlations should take into account the results of empirical and analytical studies
of turbulent flows in channels.



Inventions 2023, 8, 4 4 of 17

The main novelty of this paper is the formulation of new grid convergence criteria,
which has a physical sense and is related to the characteristic flow length scale. In the
previous study [11] were estimated some recommendations for turbine blade channel
modelling, but there are no generalized criteria, which can help to expand recommendations
for more cases. On the contrary, in this study, a step is being taken towards the formulation
of generalized criteria, which can be expanded on another geometry in the same class of
cases in further studies. The formulation of generalized recommendations on the optimal
mesh settings will allow the future to form a methodology for advanced verification of
numerical simulation results.

2. Research Object

The objects of study in this paper are channels with a sudden expansion, with a sudden
contraction, as well as diffuser channels. These types of channels are typical in relation
to the problems of power engineering, in particular, channels with a sudden expansion
and diffuser channels are characteristic geometries for combustion chambers of gas turbine
plants, and channels with a sudden contraction are often found in shut-off and control
valves, which, in particular, include faucets and valves.

To build a methodology for advanced verification, it is necessary to simulate the pro-
cesses of fluid dynamics in single circular channels in a wide range of geometric and regime
characteristics. Figure 2 shows the sketches of the single circular channels considered in
this work; Table 1 shows their geometric and operating characteristics.
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Figure 2. Sketches of the considered geometries: (a)—channel with a sudden expansion; (b)—channel
with a sudden contraction; (c)—diffuser channel; (d)—compound channel.

Characteristic Re for interblade channels of gas turbines ~104–105 [14–16] are consid-
ered as modes.

For the cases F0, l0, D0 are the cross-sectional area, length and diameter, respectively,
of the channel until the diameter changes and F1, l1, D1 are these ones after changing. The
α is the diffuser opening angle and Re0 is the inlet Reynolds number.

In this paper, the compound channel is considered a control geometry for checking the
correlations obtained during the study. The compound channel includes a diffuser section,
a sudden contraction and a sudden expansion. The geometric and operating characteristics
of the compound channel are shown in Table 2. For compound channel l0, D0 is the length
and diameter, respectively, of channel until diffuser expansion and, l1, D1 are the ones
after the diffuser region. The α is the diffuser opening angle and Re0 is the inlet Reynolds
number. The D2, l2 and the D3, l3 is the diameter and length of the region after sudden
contraction and after sudden expansion, respectively.
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Table 1. Geometrical and operating characteristics of the studied channels.

Channel with a Sudden Expansion
F0
F1

0.1 0.3 0.5

D0, mm 84 84 84

D1, mm 265.6 153.4 118.8

l0, mm 50 50 50

l1, mm 1400 700 700

Re0 20,000; 60,000; 100,000 20,000; 60,000; 100,000 20,000; 60,000; 100,000

Channel with a sudden contraction
F1
F0

0.1 0.3 0.5

D0, mm 84 84 84

D1, mm 48.1 83.3 107.5

l0, mm 50 50 50

l1, mm 700 700 700

Re0

20,000
60,000

100,000

20,000
60,000

100,000

20,000
60,000

100,000

Diffuser channel

α, ◦ 10 15 20

D0, mm 84 84 84

D1, mm 220.4 289.32 359

l0, mm 168 168 168

l1, mm 700 700 1078

Re0 20,000; 60,000; 100,000 20,000; 60,000; 100,000 20,000; 60,000; 100,000

Table 2. Geometrical and regime characteristics of the compound channel.

D0, mm l0, mm D1, mm l1, mm D2, mm l2, mm D3, mm l3, mm

84 100 150 100 120 189 150 250

α, ◦ 14

Re0

20,000
60,000

100,000

3. Research Method

Studying the problem for grid convergence is an important step in solving any problem;
however, in the case of complex problems, the need to calculate several configurations
leads to a significant increase in the overall computational complexity of the problem. In
the case of forward verification, if the value of the optimal size of the global element is
known, there is no need to conduct a large grid convergence study from the biggest scales
of the grid element.

In the numerical simulation of hydrodynamic problems, the main source of simulation
error is the low resolution of the grid model in areas with high velocity and pressure
gradients. As applied to the flow in channels, the main velocity gradient is contained in the
near-wall boundary layer, while in the core of the flow, the mean velocity practically does
not change. The biggest local pressure gradients are contained near vortex generation sites
as sharp corners or sudden flow direction change.
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Figure 3 shows the velocity profile for a turbulent fluid flow in a channel in natural
coordinates. This profile, when translated into dimensionless quantities in logarithmic
coordinates, corresponds to the standard logarithmic turbulent profile.
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Figure 3 shows that the largest velocity gradient during fluid flow is concentrated in
the viscous sublayer, for which there are current recommendations for choosing the heights
of prismatic layers [17]. In a turbulent logarithmic boundary layer, the change in velocity is
slower, but the gradient is also significant.

If we talk about the section of the logarithmic turbulent sublayer, then, as a rule, this
section corresponds to the area of global grid elements, for which there are currently no
practical generalized a priori recommendations for choosing linear dimensions. It is also
important to note that a change in the size of the global element also affects the density
of the grid in the direction of the fluid flow, which in turn affects the correctness of the
calculation of the pressure field, which changes during a steady flow, mainly along the
length of the channel.

Taking into account the structure of the flow, it is assumed that in order to ensure the
required accuracy, the optimal sizes of global elements should be related by correlation
dependences with characteristic scales characterizing the scale of turbulence in the flow.
The optimal scale, in this case, would be the characteristic size of the vortex structures, but
it cannot be estimated a priori, and therefore it is not suitable as a scale for constructing a
priori correlation dependences.

On the other hand, using the relations for the logarithmic Prandtl velocity profile, one
can construct correlations in which the thickness of the turbulent logarithmic sublayer,
approximately corresponding to the dimensionless coordinate y+ = 200, is taken as the
characteristic linear dimension. Taking into account the expression for near-wall layer
height [16], it is possible to convert dimensionless coordinates into dimensional ones.

It is assumed that for all considered regimes within the framework of one considered
turbulence model, the correlation:

Ko = f
(

Re′
)
, (3)
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where Ko—dimensionless value of the optimal value of the length of the control element,
related to near-wall layer height, which is estimated by equations, presented in [18]:

Ko =
∆opt

y+D
√

74Re′−13/14 , (4)

where:

D—channel characteristic size, m;
∆opt—optimal linear size of the global element of the grid model, m;
y+—dimensionless distance from the wall corresponding to the transition to the flow core,
y+ = 200 [19];
Re′—the Reynolds number in the characteristic cross section of the channel, Re′ = u′D

ν ;
where u′ is the characteristic flow velocity.

The Ko is the new criteria number of grid quality related to the characteristic length
scale in the flow, proposed in this study. The physical meaning of Ko is the grid length
scale divided by a near-wall layer height, which is estimated by y+D

√
74Re′−13/14. With

increasing of Ko the grid quality will decrease because there will be less control volumes
per wall layer, and on the contrary with decreasing of Ko grid quality will increase.

In this paper, the optimal size of a grid model element is considered to be the size that
ensures grid convergence. This decision is due to the fact that in this size the numerical
solution is quite accurate and further decrease in grid element size does not significantly
effect. Wherein the decrease in cell size leads to an increased number of element, which
require larger computing resources. As the characteristic size of the channel to determine
Re’ and Ko in the case of channels with a varying cross-section, the size of the channel
in the region of the greatest pressure losses is taken. For example, in the case of a canal
with a sudden expansion, this is the diameter of the long wide part, in the case of a canal
with a sudden contraction this is the diameter of tight part, for the diffuser this is the mean
diameter between wide part and the tight part. The characteristic velocity to determine Re’
is the velocity, which matched the characteristic diameter of the channel.

The physical meaning of the hypothesis lies in the dependence of the element value
and the height of the turbulent boundary layer on the flow regime in order to provide the
necessary discreteness in the velocity gradient zone, which is the turbulent boundary layer.

The general research methodology includes:

1. Conducting research on grid convergence for single channels with various regime
and geometric characteristics.

2. Revealing transition points to grid convergence using approximation power expressions.
3. Reducing the values of the size of the element corresponding to the transition to the

grid convergence to the dimensionless form Ko by dividing by the thickness of the
turbulent boundary layer.

4. Formation of correlations Ko(Re’) for individual channels with a test of stati-
stical significance.

5. Formation of the overall correlation Ko(Re’) with a test of statistical significance.
6. Verification of the obtained general correlation dependence on the compound channel.

Modeling is planned to be carried out in an axisymmetric 2D RANS formulation,
which provides fast calculation, which is valuable for practical engineering calculations,
k-ω SST Menters Model [7] is used as a turbulence model. This model was chosen because
of one of the best predictions for a flow with separation. Equations for the SST turbulence
model for an incompressible fluid:
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∂k
∂t + uj

∂k
∂xj

= Pk − β∗kω + ∂
∂xj

[(
µ
ρ + σ∗ µt

ρ

)
∂k
∂xj

]
∂ω
∂t + uj

∂ω
∂xj

= γPk
ρ
µt
− βω2 + ∂

∂xj

[(
µ
ρ + σ∗ µt

ρ

)
∂ω
∂xj

]
+ 2(1− F1)σω2

∇k·∇ω
ω

Pk = min
(

µt
ρ S2, 10β∗kω

)
F1 = tan h

(
arg4

1
)

arg1 = min
[
max

( √
k

0.09ωdw
, 500ν

d2
wω

)
, 4ρσω2k

CDkωd2
w

]
CDkω = max

(
2ρσω2

1
ω

∂k
∂xj

∂ω
∂xj

, 10−10
)

F2 = tanh
(
arg2

2
)

arg2 = max
(

2
√

k
0.09ωdw

, 500ν
d2

wω

)
σk = F1σk1 + (1− F1)σk2

σω = F1σω1 + (1− F1)σω2
β = F1β1 + (1− F1)β2

γ = β
β∗ −

σωκ2√
β∗

µt =
ρa1k

max(a1ω, SF2)

S =
√

2SijSij

Sij =
1
2

(
∂ui
∂xj
− ∂uj

∂xi

)

(5)

where:
k—turbulent kinetic energy;
ω—turbulent kinetic energy specific dissipation rate;
ρ—fluid density;
µ—fluid dynamic viscosity;
µt—fluid eddy viscosity;
dw—distance to the wall;
t—time;
xj—coordinates by space;
F1, F2—blending functions;
S—strain rate;
u—fluid velocity;
CDkω—cross-diffusion term.
In this paper, there are no discussions about closing empirical coefficients, which are

standard for the k-ω SST model in ANSYS Fluent 19.2:

β∗ = 0.09,= 0.41, a1= 0.31, σk1= 0.85, σk2= 1.0, σω1= 0.5, σω2 = 0.856,
β1= 0.075, β2 = 0.0828.

The Ansys Fluent 19.2 software package was used for numerical simulation. The mesh
and solver settings used in the simulation are shown in Table 3. An example mesh is shown
in Figure 4. The boundary condition on the inlet is the velocity which is vary depending
on Re and in the outlet is the Gauge pressure, which is equal to zero. To provide better
accuracy there are prismatic pipe regions: 10D0 before the inlet and 10D1 after the outlet.

Table 3. Mesh and solver settings.

General Steady State RANS,
2D Axisymmetric Turbulence Model k-ω SST

Velocity inlet, m/s
3.478

10.434
17.39

Gauge pressure outlet, Pa 0
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Table 3. Cont.

General Steady State RANS,
2D Axisymmetric Turbulence Model k-ω SST

Fluid Air at 25 °C First near-wall prismatic
layer y+

1

ρ, kg/m3 1.225 Number of prismatic layers 10

ν, M2/c 1.46 ·10−5 Growth coefficient 1.1

Meshing method Unstructured, triangles Global element size, mm 0.2–40
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As a control parameter characterizing the accuracy of the simulation, the coefficient of
hydraulic resistance was used, calculated by the formula [20]:

ζANSYS = 2· P1 − P0

ρw02 , (6)

where:
ζANSYS—coefficient of hydraulic resistance, obtained by numerical simulation;
P1—mass-averaged total inlet pressure, Pa;
P0—mass-averaged total outlet pressure, Pa.
The modeling error was estimated by the formula:

δ = 100· |ζANSYS − ζth|
ζth

, (7)

where:
ζth—the value of the coefficient of hydraulic losses according to the literature data.

ζth = ∑ ζpipe,i·
(

D0

Dpipe,i

)4

+ ∑ ζspec,i·
(

D0

Dspec,i

)4

, (8)

where:
ζpipe,i—coefficient of hydraulic losses of pipes;
ζspec,i—coefficient of local losses, determined from the data [20];
Dpipe,i—pipe’s diameter, m;
Coefficient of hydraulic losses of pipes calculated by the formula:

ζpipe,i =
0.3164
Re0.25 ·

lpipe,i

Dpipe,i
, (9)
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lpipe,i—pipe section length, m.
To test the hypothesis of the presence of a correlation, the Pearson test [21] is used.

The condition for the presence of a correlation:∣∣rp
∣∣ ≥ rkrit, (10)

where:
rp—Pearson’s test statistics;
rkrit—critical value of the Pearson criterion;
The Pearson test statistic is determined by the formula [21]:

4·cp√
1− c2

p

, (11)

where:
cp—Pearson’s linear correlation coefficient.
The critical value of the statistics of the Pearson test is determined by the formula:

rkrit = T0.95, 2n−2, (12)

where:
T0.95,2n−2—quantile of Student’s distribution of 0.95 level with 2n− 2 degrees of freedom;
n—number of points.

4. Results and Discussion

As a result of research on grid convergence for all considered geometries, it was
possible to reach an acceptable error level of 10%. Graphs illustrating grid convergence
are shown in Figures 5–7. As can be seen from Figures 5–7, the error achieved during
the transition to grid convergence mostly increases with an increase in the degree of flow
turbulence with an increase in the average Re along the channel length.

Inventions 2023, 8, x FOR PEER REVIEW 10 of 17 
 

To test the hypothesis of the presence of a correlation, the Pearson test [21] is used. 
The condition for the presence of a correlation: ห𝑟௣ห ≥ 𝑟௞௥௜௧, (10) 
where: 𝑟௣—Pearson’s test statistics; 𝑟௞௥௜௧—critical value of the Pearson criterion; 

The Pearson test statistic is determined by the formula [21]: 4 ∙ с௣ඥ1 − 𝑐௣ଶ, (11) 

where: с௣—Pearson’s linear correlation coefficient. 
The critical value of the statistics of the Pearson test is determined by the formula: 𝑟௞௥௜௧ =  𝑇଴.ଽହ,ଶ௡ିଶ, (12) 

where: 𝑇଴.ଽହ,ଶ௡ିଶ—quantile of Student’s distribution of 0.95 level with 2n-2 degrees of free-
dom; 𝑛—number of points. 

4. Results and Discussion 
As a result of research on grid convergence for all considered geometries, it was pos-

sible to reach an acceptable error level of 10%. Graphs illustrating grid convergence are 
shown in Figures 5–7. As can be seen from Figures 5–7, the error achieved during the 
transition to grid convergence mostly increases with an increase in the degree of flow tur-
bulence with an increase in the average Re along the channel length. 

 
(a) 

0
2
4
6
8

10
12
14

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

δ,
 %

1/Δ, 1/mm

Re = 20 000 SST Re = 60 000 SST Re = 100 000 SST

Figure 5. Cont.



Inventions 2023, 8, 4 11 of 17
Inventions 2023, 8, x FOR PEER REVIEW 11 of 17 
 

 
(b) 

 
(c) 

Figure 5. Plots δ(1/Δ) for channel with sudden expansion: (a) F0/F1 = 0.1; (b) F0/F1 = 0.3; (с) F0/F1 = 
0.5. 

 
(a) 

0

10

20

30

40

50

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

δ,
 %

1/Δ, 1/mm

Re = 20 000 SST Re = 60 000 SST Re = 100 000 SST

0

10

20

30

40

50

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

δ,
 %

1/Δ, 1/mm

Re = 20 000 SST Re = 60 000 SST Re = 100 000 SST

0

10

20

30

40

50

60

70

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

δ,
 %

1/Δ, 1/mm

Re = 20 000 SST Re = 60 000 SST Re = 100 000 SST

Figure 5. Plots δ(1/∆) for channel with sudden expansion: (a) F0/F1 = 0.1; (b) F0/F1 = 0.3;
(c) F0/F1 = 0.5.
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According to the results of research on grid convergence for each of the channels
under consideration for the considered modes, the sizes of global elements were found that
ensure grid convergence, after which these sizes were reduced to a dimensionless form to
obtain the value of the parameter Ko. The results of data processing are shown in Table 4.
In some cases, the smaller grid leads to a local decrease in accuracy. It can be related to the
changing of the aspect ratio of the global element and near-wall element, and also, it can be
related to local errors within the convergence process. This effect should be considered in
detail in further studies.

The correlations obtained during the correlation analysis are shown in Figure 8 and
Table 5. As can be seen from Figure 8, the correlation for each type of channel has its
own slope, while all correlations are statistically significant. Correlations at low Re have a
small slope angle, from which we can conclude that in this zone, approximately the same
number of layers is needed to resolve the logarithmic boundary layer. At high values
of Re’, which corresponds to the transition to developed turbulence, the ratio of the size
of the optimal element to the thickness of the boundary layer increases at a faster rate,
which indicates that in this zone a smaller number of elements is required to resolve the
logarithmic boundary layer, which can be explained on average the smaller contribution of
the wall to the flow pattern under these regimes. The overall correlation that unites the
points for all the considered geometries also has statistical significance and is quite strong.



Inventions 2023, 8, 4 14 of 17

Table 4. Grid convergence data for the considered single channels.

Sudden Expansion

Re 20,000 60,000 100,000 20,000 60,000 100,000 20,000 60,000 100,000
F0
F1

0.1 0.1 0.1 0.3 0.1 0.1 0.5 0.5 0.5

Re′ 6324 18,973 31,622 10,959 32,879 54,799 14,142 42,426 70,710

∆opt, mm 14.48 5.4 3.1 6.8 2.67 1.28 3.37 2.02 1.09

Ko 0.107 0.111 0.103 0.146 0.158 0.122 0.117 0.196 0.169

Sudden contraction

Re 20,000 60,000 100,000 20,000 60,000 100,000 20,000 60,000 100,000
F1
F0

0.1 0.1 0.1 0.3 0.1 0.1 0.5 0.5 0.5

Re′ 61,632 184,704 308,160 106,735 319,872 533,675 137,743 412,800 688,716

∆opt, MM 0.63 0.40 0.85 0.74 1.01 0.88 1.16 0.75 0.89

Ko 0.213 0.591 1.294 0.087 0.329 0.462 0.083 0.149 0.414

Diffuser

Re 20,000 60,000 100,000 20,000 60,000 100,000 20,000 60,000 100,000

10 10 10 15 15 15 20 20 20

Re′ 15,245 45,735 76,225 11,613 34,840 58,067 9,359 28,077 46,796

∆opt, mm 0.4 0.3 0.25 1 0.5 0.3 2.5 1 0.8

Ko 0.016 0.033 0.045 0.023 0.033 0.031 0.039 0.043 0.056
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Table 5. Parameters of developed correlations.

Geometry Correlation cp |rp| rkrit

Sudden expansion Ko = 0.031Re′0.1424 0.497 2.29 1.74

Sudden contraction Ko = 8·10−7Re′1.108 0.97 16.06 1.74

Diffuser Ko = 0.0027Re′0.2456 0.492 2.26 1.74

General Ko = 8·10−5Re′0.7062 0.652 3.44 1.70

In the overall correlation, the power at Re′ is 0.762, while the thickness of the boundary
layer is proportional to Re′−13/14, which indicates that the element size increases more
slowly than the thickness of the boundary layers, so that higher Re corresponds to a smaller
element size, which is a physical result.

To check the adequacy of the overall correlation, parametric calculations of the com-
pound channel were carried out at different Reynolds numbers at the input. During
validation, for each Re, Re’ was found to correspond to the average channel diameter,
after which, using correlations, the number Ko was found, from which the linear size of
the global grid element was expressed. Using the element size estimated a priori from
correlations, a grid is constructed similarly to the considered channels. According to the
results of calculations, the values of the control parameter corresponding to the literature
data with an acceptable accuracy of 10%. The calculation results are shown in Figure 9.

Inventions 2023, 8, x FOR PEER REVIEW 15 of 17 
 

 
Figure 8. Correlations Ko(Re’) for the considered geometries. 

In the overall correlation, the power at Re’ is 0.762, while the thickness of the bound-
ary layer is proportional to Re’−13/14, which indicates that the element size increases more 
slowly than the thickness of the boundary layers, so that higher Re corresponds to a 
smaller element size, which is a physical result. 

To check the adequacy of the overall correlation, parametric calculations of the com-
pound channel were carried out at different Reynolds numbers at the input. During vali-
dation, for each Re, Re’ was found to correspond to the average channel diameter, after 
which, using correlations, the number Ko was found, from which the linear size of the 
global grid element was expressed. Using the element size estimated a priori from corre-
lations, a grid is constructed similarly to the considered channels. According to the results 
of calculations, the values of the control parameter corresponding to the literature data 
with an acceptable accuracy of 10%. The calculation results are shown in Figure 9. 

 
Figure 9. Graph of the coefficient of hydraulic resistance of the compound channel from the Reyn-
olds number. 

0.01

0.1

1

1E+3 1E+4 1E+5 1E+6

Ko
Re'

Sudden
expansion
Diffuser

Sudden
contraction

0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.21

0 20,000 40,000 60,000 80,000 100,000 120,000

ζ

Re

Theory

Ansys

Error limits

Figure 9. Graph of the coefficient of hydraulic resistance of the compound channel from the
Reynolds number.

Thus, based on the results of the calculations of the compound channel, it can be con-
cluded that the proposed ratios are generally adequate in relation to channels containing
diffuser sections, sudden expansion and the contraction, since when modeling the com-
pound channel, the correlations predict with acceptable accuracy the value of the element
size that provides the necessary calculation accuracy. If the correlations do not provide the
required accuracy, the values obtained from them can be used as a first approximation in
the study of grid convergence.

5. Conclusions

Based on the results of the simulation of turbulent flows in typical channels, as well as
the analysis of the calculated data, the following conclusions can be drawn:

1. There are regularities that relate the size of the grid model element, which ensures
convergence along the grid, with the regime and geometric parameters of the flow in
the channel;
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2. As a dimensionless similarity criterion, one can introduce the coefficient Ko, the ratio
of the size of the grid model element that ensures grid convergence to the thickness of
the turbulent boundary layer;

3. There are statistically significant correlations Ko(Re’) for channels with sudden ex-
pansion, sudden contraction and diffusers, and there is also an overall statistically
significant correlation Ko(Re’);

4. This correlation makes it possible to a priori estimate the required size of the grid
model element, including for compound channels, the simulation results using the
obtained grid settings are within acceptable limits compared to the literature data.
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