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1 Introduction

Nowadays,manymethods for computer simulationof viscous liquorflows are known.
The main difference between the methods is the approach to solution of the Navier-
Stocks equations that are 4 equations with 4 unknown variables [1, 2] at given
boundary conditions.This systemofdifferential equations togetherwith theboundary
and initial conditions is principally nonlinear, so it is impossible to build its analytical
solution. The only available method is the Direct Numerical Simulation (DNS). This
method consists of numerical solution of the nonstationary Navier–Stocks equations
by application of space grids and time steps sufficient for the presentation of the flow
structures. The DNS method requires grids with very small cells so it needs large
computer resources. Nowadays, this factor limits its application by simple laminar
flows at low values of Re < 103 [3–5]. In visible prospects, introduction of the DNS
method into applied technical problems does not seem realistic.

In practice, the applied technical problems are solved with the widely spread
method known as Reynolds-averaged Navier–Stokes, or RANS, and the problem
closure with semi-empirical turbulence models. The known turbulence models are
numerous. The most common are the two-parameter turbulence equations classified
to low Reynolds k − ω and SST and high Reynolds k − ε models group.

The turbulence model together with the grid parameters influences the correspon-
dence of calculation results and physical experiments. The turbulence model mostly
determines the dimensionless distance y+ between the wall and the first calcula-
tion cell. The y+ parameter recommended values are known for different turbulence
models. The high Reynolds k − ε models require the first cell to correspond with the
y+ in the range of 30 ≤ y+ ≤ 100 [6, 7]. In the low Reynolds SST/k − ω models, the
first cell distance to the wall must be within y+ ≤ 5 [8].
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Table 1 Review of papers
devoted to the verification

Investigation object y+ Turbulence model Paper

Pump 40 k − ε [9]

Scrolled tube 1 SST [10]

Radial turbine scroll
channel

1 SST [11]

Compressor duct 0.18–0.25 SST [12]

Flat diffuser 1–15 SST [13]

Combustor 1–5 RNG k − ε [14]

The numerical experiment parameters that provide its minimal error are deter-
mined by experimental verification. Many published papers compare results of
computer and physical experiments, but these papers do not always describe the
complete set of the experiment parameters. Usually, attention is paid to the turbulence
model and the y+ parameter. Table 1 summarizes the results of the research litera-
ture review, turbulence models, and the y+ parameter values that provide minimal
computer experiment errors.

Usually, the tools for computer simulation of physical processes involve compli-
cated models that suit the design of actual technical objects. At these conditions, the
simulation result may be applied only to specific areas of the investigated object, but
a transition to another design area may increase the simulation error which is caused
by the large number of factors influencing the physical process. The computer tools
application limitsmay be found in the simplified flowpath of the technical object. The
equipment flow path is decomposed into typical channels and the application limits
of turbulence models and grid parameters are found in these simplified problems and
flow parameters. The equipment elements simplification is not aimed at simulation
of power industry problems by primary cases. The goal is to determine a similarity
degree for problems and further verify the general approach to computer simulation.
The simulation results’ verification with the physical experiments in the simpli-
fied elements allows the development of general recommendations for simulation
of similar problems, flow analysis in various diffuser and confuser channels, sudden
expansion or throttling, etc. After the limits of computer experiment, are determined,
that in complex channels the verification objects may be improved by combination
of typical channels and the recommendations accuracy should be checked by the
physical process simulation.
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Fig. 1 Confuser scheme and its main geometry parameters, D1, D0—inlet and exit diameters,
α—constriction angle

Table 2 Confuser geometry parameters for verification

No. Geometry parameters Flow parameters

α (°) n0 D0 (mm) Re

1 3 0.64 50 100,000 200,000 400,000

2 3 0.39 50

3 10 0.39 50

2 Verification Results of the Computer Simulation for Flow
Analysis in Confusor Channels

2.1 Investigation Object

Confuser or converging channels are widely used in various devices, centrifugal and
axial compressors, jet pumps, cooling towers, fans, flow meters, etc. The confuser
function is to produce a uniform flow velocity distribution in the equipment flow
path. The confuser resistance coefficient at turbulent flow depends upon design and
condition parameters. The geometry parameters are the constriction angle α (Fig. 1)
and the constriction degree n0 =F0/F1. The flow condition parameter is the Reynolds
number Re.

An important stage of the recommendations issue for the flow analysis parameters
is the selection of adequate physical experiment results with detailed descriptions of
the test boundary conditions and the results analysis method. The computer experi-
ment parameters with minimal simulation error were verified with the physical test
results of the book [15]. The geometry and flow parameters taken from this book are
summarized in Table 2.

2.2 Solver and Grid Parameters

The channel flow analysis involved the RANS averaging method and the turbulence
models SST, k − ω, and k − ε Standard. The main grid and solver tuning verified
parameters are the turbulencemodel, the y+ parameter, the number of prismatic layers,
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Table 3 Grid parameters Parameter Value

Grid type Not structured

Global cell size (mm) 5

Prismatic grid growth law Exponential

y+ parameter 0.25 … 90

Prizmatic layers height ratio 1 (k − epsilon), 1.3 (k −
omega, SST)

Number of layers 1 (k − epsilon), 10–15 (k −
omega, SST)

Table 4 Flow simulation
boundary conditions

Confuzer No. G0 , G/s

Re = 100,000 Re = 200,000 Re = 400,000

1 89.08 178.279 114.101

2 113.920 229.166 228.202

3 114.101 458.333 456.405

and the growth coefficient. The fixed parameters are the global cell size, the prismatic
grid growth, and the wall function. The wall area cell parameters depend upon the
preliminary assumed turbulence model. The verified and fixed grid parameters and
the solver tuning are summarized in Table 3.

In the physical experiment [2], the working fluid was air as an ideal gas. The
channel inlet boundary conditions are the working fluid mass flow G0 determined
in relation with the experiment value of Re criteria and D0 (Table 4). The inlet flow
temperature is T = 20 °C and the exit static pressure is P = 1 bar.

2.3 Verification of Flow Computer Simulation in Confuser
Channels

The computer simulation results are compared with the physical experiment taken
for reference by the energy loss coefficient ξ. Figure 2 shows the confuser #1 (α =
3°, n0 = 0.64) simulation errors in relation to y+ for the k − ε turbulence model.

All dependencies above are similar, the larger values of y+ correspond to larger
errors of the flow computer simulation. The area of acceptable errors of 10% for the
whole range of Reynolds numbers contains the simulation results at y+ = 10 − 30.

Figure 3 presents relations of the diffuser #1 computer simulation errors with the
y+ values at the same range of Re and the SST turbulence model.

The relations between gradual error and y+ are logarithmic with the gradual error
growthaty+ increaseandtherapiddecreaseintothelargenegativevaluesaty+ approach
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Fig. 2 Confuser No. 1 with
α = 3°, n0 = 0.64,
simulation error at k −
epsilon turbulence model
versus the y+ parameter

Fig. 3 Confuser No. 1 with
α = 3°, n0 = 0.64,
simulation error at SST
turbulence model versus the
y+ parameter

to zero.Also, at largevalues ofRe, the error grows fasterwith the y+ increase.Compar-
ison of the results of simulation with SST turbulence model with the reference data
shows that the simulation error stays acceptable only at Re = 100,000 and y+ = 0.5
and y+ = 1. Thus, the SST turbulence model may be applied only in a limited range
of the channel flow regimes.

Figure 4 presents dependencies of the confuser #1 flow simulation errors from the
y+ parameter in the same range ofRevalues at the k−ω turbulencemodel. The depen-
dencies logarithmic configuration is similar to the described above one obtained with
the SST turbulence model. The area of acceptable error of 10% contains the y+ = 1
for the whole range of the values Re= 100,000–400,000.

The number of prismatic layers is an important parameter for the flow computer
simulation with lowReynolds models. The influence of this parameter upon the anal-
ysis error is evaluated by flow simulation in confuser #1 at Re = 100,000, k − ω

turbulence model, y+ = 1, and verified number prismatic layers (Fig. 5).
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Fig. 4 Confuser No. 1 with
α = 3°, n0 = 0.64,
simulation error at k − ω

turbulence model versus the
y+ parameter

Fig. 5 Confuser No. 1 with
α = 3°, n0 = 0.64, simulation
error at SST turbulence
model, y+ = 1 versus the
number of prismatic layers n

The simulation error dependence upon the number of prismatic layers has four
specific bands. In the first band, the layers number increase from5 to 10 is followed by
the error reduction from 50 to 10%. In the second band, the layers number increase
from 10 to 15 is followed by the absence of error sensitivity upon the number of
layers. The further increase of the layers number from 15 to 17 increased the error
from -10 to 19% and the further number increase up to 20 does not show any changes
of error. So the optimal prismatic layers number in terms of the acceptable analysis
error below 10% and minimal time needed for the grid buildup is 10.

Based on the analysis results for confuser #1 with α = 3°, n0 = 0.64,D0 = 50 mm
the analysis of confuser #2 with α = 3°, n0 = 0.39,D0 = 50 mmwas carried out with
k − ε and k − ω turbulence models. The verification shows that the k − ε model
gives the error above 20% at, y+ = 10 … 30. For the confuser #2, the minimal error
in the range of Re = 10,000–400,000 is obtained at y+ = 0.75. On the other side
the confuser #3 simulation with k − ω turbulence model shows, that the necessary
error was obtained with the y+ parameter reduced down to 0.25. Thus, the k − ω

model shows the widest application range for the confuser channel flow analysis.
These results make the base for the further described verification of flow analysis in
diffuser channels.
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Fig. 6 Diffuser main
dimensions, D0, D1—inlet
and exit diameters,
α—expansion angle

Table 5 Diffuser dimensions and flow parameters

No. Dimensions Flow parameters

α (°) n0 D0, (mm) Re

1 14 4 80 100,000 200,000 400,000

2 29 6 80

3 Verification of Flow Computer Simulation in Diffuser
Channels

3.1 Investigation Object

A diffuser is a smoothly divergent channel or tube that provides a transition from a
smaller cross-section station to a larger one (Fig. 6). Diffuser flow path elements are
quite usual, so the problem of computer simulation in terms of minimal calculation
error is of importance.

Diffuser dimensions and flowparameters for verification are taken equal to experi-
mental models for the hydraulic resistance tests [12]. Table 5 summarizes dimensions
and flow parameters taken for the analysis results verification, the flow has separation
on the channel inner wall.

3.2 Solver and Grid Parameters

The diffuser flow simulation involves the method of Raynolds averaging Navier–
Stocks (RANS) like the confuser flow. The turbulence simulation model is the k −
omega that shows a wider application range in confusers. The model grid parameters
are presented in Table 6.

The physical experiment [2] is carried out with air as the ideal gas working fluid.
The channel inlet boundary conditions working fluid G0 mass flow and temperature
T = 20 °C depend upon the experiment Reynolds number Re value and diameter D0

(Table 7), the channel exit static pressure P = 1 bar.
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Table 6 Diffuser model grid
parameters

Parameter Value

Grid type Not structured

Glebal cell dimension, mm 8

Prizmatic grid growth law Exponential

y+ parameter 0.005 … 0.5

Prismatic layers ratio 1.3

Number of layers 10

Table 7 Flow simulation
boundary conditions

Diffuser No. G0 , G/s

Re = 100,000 Re = 200,000 Re = 400,000

1 113.965 227.930 455.860

2 113.965 227.930 455.860

3.3 Verification of the Flow Computer Simulation Results

Like in confusers (see above) the flow computer simulation results are compared
against the reference ones by the hydraulic resistance coefficient ζ . Figure 7 presents
dependencies of the resistance calculation errors upon the y+ parameter at different
Re values and k − ω turbulence model for the diffuser #1 with α = 14° and n0 = 4.
Verification results for diffuser #2 with α = 20° and n0 = 6 are presented in Fig. 8.

The dependencies show the same tendency for the simulation error increase
following the y+ growth. On the other side, the y+ values that provide acceptable
error are 25–200 times smaller than the similar condition values in confusers. In the
diffuser #1, with α = 14° and n0 = 4 at Re = 100,000–400,000, the simulation error
below 10% is possible at y+ = 0.03–0.04. At the increase of the extension angle up
to 20° and the expansion rate up to 6 in diffuser #2, the same simulation error of 10%
is possible at y+ = 0.005–0.01.

Fig. 7 Diffuser No. 1
simulation error at k − ω

turbulence model versus the
y+ parameter
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Fig. 8 Diffuser No. 2
simulation error at k − ω

turbulence model versus the
y+ parameter

4 Conclusions

In flow computer simulation of confuser and diffuser channels the dimensionless
parameter y+ influences on the simulation error together with different turbulence
models. The increasing of the y+ parameter causes increasing of the calculation results
errors at SST/ k − ω and k − ε Standard turbulence models. The optimal number
of prismatic layers for low Reynolds k − ω turbulence model with the simulation
error below 10% and minimal model grid time spending is 10. In two ranges of
layers number between 10 and 15 and between 17 and 20, the layers number does
not influences the error. The k − ω turbulence model is applicable to the confuser
and diffuser flow simulation with the simulation error below 10%. To keep the error
below 10% at Reynolds number values Re = 100,000–40,000 in confuser channels,
it is recommended to use the value y+ = 1. In the flow simulation of diffusers with
expansion angle 14–20° at Re = 100,000–40,000 the error of 10% may be obtained
at y+ = 0.005–0.04 and the larger is the expansion angle the smaller y+ values must
be used.

This study conducted by Moscow Power Engineering Institute was financially
supported by theMinistry of Science andHigher Education of theRussian Federation
(project No. FSWF-2020-0020).
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