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1. Introduction

Axial compressors are one of the main elements of
modern gas-turbine engines. Improving the efficiency and
cost-effectiveness of gas turbine engines largely depends on
solving the problem of improvement of internal aerodynam-
ics of axial compressors [1]. Improvement of the parameters
and characteristics of compressors is based on the results of
studies that are conducted in two directions.

The first direction provides obtaining of reliable meth-
ods of aerodynamic design, based on the results of physical
modeling of processes in the flow part of axial compressors.

The second direction implies receiving reliable methods
of aerodynamic design of compressors based on the use of
methods of mathematical modeling to ensure obtaining the
assigned parameters of compressors without lengthy and
labor-consuming adjusting operations.

Solving the problems according to the second direction
implies in turn the solution of direct and inverse problems of
gas dynamics of turbo-machines. Solving the direct problem
provides obtaining reliable methods of aerodynamic design
of compressors in order to receive the assigned parameters.
Solution of the inverse problem implies development of
computational methods, obtaining and analyzing the char-
acteristics of compressors by the known geometry of the
flow part.
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Experimental methods of research do not always allow
for the visualization and analysis of the flow picture in a
compressor [1, 2]. That is why at present in order to devise
and examine the ways of aerodynamic improvement of axial
compressors, numerical techniques for modeling a flow in
compressors are applied.

When employing a numerical experiment, one of the key
issues is a substantiated choice of the model of turbulent
viscosity and the topology of computational grid.

2. Literature review and problem statement

Addressing the aerodynamics of compressors has been
the subject of a large number of theoretical and experimen-
tal studies. Of particular interest is the research into flow
in the stages of axial compressors by using the numerical
experiment that makes it possible to analyze the qualitative
picture of flow-over in the inter-blade channels under all
operating modes. Article [3] gives a literary review of stud-
ies into the use of methods of computational fluid dynamics
(CFD) to analyze the flow in turbo machines. The problems
are considered that occur when employing numerical model-
ing, and the advantages and shortcomings of CFD analysis
in turbo machines are analyzed. Materials of the articles
reveal general tendencies of using a numerical experiment in




turbo machines. Numerical experiment allows exploring dif-
ferent modes of the flow in compressors. Paper [4] presents
results of modeling the flow and the evaluation of influence
of non-uniform flow at the inlet to the compressor on the
stability of the flow. However, the paper lacks outlining
the method of calculating a limit of the stable operation of
a compressor. Articles [5, 6] describe results of the numer-
ical simulation of flow under critical modes of operation of
compressor grids. The authors considered the question of de-
termining the optimal parameters of multiserial compressor
grids by using mathematical modeling. However, these stud-
ies did not take into account the three-dimensional effects of
flow-over when contructing mathematical models. Authors
of article [7], by using a numerical experiment, considered
the problem on the optimization of compressor blade shape
in order to improve efficiency of the compressor. Paper [8]
examined the problem of calculating the characteristics of
an axial compressor. However, it lacks a sufficient substanti-
ation for the choice of a computational grid.

When solving problems on the numerical simulation
of flow in the elements of a compressor, various models of
turbulent viscosity are applied. In article [9], the model of
turbulent viscosity SST closes the Navier-Stokes equations,
but there is no comparison with the results obtained when
employing the model of turbulent viscosity k—e. Paper [10]
proposed using a modified model of turbulent viscosity k—,
which provides for a high accuracy of computational study
into the flow in the elements of axial compressor. However,
the use of the modified model of turbulence k—w is compli-
cated by a change in the programming code. In article [11],
authors presented results on choosing a model of turbulent
viscosity when calculating the pressure losses in the flow
part of a gas turbine engine. Between the considered models
(SST and k—e¢), choosing a model of turbulent viscosity k—¢
was substantiated. The calculations, however, were carried
out for a computational grid without adaptation of the
near-border layer.

Thus, we can state that numerical experiment is widely
used to study the flow in the elements of a compressor. Nev-
ertheless, results of articles [4—11] reveal that in order to
solve various problems on modeling the flow in the elements
of compressors, it is expedient to apply various models of
turbulent viscosity and the topology of a computational grid.
That is why solving a particular class of problems requires
preliminary setting of the numerical experiment, which
means performing the test tasks.

3. The aim and tasks of research

The aim of present work is the comparative assessment
of accuracy of different topologies of computational grid and
the models of turbulent viscosity in order to model the flow
in the stage of an axial compressor.

To accomplish the aim, the following tasks are to be
solved:

— to create a 3D model of the stage of an axial compressor
at different variants of topology of the computational grid,;

— to perform a computational study and evaluate the
accuracy of calculations;

— to substantiate the application of feasible variants of
topologies of computational grid and the models of turbulent
viscosity when calculating the flow in the stage of an axial
COMPressor.

4. Method of examining the flow in the stage of
an axial compressor

To study the flow in the stage of an axial compressor, we
have chosen the method of numerical experiment. A numeri-
cal experiment includes the following stages [12]:

— construction of a geometric model;

— construction of the computational grid;

— determining the initial and boundary conditions;

— numerical solution of the problem;

— visualization of the solution of the problem;

— analysis of the solution.

In order to conduct the research, we employed in the
stage of an axial compressor the coarse, fine and fine adap-
tive unstructured computational grid.

Calculation of turbulent flow of gas was carried out by
numerical solution of the averaged Navier-Stokes equations.
During numerical simulation of the flow, we applied the tur-
bulent viscosity model SST [13] and k- [14].

Accuracy of the results obtained was achieved due to us-
ing the verified methods of calculation and was assessed by
aligning the results of calculations with data of experimental
studies by other authors [15].

5. Results of examining the modeling of the flow in
the stage of a compressor

We chose as the object of study a stage of the axial com-
pressor (Fig. 1) that consists of an inlet guide unit (IGU),
an impeller (Im) and a guiding device (GD). Blade crown of
BHA consists of 30 blades; Im and GD have 24 blades each.

Fig. 2 shows schematic and basic geometric parameters
of subsonic grid of the blade crown of an axial compressor.

Fig. 1. 3D model of the stage of an axial compressor
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Fig. 2. Schematic and basic geometric parameters of
subsonic grid of the blade crown of an axial compressor



Table 1 below gives geometric characteristics of the blade
crowns: 1 is the radius of the cross-section, mm; t/b is the
relative pitch of the lattice; B, is the angle of flow inlet; B, is
the angle of flow outlet; y is the angle between the chord of
profile b and the plane of rotor rotation.

Table 1
Geometric characteristics of the of the blade crowns
Inlet guide unit
r, mm 80 104 136 168 200
t/b 0.48 0.624 0.816 1.008 1.2
v 89° 18’ 87° 37 85° 10’ 83° 81° 46’
Impeller
r, mm 80 104 136 168 200
t/b 0.468 0.589 0.742 0.878 1.005
B, 62° 37 57° 55 51° 47 46° 42 42° 09’
B, 101° 43" | 96° 27 88° 30’ 80° 03’ 71° 13
v 85° 01 80° 23’ 73° 40’ 66° 57’ 60° 02’
Guiding device
T, mm 80 104 136 168 200
t/b 0.475 0.55 0.633 0.699 0.747
v 76° 30’ 74° 40’ 72°17 69° 59’ 67° 36’

To employ the frequency condition properly, the esti-
mated area consisted of one blade and an IGU inter-blade
channel, one blade and an Im inter-blade channel, one blade
and a GD inter-blade channel.

In the present study, we carried out a series of calcula-
tions with the models of turbulent viscosity k—¢, SST and
three variants of three-dimensional unstructured compu-
tational grids. We examined the coarse computational grid,
fine computational grid and fine adaptive computational

grid (Fig. 3).

a b c

Fig. 3. Variants of computational grid for the impeller of
the stage of an axial compressor: a — coarse computational
grid; b — fine computational grid; ¢ — fine adaptive
computational grid

Computational area for the coarse grid comprised
162 thousand cells, for the fine grid — 1.7 million cells, for
fine adaptive — 2.013 million cells.

To simulate the flow, we chose a second order compu-
tational scheme with a local use of the first order computa-
tional scheme (High resolution). This is the most accurate
calculation scheme for the given class of problems, which is
featured in the software module [16].

For each variant of the computational grid, we calculated
each of the two models of turbulent viscosity at axial veloci-
ty at input from 110 to 150 m/s.

Fig. 4 shows instantaneous vector velocity field on the
mean radius of the stage of an axial compressor for the coarse
grid (variant No. 1) for two models of turbulent viscosity at
axial velocity at input of 130 m/s.

Fig. 4. Instantaneous vector velocity field on the mean radius
of the stage of an axial compressor for the coarse grid:
a — model of turbulent viscosity k—¢; b — model of
turbulent viscosity SST

In Fig. 4, qualitative picture of flow-over at various mod-
els of turbulent viscosity does not differ.

Fig. 5, 6 show the instantaneous vector velocity field on
the mean radius of the stage of an axial compressor for the
fine grid and the fine adaptive grid for two models of turbu-
lent viscosity. Axial velocity at input made up 130 m/s.

Fig. 5, 6 demonstrate that the picture of flow-over has
a different character when modeling a flow with different
models of turbulence for the fine and the fine adaptive cal-
culation grids.

In order to assess the accuracy of computational re-
search, in the course of present work we performed a com-
parative analysis of results of the physical [15] and numerical
experiments.

Fig. 7, 8 show a dependence of the degree of pressure
increase in the stage of an axial compressor on the velocity
coefficient.

A degree of pressure increase is determined by formula:

P

where p, is the full pressure at the input to the stage; p, is the
full pressure at the output of the stage.
Velocity coefficient is determined by ratio:

r=2, 2)
a

where c is the axial flow rate at the input, a is the speed of sound.



Fig. 5. Instantaneous vector velocity field on the mean radius of the stage of an axial compressor for the fine grid:
a — model of turbulent viscosity k—e; b — model of turbulent viscosity SST

Fig. 6. Instantaneous vector velocity field on the mean radius of the stage of an axial compressor for the fine adaptive grid:
a — model of turbulent viscosity k—e; b — model of turbulent viscosity SST
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Fig. 7. Dependence of the degree of pressure increase in the

stage of an axial compressor T on the velocity coefficient A
when calculating using the model of turbulent viscosity SST
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Fig. 8. Dependence of the degree of pressure increase in the

stage of an axial compressor T on the velocity coefficient A
when calculating using the model of turbulent viscosity k—¢

For a more detailed comparison, Fig. 9 shows results of
numerical calculation for two models of turbulent viscosity
for the fine adaptive computational grid.

Graphical dependences in Fig. 9 show that the model
of turbulent viscosity SST yields a smaller error when
calculating the parameters of flow in the stage of an axial
COMPressor.
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Fig. 9. Dependence of the degree of pressure increase in the
stage of an axial compressor T on the velocity coefficient A
for two models of turbulent viscosity

6. Discussion of results of examining the modeling of flow
in the stage of an axial compressor

Simulation of the flow was carried out for the stage of
an axial compressor with parameters, similar to those of the
stage D-1 [15]. Results of the conducted numerical mod-
eling of the flow for two models of turbulent viscosity and
three variants of computational grids allow us to compare
the accuracy at computation. The accuracy of results of the



computational research into the simulation of flow in the
stage of an axial compressor was assessed by an error using
the dependence:

T,—T
T

e

5= 100 %, (3)

where 7, is the degree of pressure increase by the results of
physical experiment [15],  is the degree of pressure increase
received by the results of computational research.

Flow simulation using the model of turbulent viscosity
k—¢ has the following error:

— for the coarse grid 7.7-8.5 %;

— for the fine grid 7.6—8.5 %;

— for the fine adaptive grid 0.6-8.4 %.

An error of calculation for the simulation of flow in
the stage of a compressor using the model of turbulent
viscosity SST is:

— for the coarse grid 3.8-8.6 %;

— for the fine grid 3.8-8.5 %;

— for the fine adaptive grid 0.3-6.5 %.

According to the calculations, the models of turbulent
viscosity SST and k—¢ display the errors of one order.

However, in order to solve the problems of internal
aerodynamics of the compressors, it is necessary to fairly
accurately simulate the flow in the near-border layer. Results
of numerous studies indicate that the model of turbulent
viscosity SST more accurately describes the flow in the
near-border layer than the model of turbulence k—e.

Vector velocity field for the fine adaptive grid for two
models of turbulence (Fig. 6) illustrates a difference in the
flow-over character. The tear point of the near-border layer
on the blades of guiding device when calculating using the
model SST is higher, one can also spot the difference in the
character of flow-over in the trace after the blades of the

guiding device. However, calculations that were performed
using the model of turbulent viscosity SST required longer
computing time. Thus, at the first phase of designing, in
order to save computing time, we can recommend using
the model of turbulent viscosity k—¢ and the coarse grid.
Further, in a more detailed study of losses and character of
the flow in the near-border layer and aerodynamic trail, it is
necessary to employ the model of turbulent viscosity SST
and the fine adaptive grid.

Results obtained in the present work are planned to be
applied when solving the problem of tearing flow in the stag-
es of axial compressors and fans.

7. Conclusions

1. The applied 3D model of the stage of an axial compres-
sor with different variants of topology of the computational
grid allows defining the parameters of flow when using dif-
ferent models of turbulent viscosity. A model of the degree of
an axial compressor with the fine adaptive grid makes it pos-
sible to explore in detail parameters of the near-border layer.

2. We obtained results of the computational research
into the flow using the models of turbulent viscosity SST
and k—e. Comparing the results of numerical and physical
experiments revealed that the application of models of tur-
bulent viscosity SST and k—¢ provides for determining the
parameters of flow with errors of 0.3-8.6 %.

3. Results of the study showed that at the first phase of cal-
culation of the stage of an axial compressor one can recommend
using the model of turbulent viscosity k—e and the coarse com-
putational grid. To solve the problems on internal aerodynamics
of compressors taking into account the flow in the near-border
layer and aerodynamic trail, it is advisable to employ the model
of turbulent viscosity SST and the fine adaptive grid.
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1. Introduction

When coagulating water impurities, a rapid and even dis-
tribution of reagents in its volume is necessary. This ensures
maximum contact of impurity particles with intermediate
products of the coagulant hydrolysis. The formed hydrolysis
products exist for a short time. Such short period of time is
due to the fact that the processes of hydrolysis, polymeriza-
tion and adsorption occur within 1 s [1, 2].

Perkinetic coagulation ends when the particles reach size
of 1...10 pm, which practically coincides with the period of
rapid distribution of the coagulant in the water treated in
mixers. Inefficient mixing leads to an over-consumption of
coagulant and a low agglomeration rate of water impurities
at a given dose of reagent. Therefore, it is necessary to create
an optimum operating mode of the mixers in which the co-

agulant would come into contact with a maximum number of
particles of water impurities before hydrolysis and polymer-
ization reactions terminate.

To uniformly and quickly mix reagents with water, one
should introduce them in the zones of the greatest turbu-
lence of the flow at several points of its cross section. To mix
the reagent with water, it is necessary to provide reagent
distributors (reagent injection devices) and mixers. These
devices ensure a rapid and uniform distribution in the feed
channel or pipeline. A subsequent intensive mixing of the
reactants with the treated water takes place in the mixers.
Reagent distributors are recommended to be made in a form
of perforated tubular systems or inserts in the pipeline,
which serve as local resistance.

Mixing of reagents with the treated water is carried
out in mixing devices (Venturi nozzles, diaphragms), pipe




