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TEST PROBLEM OF THE FLOW MODELING
IN AXIAL COMPRESSOR CASCADES

The flow of gas in the flow path of a gas turbine engine (GTE) is accompanied by a rather complex phenome-
non. These are a three-dimensional boundary layer, an incoming vortex, a paired vortex, flow turbulence, aer-
odynamic wakes behind the trailing edge, separation of the boundary layer from the blade surface, pressure
pulsations, uneven and unsteady flow, secondary overflows, changes in the angles of flow exit, etc. Flow R&D
of a GTE remains a rather complex process, and requires the use of reliable research methods and techniques.
Nowadays, two known methods are used to study a gas flow through the flow path of a GTE - experimental and
calculated. Calculated, in turn, can be divided into analytical and numerical. An important stage of the numer-
ical experiment is the solution to test problems for the possibility of setting the parameters of the numerical ex-
periment. In this work, two test tasks were carried out. The object of the research was two compressor cas-
cades, consisting of the identical airfoils series KR-33. The profile chord was 52 mm; the pitch cascade was
52 mm. The difference was in the installation angle of these profiles: variant 1 of the compressor cascade has
an installation angle of 63.5° variant 2 of the compressor cascade has an installation angle of 89.5°. A compu-
tational domain was constructed for each compressor cascades of airfoils and consisted of 5 million cells. Air
under normal atmospheric conditions was chosen as the working fluid. The flow regime of compressor cas-
cades varied in the range of coefficient 2 = 0.26...0.9 and 1 = 0.265...0.8, where the coefficient 1 is the re-
duced velocity. The unstructured mesh method with an adaptation for the boundary layer was chosen to con-
struct the computational mesh. Such a combination makes it possible to correctly model the flow in the bound-
ary layer near the walls. The turbulence model SST was taken to close the Navier-Stokes equations. A compar-
ison of the results of numerical and physical experiments for two variants of compressor cascades shows that
the flow simulation error is less than 5%. Because of the calculation, the choice of this turbulence model for
subsequent studies of the flow in the stages of the compressor, fan, and propfan will be justified.

Keywords: test problem; compressor cascade; numerical simulation; axial compressor; installation angle; un-

structured mesh.
Introduction

A gas flow in the flow path of a gas turbine engine
(GTE) is a rather complicated process. It is well de-
scribed by the system of equations of continuum me-
chanics. These equations are too complex to have an
analytical solution. However, there is a large class of
gas dynamics problems in which it is permissible to use
various simplified mathematical models of gas flow.
Therefore, when reducing the number of three-
dimensional coordinates to a one-dimensional model
and some other simplifications, we get a system of
equations that can be easily solved analytically. For
example, when studying a gas flow in the flow path of
an axial compressor stage, the flow is cut by the current
surfaces into a number of axisymmetric layers with
infinitely small thickness. Such a stage element is called
an elementary stage. It is convenient to deploy an ele-
mentary stage onto a plane. The flow in an elementary
stage is considered as a flat flow. Thus, we have ob-
tained a two-dimensional model of a gas flow. All pa-

rameters of a gas flow (speed, pressure, temperature,
density) can be averaged in the direction parallel to the
front of the blades, that is, at the compressor inlet, at the
compressor outlet and in the gap. This means that, for
example, the speed at the entrance to the impeller at any
place along the front is constant in magnitude and direc-
tion. Such a flow at the elementary level is considered
as one-dimensional, and its analysis is so simplified that
it involves the use of analytical research methods.

Despite its simplicity, this model allows analytical
tools to obtain quickly a number of important calcula-
tion data required for engine design. Therefore, analyti-
cal methods are widely used in the practice of aircraft
engine building. However, they require the involvement
of too rough simplifications of a physical nature and it
limits the field of application of the method. Such meth-
ods can only be used for calculating the flow in chan-
nels of simple shapes and under idealized flow condi-
tions.

The above properties of analytical methods indi-
cate that such methods are needed at the initial stages of
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designing GTE when it is necessary to determine the
main parameters of the design engine. As a result of
using such methods, the design of the GTE will have a
number of disadvantages.

1. Analysis of previous research
and publications

In the past few decades, interest has increased in
the use of computational methods to solve the gas dy-
namics of turbomachines. Due to a significant increase
in computing resources, it allows you to solve complex
systems of equations describing physical phenomena
quickly and efficiently. The cost of an experimental
study of complex technical systems can exceed the cost
of their calculations by orders of magnitude. In some
cases, it is not possible to see the flow pattern using
experimental studies. In this case, the use of computa-
tional methods is practically the only research tool.

The solution to any problem of numerical simula-
tion can be represented in the form of the following
components [1]:

1. Construction of a mathematical model and its
justification. Typically, a mathematical model includes
complex partial differential equations. This stage in-
cludes several sub-items:

- formulation of the problem;

- selection of a numerical scheme;

- creation a mesh and choosing a time step;

- construction of a numerical scheme.

The mesh cells are divided into groups. Boundary
conditions are set for each group of cells.

2. Solving the equations of the mathematical mod-
el.

3. Analysis of the results obtained, comparing
them with the experimental results or other calculations.

Scientific and technical problems, that are being
solved, can be conditionally divided into two groups,
according to the adequacy of mathematical models,
which describe:

- problems for which mathematical models are suf-
ficiently substantiated and have been verified;

- problems for which the reliability of mathemati-
cal models has yet to be proven.

The system of Navier-Stokes differential equations
describes the gas flow. The system of equations is rather
complicated and it is still impossible to solve it analyti-
cally. Therefore, in the practice of studying gas flows
numerical methods for solving such equations are wide-
ly used. For this, the solid computational domain
through which the gas flows is represented as a set of
isolated nodes or as a mesh. It means that the solid area
appears as a discrete one. The equations are solved only
at those nodes where the system finite-difference ana-
logue of Navier-Stokes is used (all partial derivatives

are replaced by finite differences). Therefore, each dif-
ferential equation is written as a linear algebraic equa-
tion. Thus, solving a system of differential equations for
a continuous computational domain through which the
gas flows is reduced to solving a system of algebraic
equations at each mesh node.

The solution to the system of these equations is not
a solution to the system of differential equations be-
cause of some simplifications, which are used in con-
structing of its finite-difference analogue.

The task of constructing a computational mesh is
to find a mapping that translates the mesh nodes in the
physical area into the computational one. At least this
reflection  should  correspond  the  following
requirements [1-6]:

1. The reflection should be unambiguous.

2. The mesh should have a refinement in the com-
putational areas, where large gradients of functions may
appear.

3. The mesh lines should be smooth to ensure con-
tinuity of derivatives.

4. The mesh should be as close to orthogonal as
possible (the boundaries of the mesh elements should
intersect at the angles close to 90°).

5. The aspect ratio of the mesh element should not
be too large (ideally, it should equal one).

If the set of network nodes of the computational
mesh is ordered (i.e. it can be specified in the form of
some function of coordinates), then such a mesh is
called regular or structured.

If the location of network nodes of the computa-
tional mesh does not obey any specific law, then such a
mesh is called unstructured.

The use of structured meshes, in comparison with
unstructured meshes, makes it possible to reduce the
computation time and the required amount of computer
memory. At the same time, the procedure for construct-
ing a curvilinear regular mesh in the general case is
rather complicated operation that requires a lot of time
compared to the procedure for constructing an irregular
mesh.

Choosing a meshing method (structured or un-
structured), consider the following factors:

1. Structured meshes allow a higher order of ap-
proximation than unstructured ones.

2. A streamline with strong shock waves is better
solved on structured meshes than on unstructured ones.

3. Programs with structured meshes are simpler,
since they do not require storing and processing infor-
mation about neighboring cells (orientation, length,
etc.), which are necessary when calculating on unstruc-
tured meshes.

4. The task of constructing structured meshes for
bodies of complex geometry is very laborious, in addi-
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tion, degenerate cells may appear, which leads to a
significant decrease in accuracy.

5. A significant advantage of the unstructured ap-
proach is a flexible mesh generation structure that al-
lows you to display the geometry of the computational
domain accurately and generate a mesh at a lower cost
for areas of complex geometry, mainly three-
dimensional configurations.

6. The adaptation of the mesh to the solution of the
problem in the case of the unstructured approach is
relatively simpler than in the case of structured methods
of mesh construction.

To obtain a solution to any partial differential
equation, it is necessary to set conditions on the bounda-
ry of the considered region [1, 7-9].

Boundary conditions can be classified mathemati-
cally and physically.

From a mathematical point of view, there are three
types of boundary conditions:

1. Dirichlet condition defines value of the quantity
at the boundary by which the equation is written.

2. Neumann condition, according to which it is
implied that the derivative of the function is set at the
boundary of the desired computational domain.

3. Mixed boundary conditions are defined as a lin-
ear combination of Dirichlet and Neumann conditions.

From a physical point of view, boundary condi-
tions are divided into the following types:

1. Limiting conditions at the inlet.

2. Limiting conditions on the wall.

3. Limiting conditions of symmetry. Such condi-
tions apply to problems in which symmetry exists. The
computational area is limited by the line (plane) of
symmetry, which allows reducing the computation time
and computer resources.

4. Periodic boundary conditions. These conditions
are similar to limiting conditions of symmetry. They are
used to calculate currents where there are many identi-
cal sections. Instead of looking at the entire flow pat-
tern, only one section is considered (for example, the
flow in blade machines).

At present, the main approach to calculating turbu-
lent flows is the numerical solution of the averaged
Navier-Stokes equations. These equations are also
called the Reynolds equations [10].

Time-averaging leads to appearing new compo-
nents in the equations, which can be interpreted as gra-
dients of “apparent” (additional) stresses and heat flows
associated with turbulent motion. These new quantities
should be related to the characteristics of the averaged
flow, using turbulence models, which leads to the emer-
gence of new hypotheses and approximations.

According to one of the classifications, turbulence
models are divided into several classes [8, 10-11]:

1. Zero-order models are models that contain par-
tial differential equations for the mean velocity field
only.

2. One-parameter models are models that use par-
tial differential equations for the scale of turbulent flow
velocity in addition to partial differential equations for
averaging motion.

3. Two-parameter models are models that include,
in addition to partial differential equations for averaged
motion and partial differential equations for the scale of
turbulent flow velocity, a partial differential equation
for the linear length of the turbulent flow.

4. Reynolds stress models are models that consist
of partial differential equations for all components of
the Reynolds stress and for the length scale in general.

Purpose of the work — developing test problem of
the flow modeling in axial compressor cascade.

2. Materials and Methods

The method that used in this work is numerical ex-
periment. The results of numerical experiment are com-
pared with the results of physical experiment. The un-
structured mesh method with adaptation for the bounda-
ry layer was chosen for constructing the computational
mesh. Such combination makes it possible to model the
flow in the boundary layer near the walls correctly. The
turbulence model SST was taken to close the Navier-
Stokes equations. As a result of the calculation the
choice of this turbulence model for subsequent studies
of the flow in the stages of the compressor, fan, and
propfan will be justified.

3. Results

The object of the research was two compressor
cascades, consisting of the identical airfoils series
KR-33. The profile chord was 52 mm; the pitch cascade
was 52 mm. The difference was in the installation angle
of these profiles.

A computational domain was constructed for each
compressor cascades of airfoils and consisted of 5 mil-
lion cells. Air under normal atmospheric conditions was
chosen as the working fluid. The flow regime of com-
pressor cascades varied in the range of coefficient A =
0.26...0.9 and A = 0.265...0.8, where the coefficient A is
the reduced velocity that was defined as the ratio of the
axial air flow velocity at the entrance to the cascade to
the sound velocity.

The degree of pressure increase of the compressor
stage «, determined by the total pressure, was calculated
as the result of the numerical experiment.

Fig. 1, 2 show the visualization (the velocity field)
of the flow around the considered compressor cascades
(variant 1 and variant 2, respectively). Variant 1 of the
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compressor cascade has an installation angle of 63.5°
variant 2 of the compressor cascade has an installation
angle of 89.5°.

Fig. 1. The velocity field in the flow around
the compressor cascade (variant 1) at A =0.6

Fig. 2. The velocity field in the flow around
the compressor cascade (variant 2) at » =0.445

Fig. 3, 4 show dependence of the total pressure
loss coefficient & on the reduced velocity A (variant 1
and variant 2, respectively): on the graphs the lines
represent the results of numerical experiment and the
dots reflect the results of physical experiment [12].
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Fig. 3. Dependence of the total pressure loss coefficient
& on the reduced velocity A (variant 1)
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Fig. 4. Dependence of the total pressure loss coefficient
d on the reduced velocity A (variant 2)

Comparison of the results of numerical and physi-
cal experiments for two variants of compressor cascades
shows that the flow simulation error is less than 5%.

The calculation error is 2.3...4.6 % for variant 1 of
the compressor cascade with an installation angle of
63.5° for the considered range of coefficient
2=0.26...0.9.

The calculation error is 3.7...4.9% for variant 2 of
the compressor cascade with an installation angle of
89.5° for the considered range of coefficient
2=0.265...0.8.
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Conclusions

The article presents the results of a test problem of
flow modeling in two versions of compressor cascades
with  coefficient 1=0.26...0.9 and coefficient
2=0.265...0.8. Comparison of the results of numerical
calculations with experimental data showed that when
using SST turbulence models to close the Navier-Stokes
equations, the calculation error was up to 5%. Thus, it is
planned to use the SST turbulence model in further
calculations of the flow in the stages of axial compres-
sor, fan, and propfan.
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TECTOBA 3AJAYA MOJIEJTIOBAHHSI TEUII B KOMIIPECOPHUX PEINITKAX
O. B. J/lenucwk, A. B. bananaes, K. B. Bananaesa

Teuis ra3y B npoTouHiil yactuHi razorypoinHoro asuryHa (I'T[) cynpoBomKy€eTbCsSI JOCUTH CKIIQJHUMU SIBU-
mamu. Lle TpuBUMIpHHI NPUKOPJOHHUH IIap, BXIAHUH BUXOp, HApHUH BUXOp, TYPOYJIEHTHICTh TIOTOKY, aepOJHHA-
MIYHI CJTiZI 32 338 THHOI0 KPOMKOIO JIONIATKH, BiJPUB IMPUKOPAOHHOTO IIapy BiJ| OBEPXHI JIOMATKH, MyNbcalii THCKY,
HEpIBHOMIPHICTH 1 HECTAIlIOHAPHICTh TeYii, BTOPUHHI NepeTiKaHHs, 3MiHa KyTiB BUXOAY MOTOKY 1 T. 1. JlocmimkeHHs
Tedii Ta po3poOka I'T/] 3amumaroThCcst JOCHTh CKIaJHUMH TPOLIECAMH, IO BHMAararoTh 3aCTOCYBAaHHS HaJiHHHUX
METO/IIB Ta METOAUK AOCIiKeHHs. Ha choroHinIHil 1eHb BiZIOMI J1Ba METOAM JOCITIDKEHHS Teuil Ta3y B IPOTOUHI
yactuni ['T]] - excriepiMeHTaNbHIN Ta pO3paxyHKOBUA. Po3paxyHKOBI, B CBOIO 4epry, MOKHA MOJIUTUTH Ha aHai-
TUYHI Ta YUCJIOBI. BayKIIMBUM €TaroM 4HCEIbHOI'0 EKCIIEPUMEHTY € BUPIIICHHS TECTOBUX 3aBlIaHb ISl MOXKIMBOCTI
HaJIAIITYBaHHS [TapaMeTpPiB YHCEIBHOr0 eKCrepuMeHTy. Y 11iii poboti Oyno mpoBeneHo nBi Tectosi 3aaaui. O0'ek-
TOM JIOCITIDKEHHsI OYyJIH JiBa KOMIIPECOPHI PELIITKH, 1110 CKJIaJaloThCs 3 ofHaKoBUX Hpodinis cepii KP-33 3 xopmoro
npo¢ino 52 MM 1 KPOKOM pelriTki 52 MM. BiMiHHICTB ToNsiraia y KyTi yCTaHOBKH IIMX MPO(iiiB: Mepuinii Bapiant
KOMIIPECOPHOI PEIIiTKM MaB KyT YCTaHOBKH 63,5°, a mpyruii Bapiant — 89,5°. Po3paxyHkoBa obiacth OymyBanacs
JUTSl KOOKHOI KOMIIPECOPHOI PelIiTKy MpodiiiB i ckiananacs 3 5 MIIH KOMipok. Sk poboue Tino Oyno oOpaHo HOBITPs
3a HOpPMaJIbHUX atMoc(epHUX yMOB. PexuM Tedil B KOMIIPECOPHMX PEIITKax BapiloBaBCs B MeXax Koe(illieHTiB
2=0,26...0,9 Ta 1=0,265...0,8, ne xoediuieHT A — npuBeAeHa MBHUAKICTh. [J1s TOOYIOBH pO3paxyHKOBOI CITKH OYyI0
00paHO METOJ] HECTPYKTYPOBAHUX CITOK i3 aJanTalli€ro 10 MPUKOPJOHHOTO miapy. Take noeJHaHHs JO3BOJISIE KOpe-
KTHO MOJICTFOBATH TEUil0 y MPUKOPAOHHOMY Inapi Ouns criHok. s 3amukanHs piBHsHb Has'e-Ctokca Oyno B3sTO
Mozenb TypOynenTHocti SST. TIopiBHAHHS pe3ysbTaTiB YHCENBHHX 1 (DI3UUHUX EKCIIEPHUMEHTIB JUISL TBOX BapiaHTIB
KOMIIPECOPHUX PEIITOK MOKa3ye, 0 MOXHOKa MOAENIIOBAHHS Tedil CTaHOBUTH MeHIIe 5%. B pesynbrati pospaxyH-
Ky OOIpYHTOBaHO BHOIp JaHOI Mozelni TypOyIeHTHOCTI ISl TIOJAIIBIINX JOCIIKEeHb Teuil B CTYIEHIX KOMIIpecopa,
BEHTHJIATOPA T4 TBUHTOBEHTUIIATOPA.

Koarouosi ciioBa: TecroBa 3azaya; peiritka npoQiiiB; YUCEIbHE MOCITIOBAHHS;, OCbOBHI KOMIIpECOp; KYT ycC-
TaHOBKH JIONATKH; HECTPYKTYpOBaHa CiTKa.
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