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IIpoexmyesanns i dosedeHns KOMNPeCopié CYHACHUX 2a30MYPOTHHUX
06uzyHi6 3acHOBaHe HA WUPOKOMY GUKOPUCHMAHHI MEMO0i8 YUCETbHO-
20 docaioxcenns pisnozo piens ckaadnocmi. Taxi nioxodu 003eoas10mo
ananizyeamu yszo00cenicmo Cniavioi pobomu cmynenie i nposooumu
HeoOxiony Kopexuito eeomempuunux napamempie. Memoou po3paxymxy
1D i 2D meuii 6 komnpecopax 6i0pizHsAE BUCOKA ZHYUKICMb, WO 00360JIE
8UKOPUCMOBY8AMU 3HAMHUL 00C6I0 NPOEKMYBAHHS | eKCNEPUMEHMATIb-
Hux docaiovcenv. Tomy ui memoou sampedyeani na 6cix emanax xcumme-
6020 YUKY 0BUZYHA: NPU CMEOPEHHI, 008€0eHHI | eKCniyamauii.

Ilpedcmasneni memoou po3paxymky napamempis i cmpyxmypu
meuii, a MaKoi’NC CYMaApHux Xapaxmepucmux 0Cb06Ux cmynenie i baza-
mocmynenesux xomnpecopis. /lns eupimenns cucmemu pi6HAHb pyxy
BUKOPUCTMAHUIL MAMPUMHUTL MEMOO, WO 00380IAE BUKOPUCMANHHA OPi6-
HUX PO3PAXYHKOBUX CIMOK 8 npomounii uacmuni xomnpecopa. Memoo
npusHauenuil 01 YUCeIbH020 MOOETI08AHHS 00-, MPAHC- 1 HA03BYKOBUX
meuiii 6 nPOMOUNIL HACMUHI OCLOBUX KOMNPECOPHUX cmynenie i baza-
mocmynenesux 0Cb06UX KoMnpecopax asiauiunux oeuzynie. Memoou
peanizosani y euzusnoi npozpamHux KOMnexcis.

Hageodeno Oesaxi pesynvmamu eepudpixauii uux xomniexcis.
Buxopucmani oani excnepumenmanviux 00cnioxiceiv pinux Gazamo-
CmyneHesux KOMnpecopis i 6UCOKOHANIPHUX BEHMUTIAMOPHUX CIYNEHIE.
Hoxasano 3adosinvie y3eo0xcenns po3paxynKosux i 00COHUX OAHUX 6
wuporxomy dianazoni pexicumis no eumpami i yacmomi obepmanisi.

Po3pobnenuii komniexc npozpam 6UKOpUCmMano 0J1s YooCkOHANeHHS
2e0MEMPUMHUX NAPAMEMPIE 0CH0B020 0AZAMOCMYNEHEB020 KOMNPECO-
pa, Hanpasiennozo Ha 36iIvueH s GUMPaAmu noGimps uepes KOMnpecop
1 nideuwenns 3anacie 1o0zo 2a300UHaAMiIMHOL CmilKoCcmi.

Buxopucmanns opionux po3paxynxosux cimox 003607UN0 NPOGecmu
P10 docniddcenn, wo paniue 6yau 0ocmynii miiku 011 mMemooie po3pa-
XYHKY npocmopoeoi meuii. Pozenanymo pisni sapianmu 6uKoOHaAHHS 6My.J1-
K060i N0BEPXHI BUCOKOHANIPHO20 8eHMUAIMOPHO20 cmyneHns. IIpu ananisi
cmpykmypu meuii 8 cmyneni HageodeHa 3IMIHA 0CbOBOT CKNAN0B0i WEUOKO-
Ccmi 6 MeNHCIONAMKO080MY KAHAE PO6O1020 KoNleCa Y300624C 1020 OCI.

Po3pobxa i suxopucmanus Hoeux memoois po3paxynxy 00360ums
nidsuuumu AKicmo nNPoeKmyB8anHs 0CbOBUX KOMNPECOPI8 i nidsuuumu
KOHKYPEHMOCNPOMONCHICMb YKPATHCOKUX AGIAUIHUX 2a30MmypOiHHUX
dsuzynis
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The process of design of compressors for modern gas
turbine engines is based on the wide use of numerical anal-
ysis methods that are divided into methods of verification
and design calculation. These approaches seek to solve,
respectively, the direct and inverse problem in the theory of
turbomachines.

Methods of verification enable determining the flow
structure and the summary characteristics of a multistage
compressor, as well as its elements. Their application makes
it possible to analyze the consistency of compressor stages
work and to perform the necessary correction of geometrical
parameters.

At different stages of the design process preference is given
to different approaches to flow modeling. Both the methods
for calculating flows with the mass-averaged parameters in

a one-dimensional (1D) setting and the spatial flow analysis
methods (3D) could be employed.

Based on the predefined geometrical parameters of blade
rows at a mean radius and the flow-through part, the one-di-
mensional approaches are applied to analyze gas-dynamic
parameters and characteristics of separate stages, of the
multistage compressors. They are widely used in order to
improve the geometry of blade rows. High flexibility of these
methods, which makes it possible to employ considerable ex-
perience of designing, as well as the results of experimental
research, explains why these methods are indispensable at all
stages of the engine life cycle: when assembling, adjusting,
and operating.

Using the 2D axisymmetric approaches to calculating the
flow at compressors provides efficiency sufficient for practical
implementation. This is especially important when undertak-
ing a large volume of research in order to optimize parameters.




In this case, designers prefer the verified software packages
for the calculation of flow.

The result of calculating a three-dimensional viscous
flow is the defined structure of spatial flow in the blade-
to-blade channels, which reflects the existence of eddy
formations, detachments, and the non-homogeneous flow pa-
rameters. Currently, this is a dominating direction; the avail-
ability of 3D computations becomes an important element of
scientific research. The widespread commercially available
software packages include ANSYS (United States), NU-
MECA (Belgium), FlowVision (Russia), FlowER (Ukraine).

Despite a slight decline, in recent years, in public interest
in the methods for calculating the 1D and 2D flows, such
approaches are actively used in the practice of design of
blade machines for various purposes. These approaches are
an integral part that accompanies the specialized software
packages, which emphasizes the importance of developing
new, as well as improving existing, calculation methods and
appropriate software systems.

2. Literature review and problem statement

At present, in the process of designing multi-stage com-
pressors, most engine-building firms carry out the greatest
amount of calculation operations using the methods for cal-
culating a two-dimensional axisymmetric flow. Performance
speed, reliability, a possibility to employ empirical depen-
dences and obtain comprehensible results — all this renders
these methods necessary for the detailed analysis of charac-
teristics and parameters of flow at multi-stage compressors.
Therefore, it is an important task to develop and improve
existing methods of calculation. The possibility of numerical
simulation of flow at a multistage axial compressor over a
wide range of modes is of great importance to ensure its
reliable operation.

The most widespread methods in the calculation of ax-
isymmetric flow are the curvature methods of streamlines
(CSL) and matrix methods. These methods are fast, reliable,
they make it possible to easily introduce to calculation em-
pirical data on losses and angles of lag.

Among the best-known studies that address the devel-
opment and application of a CSL method to calculate flows
at turbomachines are the classical articles that outline basic
provisions of a given method [1, 2]. These works served as
a foundation for the further development of this field. The
main disadvantages of a given approach include the com-
plexity of using small computational grids when building a
current line.

Development of effective software systems based on
CSL contributed to the success of numerical simulation
at multi-stage compressors. At present, software systems
based on CSL are widely used by leading aero engine man-
ufacturing firms.

Improving the CSL methods is currently aimed at
widening the range of its application for trans- and super-
sonic flows at axial compressors. Article [3] described an
approach, based on CSL, which employs a physically sub-
stantiated model to determine the losses and angles of flow
lag. Using a given approach allowed the authors to carry out
research into a two-stage blower at the flow Mach numbers
exceeding M=1.5 [4]. The development of CSL for transonic
flow velocities (high subsonic and low supersonic) is report-
ed in [5]. The application of CSL in combination with a dif-

fuser criterion enables the estimation of a resistance limit for
amulti-stage axial compressor [6]; it also makes it possible to
explore the effect of water injection [7] to the flow-through
part of compressor.

In the matrix method, a solution is searched for at a
fixed grid while the equations recorded using a function of
current (FC) are reduced to the second order differential
equation. The advantage of a given approach is a possibility
of using small quasi-orthogonal grids, which provide for a
detailed pattern of flow at the blade-to-blade channels of
turbomachines. The basics of the method were laid down in
the 1950-60ies [8]. Employing the concept of “artificial com-
pressibility”, proposed in article [9] and developed in study
[10], made it possible to extend the scope of application of the
matrix method to cover the transonic flow velocities. In arti-
cle [11], the use of “artificial compressibility”, when applying
the matrix approach, enabled the overcoming of the speed of
sound. Although numerical methods based on FT have not
been employed as common as CSL methods, a possibility to
use smaller grids when calculating flows at turbomachines
attracts at present a growing number of researchers [12, 13].

The widespread use of axisymmetric methods for the
calculation of flows at aero-engine compressors during de-
sign largely determines a direction for the development of
these approaches. The increasing flow velocities at a flow-
through part in the blade-to-blade channels necessitates the
simulation of supersonic flows. The use of a complex spatial
profiling of blades at compressors defines, in turn, the need
for their detailed description, which is provided by the appli-
cation of smaller grids.

3. The aim and objectives of the study

The aim of this study is to improve the geometrical pa-
rameters of blade rows and the flow-through part of axial
compressor stages, as well as multistage axial compressors,
using the developed system of calculation verification
methods.

To achieve the set aim, the following tasks have been
solved:

—to develop a calculation method for subsonic, tran-
sonic, and supersonic flow at axial multistage axial com-
pressors of aircraft engines and elements and to perform its
verification;

— to develop a calculation method for the characteristics
of multi-stage axial compressors of aircraft engines and to
perform its verification;

—to improve compressor stages and multistage axial
compressors using the developed methods of calculation.

4. Numerical methods for studying flows at axial isolated
stages and multi-stage axial compressors of GTE

4. 1. The method for calculating the summary charac-
teristics and the structure of two-dimensional subsonic
and transonic flow

Scientists at the Department of Theory of Aircraft
Engines of the National Aerospace University Kharkov
Aviation Institute (Kharkov, Ukraine) designed a software
system to simulate flows at aircraft engine compressors. It
includes methods for 1D and 2D analyses of parameters and
structure of flow.



The following calculation verification method for a 2D
flow and the software package (SP) that implements it, Ax-
Sym (Ukraine), was devised by Authors. SP AxSym makes
it possible to define the structure of the flow, averaged in
circumferential direction, at a compressor stage, at a unit
of stages, at multi-stage compressors, as well as in the sup-
ply and discharge channels. The scope of application of the
developed method is limited to the subsonic and transonic
(to M=1.4) flow modes.

When constructing methods for the calculation of tran-
sonic flows at blade machines, traditionally used is the
principle of time-based establishment applying a solution
to the system of gas dynamics equations, recorded in the
nonstationary form. This helps ensure steady end-to-end
account throughout the flow. Such an approach is universal;
its application is justified when there are powerful surges in
compaction and their interaction. However, if a flow super-
sonic speed is low (M<1.4), an alternative to the establishing
methods might be a solution to the system of gas dynamics
equations in the stationary form. To ensure the stability of
calculation at M>1.0, one introduces, similarly to several
known articles [14, 15], a correction for density in the form
of artificial compressibility.

The system of equations describing the motion of a per-
fect compressible gas is recorded for the coordinate system
that rotates at a constant angular velocity w:

V-(p@)=0; @
(z@ﬁ)mmx@mxmi?p:o; (2)
V-[@(pE + p)]=0, 3)

where V is the differential Hamilton operator; p is the den-
sity; @, ®, # are the vectors of relative velocity, angular
and circumferential velocity of rotor rotation, respectively; p
is pressure, specific total energy
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where T'is the temperature; ¢, is the heat capacity at a con-
stant volume.

To close the system, we used an equation for the perfect
gas state

p=pRT. )

Upon averaging the system of equations in the circum-
ferential direction, in order to solve a problem, we employed
a system of generalized coordinates (&, n, ¢), shown in
Fig. 1, a. In a given system, the ¢ axis coincides with the
circumferential direction with the & and 1 axes located in
a meridional plane so that the boundaries of an integration
region coincide with lines of & and n=const. The physical
region is mapped onto a rectangular calculation area ABCD
(Fig. 1, b), covered with a uniform computational grid with
step AE=An=const.

It is possible, at boundaries AB and CD, to assign bound-
ary conditions of two types: the distribution of current den-
sity or the angle of inclination of streamlines to the axis of a
turbomachine along radius (pv, )= f(r) or g= f(r), v,isthe
velocity axial component.

We assign the non-flow conditions at hub surface AD
and peripheral surfaces BE and FC, Fig. 1. The air bleed-
ing (bypass) from the flow-through part is performed at
section EF.

In order to transform further, equation of motion (2) is
given in the energy form:

@x(Vx3)=VH-TVS, 5)
where @ is the vector of absolute velocity;
HchT+(w2 —u?) /2

is the flow rothalpy, S is entropy.
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Fig. 1. Calculation region: @ — physical region;
b — calculation subarea

Modeling the actual flow properties is carried out
through the introduction, similar to shown in article [14],
to the right side of equation (5) of an additional term, which
simulated the dissipative flow properties:

@x(Vx0)=VH-TVS -D. (6)

Vector D, as an analog to the forces of friction, is
directed in the opposite direction from the relative ve-
locity vector, and is determined from the condition for a
complete transition of the work of friction forces into heat:

D=@D/w, D-@=Tw/VS. )

The technique for accounting for the viscous flow
properties at blade rows, employed in the calculation
method, implies the computation during iterations of com-
plete pressure losses and the flow lag angles in the grid.

The magnitude of total losses at an arbitrary cross
section along the radius of a blade crown is accepted to be
equal to the sum of constituent losses:

Gs = Cprofil T Gshock T Gsecond T Siip T Siip clear. - ®)



To determine the components in equation (8), we
applied semi-empirical dependences. Profile losses are
determined in accordance with [15], shock - [16, 17], sec-
ondary, tip, and those in the tip clearance, are determined
according to [18, 19].

Estimation of losses in the shock waves at flow super-
sonic speeds at the inlet to the grid is carried out in accor-
dance with the one-step model by Hartman-Lewis [20],
which holds at relatively low supersonic speeds of flow at
the inlet.

Flow parameters, obtained from calculations at various
radii, are averaged, using the laws of conservation of mass,
energy, and entropy, which ensures deriving the values for
integral parameters of flow for blade rows, stages, and com-
pressor in general.

The source data for calculation are the geometrical pa-
rameters of the flow-through part, blade rows, and a mode of
operation (air flow rate and the rotor rotation frequency). In
addition, we assign radial distributions of the flow parame-
ters at the inlet to the estimated region (the pressure and
temperature of stalled flow P, T, as well as the angle of
flow entry at absolute motion - a).

Using small quasi-orthogonal computational grids,
characteristic of the matrix methods, makes it possible to
describe in detail the flow-through part and blade surfac-
es. Values for the geometrical parameters of blade rows,
assigned in the source data, are approximated for all nodes
in the grid.

Calculation algorithm is implemented in the software
package AxSym [21], which allows carrying out the verifica-
tion calculations of the subsonic and transonic axisymmetric
flow in the flow-through part at axial multistage compres-
sors with the selection and bypass of air.

Fig. 2-4 show the example of certain results obtained by
numerical simulation of flow at multistage axial compres-
sors, which we hereafter refer to as compressor “1”, compres-
sor “2”, and compressor “3”.

Fig. 2 shows the calculated summary characteristics of
a six-stage axial compressor from an aircraft engine (com-
pressor “1”) in comparison with data from experimental
study [22].
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Fig. 2. Summary characteristic of a multi-stage axial
compressor (compressor “1”) — calculation by

AxSym; ® — experimental data [22]; == ===. — boundary of
the region of compressor stable operation;
=== — — |ine of operating modes

Fig. 3 shows the characteristic of a multi-stage axial
compressor of high pressure from an aircraft engine (com-
pressor “2”) in comparison with experimental data.
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Fig. 3. Summary characteristic of a multi-stage axial
compressor (compressor “2”): — calculation by
AxSym; @ — experimental data [23].

Fig. 4 shows the distribution of total temperature and
total pressure by radius behind the rotor blades (RB) in
compressor “3”.
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Fig. 4. Distribution of flow parameters along the
radius behind stage 5 of compressor “3” under mode
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The verification of SP AxSym presented here demon-
strates, regarding compressors of various types of GTE, a
satisfactory match between the results of calculation and
experimental data.

To calculate the flow at high-head axial compressor stages,
which have, under the estimated mode, the supersonic level of
flow velocities at the inlet, the reported method was improved.
A model of a supersonic flow in the blade-to-blade channel was
changed from the one-shock wave to the model with multiple
shock waves. Such an approach makes it possible to determine
wave losses in the cascades with an arbitrary shape of the mid-



dle line, and to expand the range of profile shapes & R, R,
that can be described. These improvements are ™0 mm mm
included in the SP AxSym M [25]. 250 f 250 f 250 "

As an example of verification using SP Ax- 53, 230 /’ 230 ‘
Sym_M, Fig. 5 shows the summary charac- / | {
teristic of a high-pressure fan in the form of 210 210 210
the dependence of a compressor pressure ratio / 1 f
(CPR) on relative mass flow rate. We obtained 190 : 190 +- r 190 1
a satisfactory correlation between calculation 170 ’ 170
results and experimental data. L15 125 ToVT% 170 20 40 i deg 0051 Mn

Another example of verification using SP U ’ ’
AxSym_ M is the results of numerical simulation 1-st mode 72=19.6 kg/s
of subsonic, transonic, and supersonic flow at a b c
the high-pressure impeller ROTOR 37 [27,28]. & R, R, .

Fig. 6 shows its summary characteristic (solid mm mm mm
line) in comparison with experimental data 20 3 250 : 250 '
(markers) at rotation frequency n=1.0. 230 S 230 # 230 ,

Fig. 7 shows the distributions by radius of A / (
flow parameters at the inlet and outlet of rotor 719 210 / 210
blades RB at #=1.0 under two modes of mass j t j
flow rate m=19.6 kg/s and m=20.74 kg/s, ob- 190 190 1+ 4 190 $
tained by calculation (solid line) in comparison " ’
with experimental data (markers). Index “17 170 . 170 170
corresponds to parameters at the inlet, and “2” - L15 125 - T2/T: 20 40 fi,deg 0051 Mm
at the outlet from RB. J 2-nd mode 'h; 20.74 keg/s P

The developed method for calculating the
axisymmetric flow and the software package
that implements it showed stable performance
in a wide range of operational modes in terms of
consumption and the rotor rotation frequency.
The results reported here demonstrate satisfac-
tory agreement between calculation results and
data from experimental studies. This confirms
the feasibility of using a given approach in order
to solve practical tasks.
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Fig. 5. Characteristic of a high-pressure axial fan stage
— calculation by AxSym_M;
@ — experimental data [26]
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Fig. 7. Simulation of flow in the impeller ROTOR 37 at the estimated
rotation frequency at different consumption: a, d — RB blade height
distribution TZ/T1 ; b, e — distribution of flow angles at the inlet and
outlet of RB; ¢, f- distribution of Mach numbers of the flow in relative
motion at the inlet and outlet of RB;

— calculation by AxSym_M;
#* — experimental data [28]

4. 2. Calculation of parameters for an axial multi-
stage compressor at GTE in one-dimensional statement

At the stage of preliminary design, of big importance
are the methods for the calculation of blade machines
based on the average-mass parameters. Flow is assumed
to be stationary, averaged in radial direction and for the
blade height.

The method of calculation described below was con-
structed based on simplifications of the 2D flow calculation
method at multi-stage compressors, developed and tested
earlier [29]. When constructing it, we used equations for the
continuity, motion, the law of preservation of energy and the
state of a compressible perfect gas. For rotary blade rows, we
applied a record of equations in relative motion. The system
of equations is supplemented with ratios in the velocity tri-
angles, employed in the theory of turbomachines.

To account for the manifestations of viscous effects, we
introduced procedures for determining coefficients of losses
and flow lag angles in the grids, implemented using the gen-
eralized semi-empirical dependences. Losses in a blade crown
are the result of summation of profile, secondary and resulting
losses, as well as losses due to a reflow in the radial gap.

The calculation method makes it possible to obtain
thermal-gas-dynamic parameters of blade rows, stages, and
compressor in general, to assess the alignment of work under
different modes, to consider the impact of air bleeding and
bypass, to determine summary characteristics.

Source data for the calculation are the geometrical
parameters of the flow-through part and blade rows at the
mean radius, the mode of operation (air consumption and the
rotor rotation frequency) and flow parameters at the inlet.



As an example, Fig. 8 shows with solid lines the summary
characteristic of a multi-stage axial compressor of low pres-
sure from a modern aircraft engine (“compressor 1”), obtained
by applying a given method. Dashed lines in this Figure
denote the results of flow calculation when using SP AxSym,
which were compared with experimental data (Fig. 2). The
obtained satisfactory correlation of estimation data allows us
to employ a given method for solving practical tasks.

CPR

o 1.055 —
1’1 L0 N
’ 0974 __ 7N
1 0.94 f——
0.9 0,908 0.\ \
0877 T AR
0.8 0.8 == :\\ Y
07 fn=08 \\\\ \
0,6 \ 9
0.5 =
0.6 07 0.8 09 1 L1 1

Fig. 8. Summary characteristic of multi-stage axial
compressor (“compressor 1”): — 1D calculation;
————— calculation by AxSym

This approach has been used in analyzing the impact of
changes in the geometrical parameters of blade rows on the
summary characteristics of multi-stage axial compressors at
modern GTE, as well as in mathematical models of gas-tur-
bine engines of high level [30].

5. Improvement of geometrical parameters of axial
compressors using the developed numerical methods

5. 1. Modernization of geometrical parameters of axial
multi-stage compressor

If the improvement of GTE parameters is considered,
they undergo modernization, which includes the correction
of geometrical parameters of its nodes, providing the im-
provement of engine parameters.

To improve the alignment of stages at multistage axial
compressor (MAC), the shape of a profile is changed, which is
accompanied by a change in the length of the chord of blades; at
the first stage it can be carried out by clipping the blades from
the side of input or output edges. To model such changes and to
estimate their impact on the parameters of compressor and its
characteristics, the most suitable are the methods for calculat-
ing 2D flows and the software systems that implement them.

Next, we demonstrate certain results obtained using
SP AxSym at numerical simulation of axisymmetric flow
in an axial five-stage compressor. We estimated the im-
pact of change in the shape of profiles of guiding appara-
tuses on a change in the consumption of air through the
compressor at low speeds of the roto rotation, on the flow
structure, and summary characteristics. The considered
variants of changes in the blades of guide vanes (GV),
simulated using SP AxSym, differ from the original com-
pressor (variant “0”) by a reduction in the length of the
chord from the input and output edges GV1 (variants “1”
and “2”, respectively) and GV2 (variants “3” and “4”).

Fig. 9 shows a head characteristic of the examined com-
pressor at a fixed frequency of the rotor rotation. Changes in

blade rows at a preset program of control over rotary GV un-
der a given mode for the rotation frequency lead to an offset of
the characteristic towards an increase in consumption (“vari-
ant 3”). Reduction of the chord from the output edge 2GV
reduces consumption through the compressor. Explanation
of these results follows from the velocity triangles at dif-
ferent radii, obtained by calculation, as well as the Mach
numbers isolines in the flow-through part in absolute and
relative (RB) motion.
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Fig. 9. Head characteristic of multi-stage axial compressor:
— original compressor; ——— — reduction of chord
GV1 (input edge); =-—-- — reduction of chord HA1 (output

edge); =—--- — reduction of chord GV2 (input edge);
-------- — reduction of chord GV2 (output edge);
—--— — line of operating modes

Fig. 10 shows isolines of the flow Mach numbers for the
original variant of compressor near the line of operating
modes.
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Fig. 10. Isolines of the flow Mach for the original variant of
compressor near the line of operating modes

The results of calculation of transonic flows at a
multi-stage axial compressor with the modified guiding
apparatuses are employed in the further refinement of the
COMPressor.

5. 2. Studying the influence of the shape of a hub sur-
face on the performance of a high-head stage of axial fan

When designing the high-head stages with the degree
of increase in pressure greater than 2.0, it is a relevant task
to find the rational shapes of flow-through parts. Solving
it might involve methods for the calculation of spatial
viscous flows. At the same time, modern approaches based
on a two-dimensional statement make it possible to obtain
useful results.
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6. Discussion of results of studying the flows at axial
compressors in aircraft gas-turbine engines

We report results of the verification and practical ap-
plication of the calculation methods, developed by Authors,
and the corresponding software systems. The materials
presented here clearly demonstrate the capability of SP
AxSym and AxSym_M for numerical analysis of sub- and
transonic flows at axial compressor stages and multistage
axial compressors.

Comparison of the presented approaches with the results
of experimental studies, reported in various sources [22-26]
allows us to argue about the adequacy of the results obtained
to the actual physical processes occurring at axial compres-
sors. The differences between the outcomes of computations
and data from experimental studies indicate a certain sim-
plification of the real flow in the course of modeling. The
influence of a spatial non-stationary character of the current
is not accounted for to the full extent, which is a traditional
shortcoming for all methods for the calculation of axisym-
metric flow. This shortcoming largely determines the direc-
tion of further improvement of the proposed method.

The software complexes AxSym and AxSym_ M, devel-
oped on the basis of the described method of calculation,
make it possible to conduct detailed studies into sub- and
transonic axisymmetric flow at the flow-through part of
axial compressor stages and multistage axial compressors.

Applying small grids to perform calculations ensures a
better description of the flow-through part and blade rows,
which positively affects results of the calculations.

Software complexes AxSym and AxSym M were em-
ployed in parametric studies into fan stages and axial multi-
stage compressors at aero engines. We analyzed the influence
of geometric parameters of blade rows and a flow-through
part on thermal-gas-dynamic characteristics of these objects
and proposed means to enhance their effectiveness.

Here we report results of the verification and practical
application of calculation methods developed by Authors, as
well as the corresponding software systems. The results ob-
tained could be explained well by the physical processes that
occur in the flow-through parts at multistage compressors
and compressor stages when blade rows are flown over by
a sub- and trans- and supersonic flow. They clearly demon-
strate the capability of SP AxSym and AxSym_M to study
the flows in such objects numerically.

The obtained satisfactory agreement between calcula-
tion results and experimental data is largely provided by
the benefits of the employed matrix method. The application
of small computational grids for a better description of the
shape of a flow-through part and blade rows makes it possible
to calculate the flow structure and summary characteristics
in a more precise fashion. The proposed method enables the
investigation of sub- and supersonic flow in the flow-through
part, expands the range of examined objects and the range
of operating modes. In addition, the use of refined semi-em-
pirical dependences for losses and the flow lag angle makes
it possible to improve the accuracy of the results obtained.
It should be noted that the application of a two-surge model
in the simulation of supersonic flows restricts the use of the
method and the corresponding SP AxSym_ M to speeds that
correspond to the Mach number My,<1.6 at the inlet.

The differences between the results of calculations and
data from experimental studies adequately identify the
drawbacks of the applied numerical method and the cor-

responding software systems. Above all, these include a
traditional shortcoming in all methods that calculate an ax-
isymmetric flow — an incomplete consideration of the spatial
non-stationary character of current. The approach underly-
ing all methods for calculating 2D flows in the meridional
plane, flow averaging in radial direction, is the main source
of difficulties in conducting estimation studies:

— estimation of secondary flows;

— clarification of calculation results at the ends of blades;

—localization and determining the intensity of compac-
tion jumps at the surface of the profile when it is flown over
by a transonic flow.

One can also highlight the complexity of simulating
the modes near the maximum consumption (boundaries of
locking), as well as effects associated with a turbulent ex-
change. These shortcomings define the direction of further
improvement of the calculation method presented, as well as
the corresponding software package.

Further development of the calculation method is also
largely defined by the requirements of enterprises that de-
sign and manufacture aircraft engines. Thus, in the frame-
work of projects that involve the engine-building enterprises
of Ukraine, the software complexes AxSym and AxSym_M
were applied in the course of parametric studies into fan
stages and axial multistage compressors at aero engines. We
analyzed the influence of geometrical parameters of blade
rows and the flow-through part on the thermal-gas-dynamic
characteristics of these objects and proposed measures to
improve their effectiveness.

7. Conclusions

1. We have constructed a calculation method, which
makes it possible to determine the structure of an axisym-
metric sub-and transonic flow and summary characteris-
tics of high-head compressor stages and multistage axial
compressors at aircraft engines; its verification has been
performed. We obtained a satisfactory agreement between
calculation results and experimental data for a large number
of objects over a wide range of modes of consumption and
rotation frequency. Comparison was conducted for the sum-
mary characteristics and distributions of flow parameters for
the height of a flow-through part both for multistage axial
compressors and isolated compressor stages.

2. We have developed a method for the calculation of
characteristics for multi-stage axial compressor at aircraft
engines based on the average-mass parameters, which
makes it possible to take into consideration the geometrical
parameters of blade rows and the flow-through part; its
verification has been performed. We compared calculation
results of the flow thermal-gas-dynamic parameters at a
multi-stage axial compressor with the calculation results
of axisymmetric flow over a wide range of modes. A satis-
factory agreement was obtained. A given method could be
used both independently and as a component of another
calculated model.

3. Software complexes AxSym and AxSym_M were em-
ployed for the improvement of geometrical parameters of the
axial multi-stage compressor at a modern aircraft engine and
of the high-head fan stage:

— we studied the influence of changes in the geomet-
rical parameters of blade rows on the structure of current
and the summary characteristics of compressor. Various



variants of change in the shape of compressor blades were
investigated with the aim to enhance the reserve of gas-dy-
namic stability and to increase the flow of air through the
compressor. The limit of steady performance for each vari-
ant was estimated using a diffuser factor;

— we have explored the influence of shape of the bush-
ing surface of a high-head fan stage on its characteristics
and the distribution of thermal-gas-dynamic parameters
along the flow-through part. Here we show a significant

impact of the shape of a bushing surface on the flow
structure and the summary characteristics of the stud-
ied stage. Using a concave-convex shape of the bushing
surface made it possible to improve efficiency of the stage
compared to a convex shape. Studying the structure of
the axisymmetric flow inside a blade-to-blade channel has
shown a possibility to build a flow-through part of the
stage with a preset gradient of flow parameters along the
axis of the compressor stage.
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