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Abstract

Purpose: the purpose of this work is to investigate the total pressure losses in the input guide vanes, in the rotor wheel and
the guide vanes of the axial compressor stage taking into account their gas-dynamic interference. Methods: the study was
carried out by numerical simulation of three-dimensional flow in the stage of an axial compressor. An unstructured
adaptive computational grid is constructed. The gas dynamic calculation of the flow in the stage of the axial compressor is
performed using the Navier-Stokes system of equations, which was closed by the SST turbulent model. Results: a series of
gas-dynamic flow calculations was performed at different values of the axial velocity at the inlet to the compressor stage.
The circuit velocity at the peripheral radius in the calculated mode was u= 238.64 m/s. The coefficient of velocity at the
entrance to the stage varied in the range A, =0.35...0.7. Based on the calculation results, the dependences of the total

pressure loss coefficients from the input velocity coefficient for various elements of the stage of the axial compressor were
constructed. Analysis of the results of the study shows that the greatest contribution to the overall balance of total pressure
losses is made by losses in the guide vanes. Discussion: losses in the guide vanes increase due to the gas-dynamic
interference of the rotor wheel and the guide vanes. The mutual influence of the blade rows of the rotor wheel and the
guide vanes leads to a significant transformation of the velocities and pressures in the interblade channels. As a
consequence, there is a redistribution of losses caused by circumferential and radial flow irregularity, end-flow and
centrifugal forces. It can be expected that a reduction in the level of losses in the step of the axial compressor can be
achieved by influencing the boundary layer in the end clearance of the rotor wheel.

Keywords: blade row; boundary layer; flow modeling; guide vanes; secondary losses; total pressure losses.

1. Introduction motion) in angles formed by the surfaces of the

blades and the end surfaces of the casing and hub.

The study of total pressure losses in the blade rows
is one of the most important phases in the study of
the working process of an axial turbomachine. The
total pressure losses in the blade rows can be divided
into the following components:

— profile losses associated with the formation of a
boundary layer on the blade surface;

— end losses caused by friction of gas on the end
surfaces of the casing and hub at the section
corresponding to the axial length of the blade row;

— secondary losses associated with the formation
of secondary flow (areas of secondary vortex

The formation of secondary flow is caused by the
interaction of the boundary layers of the blades' end
cross-sections and the limiting end surfaces;

— gap losses caused by gas flowing through radial

gaps between the rotating rotor wheel and the fixed
surface of the casing.
This division of losses in the blade row is
conditional. Under real gas flow conditions,
individual components interact with each other,
which affects the structure of the flow in the blade
row, and on the overall balance of losses [1].
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2. Analysis of the researches and publications

A large number of experimental and theoretical
studies have been devoted to the investigation of the
flow in a compressor. Today, special interest is
evoked by the study of flow in turbomachines by
numerical simulation methods. These methods make
it possible to investigate flows with a high degree of
accuracy and in a short period of time. In work [2],
the methods of numerical experiment are critically
analyzed. The review of models of turbulent
viscosity, CFD codes is presented. Advantages,

disadvantages of various CFD codes for
turbomachines are described.
The characteristics of compressors were

calculated in [3, 4] wusing numerical flow
simulations. In work [3] the four-stage compressor is
investigated. Calculated losses of the total pressure
in the compressor and the degree of pressure
increase at different operating modes. In [4], the
characteristic of an axial transonic compressor is
obtained by the streamline curvature method. The
total losses in the compressor are calculated. Total
losses in the axial compressor at different operating
modes were investigated in [5]. In more detail, the
authors consider secondary losses. In work [6]
simulates the flow in a single-stage compressor, the
stator-rotor and the rotor-stator interaction are
considered. The losses caused by this interaction are
calculated. In work [7], the influence of the stator
hub configuration on the total pressure losses in an
axial compressor was considered. The change in
losses is investigated depending on the geometric
parameters of the stage. The losses in the stator
elements of the compressor are considered in [8, 9].
The results of [8] show that an increase in losses in
the guide vanes entails an increase in losses in the
rotor wheel. In [9] a universal algebraic model was
proposed for calculating losses in the inlet guide
vanes. The model was tested on several inlet guide
vanes with different geometric parameters and
different profiles. The influence of radial clearance
parameters on the level of losses in the stage of the
axial compressor was considered in works [10, 11].
In [10], losses in the end clearance of a single-stage
compressor are analyzed for different parameters at
the inlet duct. The authors of [11] proposed a
technique for calculating the total pressure loss in
the end clearance of the rotor wheel of an axial
compressor.

3. Aim of the paper

An analysis of the result of works [3—11] has shown
that studies of the mutual influence of the rotor and
stator elements in the compressor is an actual
problem. At the same time, the tasks associated with
detailed investigation of the losses in individual
blade rows of the compressor stage and their
interaction remains unresolved. The purpose of this
work is to investigate the total pressure losses in the
inlet guide vanes, in the rotor wheel and the guide
vanes of the axial compressor stage taking into
account their gas-dynamic interference.

4. Method

The study was carried out by numerical simulation
of three-dimensional flow in the stage of an axial
compressor. An unstructured adaptive computational
grid is constructed. The gas dynamic calculation of
the flow in the stage of the axial compressor is
performed using the Navier-Stokes system of
equations, which was closed by the SST turbulent
model.

5. Solution of the assigned task

The object of the study was the stage of the axial
compressor, which consists of an inlet guide vanes
(IGV), a rotor wheel (RW), and a guide vanes (GV).
The blade row of the IGV consists of 30 blades, the
RW and GV each have 24 blades. The geometric
parameters of the step are given in [12]. Fig. 1
shows a 3D model of the stage of the axial
compressor under study.

Fig. 1. Solid model of axial compressor stage
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A series of gas-dynamic flow calculations was
performed at different values of the axial velocity at
the inlet to the compressor stage. The circuit velocity
at the peripheral radius in the calculated mode was
u= 238.64 m/s. The coefficient of velocity at the
entrance to the stage varied in the range
A.=0.35...0.7.

The coefficient of velocity was calculated by the
formula
A==, (1)
a
where ¢, — the axial flow velocity at the entrance to

the stage, a — velocity of sound, & — the adiabatic
index.

Based on the results of numerical simulation
of the flow in the compressor stage, the values of the
total pressure loss coefficient in individual blade
rows were calculated.

The total pressure loss coefficient in the inlet
guide vanes was calculated by the formula:

P =P
= , 2
o .
2
where p, and p, — average values of the total

pressure at the inlet and outlet of the inlet guide
vanes, C,, — average absolute flow velocity in the

inlet guide vanes.
The total pressure loss in the rotor wheel was
calculated as:

Py =Dy
3—24’ 3)
pOWm
2
where p! and p, — mean values of the total

r

pressure in the relative movement at the inlet and

outlet of the rotor wheel, W,

flow velocity in the rotor wheel.
The coefficient of total pressure loss in the
guide vanes was calculated by formula:

— average relative

Ps - P
= , 4
T PG @
2
where p; and p, — mean values of the total

pressure at the inlet and outlet of the guide vanes,
C,,, — average absolute flow velocity in the guide

vanes.

Based on the calculation results, the dependences
of the total pressure loss coefficients from the input
velocity coefficient for various elements of the stage
of the axial compressor are constructed (Fig. 2).
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Fig. 2. Dependence of the total pressure loss
coefficients in various elements of the axial compressor
stage from the input velocity coefficient

Analysis of the results of the study (Fig. 2) shows
that the greatest contribution to the overall balance
of total pressure losses is made by losses in the
guide vanes.

The relative level of total pressure loss in GV
varies in the range fgv =0.21...0.061 when the

values of the velocity coefficient changes from
A.=0.35t0 4.=0.7.

The relative level of total pressure loss in the RW
varies from & =0.14 (when 4,=0.35) to & =0.005

(when A,=0.7).
For IGV, the relative level of total pressure loss
in the range £ _=0.035...0.05 when the velocity

igv
coefficient changes in the range 4 =0.35...0.7.

In the range of flow rates at the inlet of the
corresponding A.=0.35...04, the  greatest

contribution to the total level of relative losses is
made by RW and GV (to 87%).
At values of velocity coefficient A4 =0.45...0.7

the main level of relative losses of the total pressure
is the losses in the guide vanes (=65%).
The velocity fields in IGV, RW and GV of the

investigated stage at A, =0.48 are shown in Fig. 3.
Their analysis allows a qualitative assessment of the
effect of various factors on the level of losses in the
elements of the stage of the axial compressor.
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Fig. 3 Velocity field in the compressor blade rows
a — inlet guide vanes, b — rotor wheel, ¢ — guide vanes

The presence of secondary flows in the boundary
layer leads to a significant displacement and
accumulation of the boundary layer in the flowing
part. The presence of end clearances, circumferential

and radial velocity gradients, the action of
centrifugal forces and the relative motion between
the ends of the blades and the casing lead to an
increase in losses associated with the increase in the
boundary layer.

In IGV (Fig. 3, a), the velocity gradient across
the channel in the flow core causes secondary flows
in the circumferential direction. In addition, the
radial velocity gradient leads to radial overflow of
the boundary layer. The boundary layer occupies an
area encompassing the guide vanes from the casing
to the sleeve. In this case, there is a radial overflow
of the boundary layer. The outer part of the
boundary layer twists, which leads to a vortex
wrapping.

In the rotor wheel (Fig. 3, b), the presence of an
end clearance contributes to a transverse velocity
gradient. With the interaction of a thinner boundary
layer on the casing and thicker on the blade surface,
vortices are formed. Vortex wrapping in the
peripheral zone helps to reduce radial flow. L.e. in
the rotor wheel, the effect of centrifugal forces
affects the decrease in the radial velocity gradient.
However, the accumulation of a boundary layer with
a low energy level near the surface of the blade
causes perturbation of the flow and loss, leading to a
deflection of the flow angles and a change in the
angles of attack in the subsequent blade row.

The increase in the boundary layer on the blades
of the rotor wheel leads to an inevitable increase in
losses in the guide vanes (Fig. 3, c¢). In the guide
vanes, the effect of a radial velocity gradient is
added, which leads to an increase in the zone of
reduced velocities behind the blades.

To summarize, it can be expected that a reduction
in the level of losses in the step of the axial
compressor can be achieved by influencing the
boundary layer in the end clearance of the rotor
wheel.

6. Conclusions

The work represents the results of numerical
simulation of the flow in the stage of an axial-flow
compressor at a velocity coefficient 4, =0.35...0.7.

It is shown that the losses in the guide vanes
increase due to the gas-dynamic interference of the
rotor wheel and the guide vanes.

The mutual influence of the blade rows of the
rotor wheel and the guide vanes leads to a significant
transformation of the velocities and pressures in the
interblade channels. As a consequence, there is a
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redistribution of losses caused by circumferential
and radial flow irregularity, end-flow and centrifugal
forces.
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Mera: goCHi/KeHHsT BTpAaT MOBHOTO THUCKY Y BXiTHOMY HampsMHOMY amapaTi, B poOo4doMmy Koieci U
HaTpsIMHOMY amapati CTYIEHsS OChOBOTO KOMIPECOpa 3 ypaxXyBaHHSAM IX Ta3oAWHaMiyHOl iHTepdepeHuii.
Metoa DocaigKeHHs: IOCTIKCHHS BUKOHAHO METOIOM YHMCEIHHOI0 MOJEIIOBAHHS TPUBHMIPHOI Tedii B
CTyIEHI O0CbOBOIO Kommpecopa. IloOymoBaHO HECTPYyKTYpOBaHy aJalNTHBHY PpO3PaxyHKOBY CITKY.
l'azopnHamivHMii po3paxyHOK Tedii B CTyNeHi OCbOBOTO KOMIIpecopa BUKOHAHO 3 BUKOPHUCTaHHSIM CHCTEMH
piBHsHE Hap’e — Ctokca, sika 3amMuKanacs MoAeiutro TypOyneHTHOI B’s3kocti SST. PesyabtaTtm: Oymo
TIPOBEICHO CEPil0 Ta30AMHAMIYHAX PO3PAXYHKIB TEUii MIPH Pi3HUX 3HAYCHHIX OCHOBOI IMIBUIKOCTI Ha BXOI B
CTyIiHb KoMIpecopa. KosoBa mBuAKICTh Ha iepud)epiiiHOMY pajiiyci Ha po3paxyHKOBOMY PEXHMMI CKiaaajia
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u=238.64 m/c. KoediuieHT mBHAKOCTI Ha BXOXi B CTyMiHb 3MiHIOBaBCcs B miamasoni A, =0.35...0.7. 3a

pe3ylbTaTaMHu PO3paxyHKy IMMOOYIOBAaHO 3aJIeKHOCTI KOEQIIliEHTIB BTpAaT MOBHOTO THCKY Bif KoedilieHTa
IIBUIKOCTI HAa BXOJI JUISI BXiTHOTO HAMPSMHOTO amapary, pododoro kKojeca i HalpsIMHOTO arapaTy. AHami3
pe3ybTaTIB JOCTIIKECHHS MOKa3ye, MI0 HAaHOIMBbIINK BHECOK y 3araJlbHUi OajaHC BTPaT MOBHOTO THCKY
BHOCSTH BTpaTH B HampsMHOMY amapari. OOroBopeHHfi: YHACHiIOK Ta30IWHAMIYHOI iHTepdepeHIii
pobodoro Kkojeca i HAmpsAMHOTO armapaTy BimOyBaeThcsl 30UTBIICHHS BTpPAT B HANpPSIMHOMY armaparti.
B3aemHmii BIUIMB JIOMATKOBHX BIiHIIB POOOYOro Koyieca i HANPSIMHOTO anapaTy HPU3BOIUTH 10 CYTTEBOI
TpaHcopManii IMBHAKOCTEH 1 THUCKIB B MDKIONAaTKOBUX KaHalax. Sk HacHmiok, Mae Micue
MIEPEepO3TOIiIIEHHs] BTPaT, OOYMOBJICHHX KOJIOBOK 1 pafialbHOK HEPIBHOMIPHICTIO TOTOKY, KiHIIEBUMH
NEepPETIKAaHHAMM 1 JI€I0 BIINEHTPOBUX CHJI. MOXKHA OYiKyBaTd, IO 3MEHIICHHS PIiBHS BTPaT B CTYICHI
OCBOBOTO KOMIIpecopa MOKHa 3a0e3MeunTH LUIIXOM BIUIMBY Ha MOTPAHMYHHUI IIap B KiHIEBOMY 3a30pi
pobouoro Koeca.

KirouoBi cjoBa: nonarkoBuil BiHEIb; MOTPAHWYHUI INap; MOJAETIOBAHHS Tedil; HampsAMHUI amnapar;
BTOPHHHI BTPaTH; BTPATH OBHOTO THCKY.
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IleJsb: nccnenoBanne NOTEPh MOJHOTO AABJICHUS BO BXOJHOM HalpaBJIAIOILIEM alIapare, B pabodeM Koiece
W HampaBJIIONIEM arapare ¢ y4eTOM WX Ta30JlMHaMU4YecKol uHTepdepeHund. MeToa HccienoBaHUsI:
HCCJIEJOBAHNE BBITIOJIHEHO METOIOM YHCIEHHOTO MOJIEIMPOBAHUS TPEXMEPHOIO TEUEHHUS B CTYIIEHH OCEBOTO
kommpeccopa. [loctpoeHa HeCTpyKTypupoBaHHas alalTUBHAS pacdyeTHas ceTka. | a3onquHaMu4eckuil pacuer
TE€YEeHUS B CTYNEHH OCEBOTO KOMIIpECOpa BBINOJIHEH C HCIOJIh30BAHMEM CHCTEMBI ypaBHeHHH HaBbe —
Crokca, koTOpas 3aMblKajach Mozenblo TypOymneHTHocTH SST. Pe3yabTaThl: Obula MpoBeleHa CepHs
ra3oAMHAMHYECKUX PAacYeTOB TEUEHHMS MPH PA3IMYHBIX 3HAYCHUSX OCEBOM CKOPOCTH Ha BXOJE B CTYNEHb
kommpeccopa. OKpyXHas CKOPOCTb Ha IepeepuilHOM paauyce Ha PacyeTHOM pEXHME COCTaBHIA U=
238.64 m/c. KoadhduimeHT ckopocTH Ha BXOAE B CTyNEHb u3MeHsuics B auamnaszoHe A =0.35...0.7. Ilo

pe3yabTaTaM paccueTa MOCTPOCHBI 3aBUCHMOCTH KOI(PQHUIMEHTOB MOTEPh TMOJIHOTO JaBICHHUS OT
kod(dummenTa CKOpOCTH Ha BXOAE MJIs BXOJHOTO HAIPABJISIONICTO ammapara, pabodero koieca H
HAIPABJISAIOIICr0 annapara. AHaJM3 Pe3yJIbTaTOB HCCICIOBAHHUS IMOKAa3bIBACT, YTO HAUOONBIINKA BKIaa B
oOmuii OajlaHC MOTEeph TMOJHOTO JABIEHHUS BHOCSAT MOTEPU B HampamisoileM ammapare. Oocy:kaeHue:
BCJIEJICTBUE Ta30JJHHAMUYECKON WHTepQEepeHIInN padovero Kojieca U HApaBIISIONIETO anapaTa MPOUCXOIUT
YBEJIMYCHHE MTOTEPh B HAMPABJISAIOIIEM amnnaparte. B3auMHoe BIUSHUE JIOMTATOYHBIX BEHIIOB pabodero Kojieca
Y HANpaBJISIONIETO anapara MPUBOJUT K CYIICCTBEHHOW TpaHChOpMAIlMK CKOPOCTed W JaBICHUHA B
MEXKJIONATOUHBIX KaHanax. Kak crieincTBue, MMeEeT MECTO Mepepachpe/eficHue MOTeph, O0YCIOBICHHBIX
OKPY)KHOH ¥ paJualibHONH HEPaBHOMEPHOCTHIO TIOTOKA, KOHIIEBBIMH IEpPETEKAaHHSIMU U JeHCTBUEM
LHEHTPOOEKHBIX CHII. MOXHO OXKHJIaTh, YTO YMEHBIICHHE YPOBHSI MMOTEPh B CTYIIEHU OCEBOTO KOMITpECcCcopa
MOKHO 00€CIeUnTh MyTEM BIUSHUS Ha MOTPAHUYHBIN CJI0 B KOHIIEBOM 3a30pe pabouero Kosieca.

KiarwoueBble cjioBa: BTOPUYHBIC IIOTEPU, JIONATOYHBIHN BCHCI; MOACIUPOBAHUEC TCUCHUA, HaHpaBHHIOHII/Iﬁ
armnapar, HOFpaHI/I‘lHLIfI CHOP'I; IMOTEpH MOJIHOTO JaBJICHUA.
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