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Design of high efficiency centrifugal compressors stages
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The modern trend in compressor industry is an extension of the use of multi-shaft centrifugal compressors. Multi-shaft
compressors have a number of advantages over single-shaft. The design of such compressors gives opportunity to use
an axial inlet for all stages and select the optimum rotational speed for each pair of impellers, which, along with the
cooling of the gas after each stage, makes possible to achieve high levels of efficiency. The design of high-efficiency
centrifugal compressor stages can be performed on the basis of highly effective stage elements. Such elements are: im-
pellers with spatial blades, vaned and channel diffusers with given velocity distribution. In this paper, impellers with
axial-radial blades are considered. The blade profile is determined by the specified pressure distribution along the
blade. Such design improves the structure of the gas flow in the interblade channels of the impeller, which leads to an
increase in its efficiency. Characteristics of loss coefficients from attack angles for impellers were obtained experimen-
tally. Vaned and channel diffusers, the characteristics of which are given in this article, are designed with the given ve-
locity distribution along the vane. Compared to the classic type of diffuser, such diffusers have lower losses and a wider
range of economical operation. For diffusers as well as for impellers, characteristics of loss coefficients from attack
angles were obtained. High efficient impellers and diffusers and obtained gas-dynamic characteristics were used in the
design of a multi-shaft compressor unit for the production of liquefied natural gas. The initial pressure of the unit is
3bar. The obtained characteristics of loss coefficients from attack angles for the considered impellers and diffusers
make it possible to calculate the gas-dynamic characteristics of high-efficient centrifugal compressors stages. The high-
efficient centrifugal compressors stages can be designed using high-efficient elements, such as: impeller with spatial
blades and vaned diffuser with given velocity distribution.
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1. Introduction

The modern trend in compressor industry is an exten-
sion of the use of multi-shaft centrifugal compressors. More
than 26 companies in the world produce and supply such
compressors with the capacity from 30 to 5000 m*/min and
discharge pressure up to 5 MPa. Multi-shaft compressors
have a number of advantages over single-shaft. The design
of such compressors gives opportunity to use an axial inlet
for all stages and select the optimum rotation velocity for
each pair of impellers, which, along with the cooling of the
gas after each stage, makes possible to achieve high levels
of efficiency. The axial inlet guide vane can be installed in
each stage. Minimum dimensions and weight are provided.

The design of high-efficient centrifugal compressor
stages can be performed on the basis of highly efficient
stage elements. Such elements are: impellers with spatial
blades, vaned and channel diffusers with given velocity
distribution.

2. Design and determination of gas dynamic char-
acteristics of stage elements

Impeller. Axial-radial impeller is one of the types of
impellers with spatial blades. Axial-radial impellers are
usually made without shroud, i.e., they are semi-open im-

pellers. A cross-section of a semi-open impeller with axial-
radial blades is shown in Figure 1.
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Figure 1 — Cross-section of a semi-open impeller with
axial-radial blades
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Axial-radial impellers are usually manufactured from
two parts - the axial and radial parts of blades. The input
angle g, of the axial part of blades is performed decreasing
from hub to the shroud to ensure unaccented flow in the
impeller. The radial part of blades of the impeller is made
in the form of radial ribs. Impellers have high strength due
to such design of the blades.

The mid-diameter of the inlet D, is reduced due to the
axial flow inlet on the blades. This reduces flow rates w;,
and Mach numbers, which decreases the losses.

The axial part of the blades is a diffuser channel with
curved axis. This channel has a variable in radius input an-
gle B, and output angle 3, = 90°.

The shape of the channel for each of its cylindrical
cross-section will be different.

The external view of the axial-radial impeller is shown
in Figure 2.

Figure 2 — The semy-open impeller

The experimental data obtained by the author [1] were
used to determine the generalized characteristic of impellers
with spacial blades (Fig. 3).
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Figure 3 — The experimental data for impeller with
special blades

The approximation of the experimental data was carried
out using a program «UniAprox2.04» and the analytical
form of the generalized characteristics was obtained.

The equation for loss factor of the impel-

ler &, =1,29-10°i? +5,96-10* i, +0,147 . The angle of
attack i, in this equation is measured in degrees. Coeffi-
cient of determination R* =99,898 %.

Vaned diffuser. The calculation of geometrics of vaned
channels is implemented by solving the inverse gas dynam-
ics problem for the given velocity distribution.

The flow of the compressible viscous gas in centrifugal
compressors channels may be described by the differential
equation obtained from the fundamental conservation law
of mechanics. The general set of equation contains conti-
nuity equation, momentum equation, angular momentum
equation, energy equation, the equation of state, the process
equation. It is quite complicated even for the direct prob-
lem of gas dynamics to solve this set of equation without
any assumptions.

The mathematical model for solving of the inverse prob-
lem of gas dynamics was composed for the steady, adia-
batic flow without separations.

The experimental data [2, 3] were used to determine the
generalized characteristic of vaned diffuser (Fig. 4).

The approximation of the experimental data was carried
out using a program «UniAprox2.04» and the analytical
form of the generalized characteristics was obtained.

The equation for loss coefficient of high-efficiency
vaned diffuser

¢, =2,62:10°.i7 +8,36-10° i, +0,084.
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Figure 4 — The experimental data for high-efficiency
vaned diffuser

The angle of attack i, in this equation is measured in
degrees. Coefficient of determination R? = 99,89 %.

Channel diffuser. More effective application of chan-
nel diffusers (CD) in comparison with other types of diffus-
ers may be implemented in the next cases: 1) small flow
angles at the diffuser inlet; 2) the gas is delivered to the
separated cameras from the diffuser channels; 3) diffuser
channels turn to the channels of the return element of com-
pressor.
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The design method for channel diffusers of centrifugal
compressors, which is based on solving the inverse problem
of gas dynamics, is presented in the paper. The presented
method of the diffuser design, as opposed to traditional
methods, is based on preseparation condition of boundary
layer along the pressure surface of the channel diffusers.

Mathematical model for solving the inverse problem of
gas dynamics is composed for the steady adiabatic gas flow
without separations. The set of equations consists of the
angular momentum equation and continuity equation.

Non-dimensional gas dynamic characteristics of de-
signed channel diffuser were obtained by means of CFD
calculation.

The experimental data [4] were used to determine the
generalized characteristic of channel diffuser (Figure 5).
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Figure 5 — The experimental data for channel diffuser

The approximation of the experimental data was carried
out using a program «UniAprox2.04».
The equation for loss factor of the channel diffuser

Cogr =2,08:107°.i7 +5,0-107 i, +0,121.
The angle of attack i, in this equation is measured in
degrees. Coefficient of determination R? = 99,943 %.

3. The designing of multi-shaft compressor

The obtained gas-dynamic characteristics are used in the
design of a multi-shaft compressor unit. The unit is used for
the production of liquefied natural gas with an initial pres-
sure p,, =3 bar .

The composition of natural gas: methane CH, - 0.9863;
ethane C,Hg - 0.0012; propane CsHg - 0.0023; n-butane
C4Hyo - 0.0001; N, nitrogen - 0,0101. Gas constant for this
mixture:

Table 1 — Thermodynamic parameters of gas at the stage inlet

R, - 83149 _8314,9 _ 512,76 J .
Mo 16,216 kg-K
The initial data for the calculation: capacity

V,, =200 st.m®/min ; static pressure at the compressor inlet
p.,, =3 bar; static temperature at the compressor inlet
T, =288 K; static pressure at the compressor outlet
Po. = 22,5 bar .

The compressor pressure ratio is | ,=22,5/3=7,5.

The compressor has with three rotors and six stages. Pres-
sure ratio of the stage is I1=1,4. The external view of such
compressor is shown in Figure 6.

Figure 6 — The external view of the compressor has
with three rotors and six stages

Mass flow of the gas
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The thermodynamic parameters of the gas at the inlet
and outlet of the stages are given in Tables 1 and 2, respec-
tively.

NQ pin ’ Tin ’ z pin ’ iin ! CP ! k’

stage bar K - kg/m? kJ / kg J/ (kg K) i
| 3 288 0,9940 2,05 599,0 2198 1,307
1 4,2 300 0,9922 2,95 624,0 2232 1,303
11 5,88 300 0,9896 3,95 622,6 2240 1,304
\Y/ 8,23 300 0,9844 5,96 619,7 2258 1,305
Vv 11,5 300 0,9793 7,98 616,7 2275 1,307
VI 16,1 300 0,9725 10,71 612,8 2300 1,309

In table: p,,,T,, — pressure and temperature of gas at the compressor inlet; z — coefficient of compressibility; p,, — gas

density at the compressor inlet; i, — enthalpy at the compressor inlet; ¢, — heat capacity at constant pressure; k — adia-

batic index.
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Table 2 — Thermodynamic parameters of gas at the stage outlet

Ne pout ’ Tout ’ z Pin s iin ’ Cp ! k’
stage bar K - kg/m? kJ / kg J/ (kg K)

I 4,2 316,8 0,9936 2,801 660,1 2269 1,296
Il 5,88 330 0,9928 3,579 690,8 2311 1,291
1] 8,23 330 0,9892 5,387 688,4 2325 1,293
v 11,5 330 0,9857 7,209 685,9 2338 1,295
\Y 16,1 330 0,9811 9,658 682,6 2356 1,297
VI 22,5 330 0,9731 13,99 676,8 2389 1,303

In table: p,,,T,

.« — Ppressure and temperature of gas at the compressor outlet; z — coefficient of compressibility; p,, —

gas density at the compressor outlet; i,, — enthalpy at the compressor outlet; ¢, — heat capacity at constant pressure; k —

adiabatic index.

The parameters given in the tables allow determining
the impellers diameters, rotating speed and scaling ratio.
Gas-dynamic characteristics of prototype impellers are
shown in Figure 7.
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Figure 7 — Gasdynamic xapaxtepuctuku impellers

The head coefficient of the impeller on the operation
mode with O, =0,08
v, =y, /n, =0,82/0,93=0,881.
The impeller angular velocity is determined by the

,Ai .
equation U, = |—, 4i— enthalpy difference in stage.
Vi

The diameter of the impeller is determined by the equa-
tion

4.-m
7,05 py,

2

The rotating speed is determined by the equation
60-U,
n=——>~-.
7-D,

2

Scaling ratio k, =

2mod

For multi-shaft compressors, the diameter of the impel-
ler and the rotation speed are determined for the first com-
pressor stage. For the second stage only the width of the
impeller will change.

The width of the impeller is calculated using the equa-
tion
_ v,
b,; = 5 .
T @y "92j'D2 Uy 7,

The results of the calculations are shown in Table 3.

The dimensions of the impeller are determined by the
dimensions of the prototype impellers using the scaling
ratio.

The main dimensions of vaned diffuser with given ve-
locity distribution are in Table 4. The airfoil of the vaned
diffusers is shown in Figure 8.

Figure 8 — The airfoil of the vaned diffusers

The characteristics of the compressor and compressor
stages are determined by the element-by-element calcula-
tion method [5]. Figure 9 shows the gas-dynamic character-
istics of the compressor.

The dependences of the pressure ratio IT and efficiency
n, from the mass flow rate of the compressor and the de-
pendence of the pressure ratio ITs from mass flow rate of

the stage are presented. The compressor has a wide range of
economical operation and a high efficiency maximum.

I Jré A
H—. — 'r-‘-iP
7 : =L 0.85
\ ~
5 \ 0.8
M
3 0.75
H.T
l _-__-—-'———_
2.0 2,5 3.0 _
1.5 ’ m, kg /e

Figure 9 — Gas-dynamic characteristics of the compressor
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Table 3 — The main parameters of the impeller

Parameter Units I I 111 v Vv VI
A kJ / kg 61 65,2 65,8 66,2 65,9 64
_m m*/min 65,9 45,7 34,2 22,7 16,9 12,6
U, m/s 268 268 273,7 273,7 271,6 271,6
D, m 0,255 0,255 0,182 0,182 0,129 0,129
n rpm 20080 20080 28735 28735 40230 40230
b, /D, - 0,05 0,035 0,05 0,035 0,05 0,035
Km - 0,67 0,67 0,48 0,48 0,34 0,34
Table 4 — The main parameters of the vaned diffuser
Parameters Units I 1I 111 v Vv VI
b m 0,0153 0,0108 0,0108 0,0076 0,0076 0,0054
Cs m/s 216 216 212 212 220 219
p3 bar 3,75 5,6 7,6 11,3 15,3 20,1
T, K 306 318 320 320 320 319
p3 kg/m® 2,41 3,44 4,7 7,0 9,5 12,5
Ob3 grad 16 16 16 16 16 16
Oba grad 22 22 22 22 22 22
D, m 0,46 0,46 0,33 0,33 0,23 0,23
Cy m/s 128,7 127,5 126 127 130 131
P4 bar 4,14 6,1 8.3 12,4 16,8 22,0
T, K 314,6 326,6 328 328 329 327
D4 kg/m® 2,58 3,7 4,97 75 10,1 13,4
3 - 7 7 7 7 7 7

4. Conclusions

The high-efficient centrifugal compressors stages can be
designed using high-efficient elements, such as: impeller
with spatial blades and vaned diffuser with given velocity
distribution.

The obtained characteristics of loss coefficients from attack
angles for the considered impellers and diffusers make it
possible to calculate the gas-dynamic characteristics of
high-efficient centrifugal compressors stages.
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lNMpoekTyBaHHSA BUCOKOE(PEKTUBHUX CTYMNEHIB BiALEHTPOBUX KOMMpecopiB

Kaninkesuu H. B.", Iznamenxo B. Ml, bonomnuxkosa E., O6yxoé O. A2
! Cymchkuit repxasnnit yHiBepcnrer, Byi1. Pumcskoro-Kopcakosa, 2, Cymu, 40007, Ykpaina
2 HaykoBO-10CITi THHH IEHTp pakeTHax Bifichk u apTiiepii, By 'epacuma Komnmpar'esa, 165, m. Cymu, 40001

Cyuacrnoio menoenyielo 6 KOMnpecopoOdyOY8anHi € po3uUperHs 3acmocy8ants MHO208ANbHUX THMESPOBAHUX Si0YeH-
mposux komnpecopis. Mnozosanvhi KoMnpecopu mMaioms pso He3anepeyHux nepeeaz y NOPIGHAHHI 3 0OHOBATLHUMU.
Koncmpyxyia makux komnpecopisg 3a0e3neuye MONICIUGICIMb 3ACTNOCY8AHHI 0Cb08020 6X00Y OllAl 8CIX CIYNEHI8, MOiC-
augicms 8UOOPY ONMUMATLHOT Yacmomu 00epmanHs 05l KOJHCHOI napu poboyux Korec, ujo, nopso 3 0X0N00MHCEHHAM
2asy nicis Kox#cHo2o cmynens, 0036oase oocaemu sucoxkux KKJ[. [Ipoexmyeanns gucokoepexmusHux cmynenie gioyen-
MPOBUX KOMIPECOpie Modce Oymu 6UKOHAHO HA OCHOBI BUCOKOepeKMUsHUX enemenmie cmynenio. Takumu eremenmamu
€: poboue Koeco 3 NPOCMOPOSUMYU JONAMKAMU, TONAMKOBI AO0 KAHANbHI OUy30pu, CHPOEKMOBAHi NO 3A0AHOMY
PO3n00INYy WeuoKocmeti Y3008 NOBEPXOHL Jonamok. B danili pobomi posenanymo poboui Koneca 3 ocepadiarbHumMu
Jonamkamy, nPoGine AKUX GUIHAUEHO 3a 3A0AHUM PO3NOOLIOM MUCKIE Y30062ic tonamku. Take npoexmyeanHs noxKpa-
wye cmpyKkmypy nOmoKy 2a3y 6 MidiCI0namKo8ux KaHauiax Koaieca, wo npu3eo0ums 00 3p0CMAaHHs 1020 eQeKmusHOCHIL.
Excnepumenmanvui 0ani 05 Konec 3 ocepadiaibHuMu J1ONAMKAMU OYIU GUKOPUCMAHT Ol OMPUMAHHI Y3A2ATbHEHOT
3anexcHocmi Koegiyicumis empam 6i0 Kyma amaxu. Jlonamkogi i KaHanbHi OuUQy30pu, Xapakmepucmuku aKux Hage-
OeHi 6 yill cmammi, CNPOEeKMOBAHI NO 3A0AHOMY PO3NOJLLY weuokocmell y3006dc aonamku. Taxi ougysopu, y
NOPIGHANNI 3 MUMU, WO 36UHALHO 3ACMOCO8YIOMbCA, Y AKUX CepeOHs NIHIA ToNamoK 6UKOHAHA No Oy3i KOad, MAiomb
MeHwii empamu [ OLIbW WUPOKY 30HY eKOHOMIuHOI pobomu. Ak i 0 pobouux Konec, 0ns oughyzopis Oyau ompumani
V3a2anbHeHi 3anexcHocmi Koegiyicumie empam 6i0 Kymie amaxu. Bucoxoepexmueni poboui koneca i oughyzopu euxo-
PUCMAHO NPU NPOEKMYEAHHI MHO206AIbHO20 KOMAPECopa 3 NOYamKosum muckom. Pezynomamu npoexmyeanus demon-
CMpYIOmMb, WO OMPUMAHI 3a1eHCHOCMI Koeiyienmie empam 8i0 Kymie amaxu 071 pobo4020 Koaeca 3 0cepadianibHUMU
JIONAMKAMU ™A JTONAMOYH020 OUQy30pa 3 3a0aHuM PO3NOOLIOM WEUOKOCHel 003808I0Mb PO3PAXy8amu 2a300u-
HAaMIuHI XapaKxmepucmuKu 8UCOKOeheKmueHUx cmynemie 8ioYeHmposux KOMRPecopie.AnpoeKmy8anHs noKazyioms, o
ompumaHti 3anexcHocmi Koegiyicnmie empam 6i0 Kymis amaxu 0 pobou020 Koleca 3 0cepadidlbHuMi TORAmMKamu i
JIONAMOYH020 OUPy30pa 3 3a0AHUM PO3NOOLIOM WEUOKOCHEN 00360I80Mb PO3PAXYE8AMU 2A300UHAMIYHI XapaKkmep u-
CMUKU BUCOKOEDEKMUBHUX CIYNEHI8 8IOYEHMPOBUX KOMNPECOPIB.

Knrouesi cnosa: 6ioyenmposuil komnpeccop; Cmynins,; Poboue xoneco; /fugpyszop
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