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Gas-dynamic characteristics of the compressor make it possible to evaluate its energy and economic properties, to
predict the values of capacity, the generated gas pressure and the power consumption during the compressor operation.
For more in-depth consideration of the compressor, it is desirable to have the characteristics of its individual stages.
The element-by-element analysis of the characteristics of each stage makes it possible to improve the coordination of
the operation of the individual elements with each other and thereby improve the gas-dynamic characteristics of the

compressor. The loss factor ¢ and the static pressure recovery factor £ can be used as the values characterizing the
properties of the individual elements of the stage. Coefficients ¢ and & are suitable for evaluating the energy

properties of any element of the stage. To assess the effect of the element in question on the economy of the stage, it is
necessary to establish what proportion of the work required for compression is the "loss” of energy in a given element,
i.e. find the reduction in efficiency stage Az due to dissipation of energy into heat in this element. Calculation of

performance of the centrifugal compressor is performed from the inlet to the outlet using the equations of state, of
process, of continuity and conservation of energy. The initial data are geometric parameters of the compressor, the
composition and the initial parameters of compressed gas, the rotational speed of the rotor. The basis of the
elementwise calculation of gas-dynamic characteristics is the gas-dynamic characteristics of the stage elements. The
calculation can be performed using the characteristics of the stage elements taken from the own bank of experimental
data or using the generalized characteristics of the stage elements. To obtain generalized characteristics of the
impeller, blade and no-blade diffusers, reverse guide vanes, experimental data were used, published in the works of
Galerkin, Den, Rees, Seleznev and others, as well as experimental data obtained by the author. The generalized
characteristics are obtained in the form of analytical dependences of the loss coefficients on the angles of attack or flow
angles by approximation of experimental data. These dependences were used to analyze the gas-dynamic
characteristics of a centrifugal compressor, which made it possible to develop recommendations for their improvement.
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1. Introduction

Gasdynamic characteristics of the compressor make it
possible to evaluate its energy and economic properties, to
predict the values of capacity, the generated gas pressure,
the power consumption during the compressor operation.
For more in-depth consideration of the compressor, it is
desirable to have the characteristics of its individual stages.
The element-by-element analysis of the characteristics of
each stage makes it possible to improve the coordination of
the operation of the individual elements with each other and
thereby improve the gas-dynamic characteristics of the
compressor.

The values characterizing the properties of the
individual elements of the stage can be the loss factor and
the static pressure recovery factor. Coefficients and are
suitable for evaluating the energy properties of any element
of the stage. To assess the effect of the element in question
on the economy of the stage, it is necessary to establish
what proportion of the work required for compression is the
"loss" of energy in a given element, i.e. find the reduction
in efficiency stage due to dissipation of energy into heat in
the element under consideration. The elementwise analysis
of the compressor's work can be a powerful tool for

improving its flowing part. The creation of software for
elementwise calculation of gasdynamic characteristics of a
centrifugal compressor is undoubtedly an actuation one.

2. Gasdynamic characteristics calculation method

Calculation of the gasdynamic characteristics of the
compressor is carried out in series from the inlet to the
outlet, using the equations of state, process, continuity and
conservation of energy [1, 2].

The initial data are the geometric parameters of the
compressor, the composition and initial parameters of the
compressible gas, the rotor speed. The number of calculated
compressor operating conditions by flow rate is usually not
more than 10.

Initial calculation data. The initial data are:
1) geometric parameters (Fig. 1):

dO — small diameter at the impeller inlet;

DO — large diameter at the impeller inlet;

D1 — diameter at the impeller blade inlet;

D2 — diameter at the impeller blade outlet;

D3 — diameter at the diffuser inlet;

D4 — diameter at the diffuser outlet;
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D5 — diameter at the return channel inlet;
b1 — width at the impeller blade inlet;

b2 — width at the impeller blade outlet;
b3 — width at the diffuser inlet;

b4 — width at the diffuser outlet;

b5 — width at the return channel inlet;
By, — angle at the impeller blade inlet;

., —angle at the impeller blade outlet;
a,, — angle at the diffuser inlet;

a,, —angle at the diffuser outlet;

a,s — angle at the return channel inlet;
a,, —angle at the return channel outlet;
z,,2,,Z, —quantity of blades of impeller,
diffuser and return channel respectively.
2) gas parameters:

R —gas constant, J / (kg K);

k — adiabatic index;

¢, — isobaric specific heat, J / (kg K);

z — coefficient of compressibility;

P, T,, — pressure and temperature of gas at the compressor
inlet;

3) gasdynamic characteristics of the elements stage:

Cimp = fi(iy), where £, — loss factor of the impeller; i, —

angle of attack at the impeller blade inlet;
Cyit2s = T,(a,) , where Jy, , — loss factor of the

vaneless diffuser (initial section);
a, —angle of the flow at the impeller outlet;

Ciraa = f3(a) , where &y, , — loss factor of the

vaneless diffuser (main section); «, — angle of the
flow at the diffuser inlet;
Svair = fa(is), where &
diffuser; i, - angle of attack at the diffuser blade inlet;

Coar = f5(i,), where ¢, — loss factor of the channel

— loss factor of the vane

diffuser; i, —angle of attack at the channel diffuser inlet;
Cre = f(is) , where £, — loss factor of the return channel,
i —angle of attack at the return channel inlet;

S = (), where &, — loss factor of the volute; o, —
angle of the flow at the diffuser outlet.

Algorithm of calculation
1. Volume flow rate of gas at the compressor inlet

b-a
N, -1

Vm={a+ -U—D]me

Vi — volume flow at specified operating condition;
Vinn — volume flow at nominal operating condition; N, —
operating conditions quantity; i - operating condition
number; a and b — coefficients for minimum and
maximum flow rate (for example a=0,5; b=1,5).

. . Vi
2. Gas velocity at the stage inlet ¢, =—, where A -

n
area stage at the inlet.
3. Gas density at the compressor inlet
_ Py
pi” Zin : R .Tin .
4. Mass flow of gas m=V- p,, .

5. Total pressure loss in the input device
2

* C
A}7infa = é’in .pinﬁ'

6. Total pressure at the impeller inlet
2

. c .
Po = Pin + iy o AG;, ;.
7. Total temperature at the impeller inlet
12
T, =T, + My
2-C,
8. Total density at the impeller inlet

*

«_ Po
Po z-R-T,
9. Static density at the impeller inlet

2.2 )"
2015' *+ *2_ : 2 * ]
Po |:po [po k-R‘Toj :l

where a,=4-m/7z-(DZ —dZ2)-sine, ;e — flow angle in
absolute motion at the impeller inlet.

10. Absolute velocity at the impeller inlet
Co=8/p, -
11. Volume flow rate of gas at the impeller inlet
Vo= m/ Py -
12. Static temperature at the impeller inlet
T,=T,-c;/2-c,.
13. Radial velocity at the impeller inlet
C =\70/7Z'- D1 'bl .

o
A

Figure 1- Scheme of centrifugal compressor
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14. Circumferential velocity on the diameter D,
U,=(w-D,)/2.

1 ul

15. Relative flow angle g, =arctg (U C ]

16. Angle of attack at the impeller blade inlet
L=B.-B.

17. Relative flow velocity w, =c,,/sin 3, .
18. Loss factor of the impeller &, = f,(i,).
19. Radial velocity at the impeller outlet

C,, =—g2 -ﬂ\«/IODZ b, , Where &, =p,/p, .
20. Coefficient of flow ¢, =c,, /U, .
21. Coefficient of theoretical head

Yin = %o _(Cul 'Ul)/UZ )

where w,, =1-9¢,,-Ctgp,, ~Z sin p,, — the equation
Z2
Stodola.
22. Coefficient of total head
l//t = Wth (l+ ﬂfr + ﬁover) .
23. Absolute velocity at the impeller outlet

c,=U, ’\f(orzz +'//th22 .
24. Reactivity Q=1-———"-

25. Total temperature at the impeller outlet

2
et
p

26. Static temperature at the impeller outlet

G

2-cp

T,=T, -

(o-1)

. - ' TZ
27. Density ratio &, =| — )
TO

2
where clezL 1—,40722L .
n-1 k-1 U,-2-Q, -y,

28. Static density at the impeller outlet
P2 =& Py
29. Static pressure at the impeller outlet
p,=p,-R-T,-zZ.

30. Total pressure at the impeller outlet
2

B, =P, 4Py
zzpzz-

31. Total head h, =y, -U? .
32. Loss coefficient efficiency of the impeller

2
W,
An. =( ——.
nlmp é/lmp 2 . h1
33. Flow angle at the impeller outlet
a, =arctrg ((/’rz /‘/’thz) .

34. Loss factor of the vaneless diffuser (initial section)

Gra=Fa,).

35. Loss coefficient efficiency of the diffuser (initial

2
. C
section) An,_, = 2
) A1l 3 =G5 2.h
36. Total pressure at the cross-section 3-3

CZ

Ps* = Pz* —Cr3 .2_2.'02 '
37. Flow angle at the cross-section 3-3

a, =arctg [%-tg%] .

3
38. Total density at the cross-section 3-3

. n
PR
39. Static density at the cross-section 3-3

. ’ . 2a?
=0,5- + 2___ ==,
P3 [,03 Ps K-R-T, -Z]

m
7D, b, -sina,
40. Velocity at the cross-section 3-3 ¢, =a,/p, .

Depending on the type of diffuser, the corresponding
algorithm is taken.

where a, =

For vaneless diffuser

41. Loss factor of the vaneless diffuser (main section)
Caraa = T3(a) .
42. Loss coefficient efficiency of the vaneless diffuser
c;
2'_ht :
43.  Flow angle at the
tga, =tga, '(bs/b4) :

For vane diffuser

Aty =Ciraa-

diffuser  outlet

44. Angle of attack at the vane diffuser i, =, — ;.
45. Loss factor of the vane diffuser ¢, 4 = f,(i;) .

46. Loss coefficient efficiency of the vane diffuser
2

C.
An. =c S
M54 =S\ it 2-h,

For channel diffuser
47. Angle of attack at the channel diffuser i, = oy, — o, .
48. Loss factor of the channel diffuser ¢_ 4 = f.(i,) .
49. Loss coefficient efficiency of the channel diffuser

C2
ANy 4 =Cogin 2_3hl
For vane or channel diffusers
50. Flow angle at the diffuser
a, =a,, —Aa,, Where Aq, —angle of lag.

outlet

For vaneless, vane or channel diffusers

51. Total pressure at the diffuser outlet
p: = p;_0!5'§374 ',03'C§-
52. Total density at the diffuser outlet
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*

«_ Py
PR T
53. Static density at the diffuser outlet

. . 2a;
o :075(:04 +,|o5 _—AJ '

k-R-T, -z

m

7-D,-b,-sing,

54. Velocity at the diffuser outlet ¢, =a,/p, .
55. Coefficient of friction at the return channel

) -1
k, = [0,075.[%] —0,15-%+1,o75] .

where a, =

4 4

56. Flow angle at the return channel inlet

D,-b
aS:arctg[tgaA- 2 “-kf,j.
D5'b5

57. Angle of attack at the return channel
Is = Qs — s .
58. Loss factor of the return channel .. = f;(is) .
59. Loss coefficient efficiency of the return channel

2
Alfpe = Cre -

C
60. Loss factor of the volute &, = f,(«,) .

2-h
61. Loss coefficient efficiency of the volute
CZ
A = —t
77v0| ;vol 2 . ht
62. Efficiency of the stage 7, =1-> Az, .
i
63. Conditional coefficient of flow
4.V,
7DV,
64. Coefficient of polytropic head of the stage
Vost =Wt Thst -

D, =

Calculation of gas parameters at the stage outlet
65. Total pressure at the stage outlet
pg’ = IOZ -0,5-&, 4P, 'Cf .

66. Total density at the stage outlet o = Py .

z-R-T,

67. Static density at the stage outlet

. ﬁ . 2a
. =0,5| p, + |0, — “__ |
Po {/30 Po k-R~T0,]

where a, =m/A .
68. Static pressure at the stage outlet
Po = Py =0.5-py - Cg..
69. Pressure ratio for stage T, =p,/p, -
70. Pressure ratio for compressor T = p,,/p;, -
71. Efficiency of the compressor

Zl//t.st Mot

Toe = Z‘/’t.st .

According to the results of calculations the following
graphic charts can be done T = (Vi) and 7,, = f (V)
[2,3,4].

3. Obtainment of the gasdynamic characteristics
of the stage elements

The basis of the elementwise calculation of gasdynamic
characteristics is the gasdynamic characteristics of the stage
elements. The calculation can be performed using the
characteristics of the stage elements taken from the own
bank of experimental data or using the generalized
characteristics of the stage elements.

For convenience of calculation automation, the
experimental data [2, 3, 4, 5, 6, 7] were approximated using
the program «UniAprox2.04» and the analytical form of the
generalized characteristics was obtained.

The results of approximation for the loss factors of the
stage elements are represented below.

Dependence of the loss factor on the angle of attack of
the impeller are represented on figure 2.

Figure 2 — Dependence of the loss factor on the angle of
attack of the impeller &, = f,(i,)

The equation for loss factor of the
Gimp =1, 876-107°-i,° +1,53-10° i, +0,101.
The angle of attack i, in this equation is measured in

impeller

degrees. Coefficient of determination R* =99,713 %.

The initial segment of the vaneless diffuser is
determined according to the recommendations of prof. Yu.
Galerkin [2]. Dependence of the loss factor of the vaneless
diffuser (initial section} on the angle of the flow at the
impeller outlet are represented on figure 3.

The equation for loss factor of the vaneless diffuser
(initial section)

Cuitrs=392-10" -, -2,3-107 - e, + 0,437 .

The angle «, in this equation is measured in degrees.
Coefficient of determination R? = 99,843 %.
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Figure 3 — Dependence of the loss factor of the vaneless
diffuser (initial section} on the angle of the flow at the
impeller outlet ¢, , = f,(a,)

Dependence of the loss factor of the vaneless diffuser
(main section} on the angle of the flow are represented on
figure 4.

The angle of attack i5 in this equation is measured in

degrees. Coefficient of determination R* = 99,192 %.

Dependence of the loss factor of the volute on the angle
of the flow at the diffuser outlet are represented on figure 7.

06000 o
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03600

02800 A
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02000
-15.0000 -10.0000 -5.0000 0 50000 100000

Figure 5 — Dependence of the loss factor of the vane
diffuser on the angle of attack ¢, = f,(i,)
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Figure 4 — Dependence of the loss factor of the vaneless
diffuser (main section} on the angle of the flow

Gairaa = T3(a)

The equation for loss factor of the vaneless diffuser
(main section)

Carna=%4310" " -188-107 -, +0,484 .
The angle «, in this equation is measured in degrees.
Coefficient of determination R* = 99,628 %.

Dependence of the loss factor of the vane diffuser on the
angle of attack are represented on figure 5.

The equation for loss factor of the vane diffuser
$,a =1,87-10°i,2+1,39-102 i, +0,238..

The angle of attack i, in this equation is measured in

degrees. Coefficient of determination R* = 98,925 %.

Dependence of the loss factor of the return channel on
the angle of attack are represented on figure 6.
The equation for loss factor of the return channel

Lo =1,19-10°%% +1,2-10°2i, +0,33.

05000 -

04140

02200
-10.0000 -4.0000 10000 8.0000 14.0000 20.0000

Figure 6 — Dependence of the loss factor of the return
channel on the angle of attack ¢ = f, (i)

0.6820

0.5050

03580

05000 0.7000 09000 11000 13000 15000

Figure 7 — Dependence of the loss factor of the volute on
the angle of the flow at the diffuser outlet ¢, = f,(tge,)
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The equation for loss factor of the volute
Lo =0,59(t3a, ) ~1,13tger, +1,024 .
In this equation tJe, =tge,/t9e,, .

determination R? =99,734 %.

Coefficient of

4. Results

For example, an elementwise analysis of the compressor
16GTS2-340 / 60-85M is performed. The most effective
operating condition is the 4th. Figure 8 shows the data that
allows you to determine how aligned the operating

condition of the compressor stages are.

The loss factors of the elements of the 1st stage of the
compressor are close to the minimum, but for the elements
of the second stage, it is possible to reduce the values of the
loss factors (increase in the efficiency). To do this, it is
needed to reduce the angle of attack at the entrance to the
impeller by 3-4°, increase the angle of the flow to 20 °,
reduce the angle of attack at the entrance to the vane
diffuser by 4-5° The correction of the size of the flow
part, which ensures the required changes in the flow
parameters, can be performed in various ways, for example
by changing the width of the channels.

04
1 05—
é‘o 2 F C:Z% + é'
34
0.8
03 0.4 |
- 1 1
L ! 1
0.6 ' 03
F 0.2} ! '
) ]
0.4 L ! 02+ !
1 - 1
! \v\' !
L ' |
0.1+ | |
0.2+ / ' 0.1 1
| ]
I \1\"’) I . .
1 [ 1
) A N S TS S S R — P A S O U ) (S S O I A
-10 -5 ] 5 10 15 5 10 115 20 25 30 -8 4 0 4 8 12
i;, deg a,, deg iz, deg

Figure 8 — The loss factors of the elements of the 1st and 2nd stages of the compressor:
——1st stage; —— — 2nd stage

5. Conclusions

Elementwise analysis makes it possible to improve the
coordination of the work of individual elements of the
stages of a centrifugal compressor with each other and,
consequently, to increase its efficiency.
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Po3spaxyHOK rasogiHaMi4yHUX XapaKkTepuUCTUK BiALEHTPOBOro KoMmrnpecopa

Kaninkeeuu H. B., Icnamenko B. M.

CyMcbKHii 1epKaBHUH yHiBepcuTeT, Byl PuMcekoro-Kopcakosa, 2, Cymu, 40007, Ykpaina

Tazoounamiuni

Xapaxkmepucmuxu Komnpecopa O00380JAI0Mb  OYIHIO8AMU 11020 eHepeemUYHi

ma eKOHOMIYHI

sracmusocmi, nepedbayamiu 3HA4eHHs NPOOYKMUBHOCMI, MUCKY CMUCKYBAHO20 2A43Y, CNONMCUBAHHA eHepeii nio uac
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pobomu komnpecopa. [[na demansHiuio2o po3enady pobouozo npoyecy KoOMIpecopa 6ajicano mMamu XapaxKmepucmuKu
oxkpemux enemenmie. Iloenemenmuuii ananiz Xapakmepucmuk KOMCHO20 CMYNEHsi 003605€ NOKPAWUMU Y3200HCEHHS]
pobomu  oKkpemux enemeHmié Midc cob6ol0 ma 3a PAaxXyHOK Yb020 00CASMU NOKPAWEHHS  2a300UHAMIYHUX
Xapakmepucmukx Komnpecopa. B axocmi Xxapaxmepucmux enemenmié CmyneHs 3a36Udaii BUKOPUCTHOBYIOMb
Koegiyicumu empam i Koegiyicumu 6iOHO61eHHA cmamuynozo mucky. Koegiyiecumu npuoammui 018 OYiHIOBAHMSA
enepeemuuHUX enacmugocmei 6y0b-AK020 eleMenma npomouHol yacmuHu. J[na 6UsHauenHs 6naUGy eiemMeHma CmyneHs
HA eKOHOMIUHICMb CMYNeHs HeoOXIOHO SUSHAYUMU AKY YACMUHY POOOMU, WO SUMPAYAEMbCA HA CMUCHEHHS 243y,
cknadarome “‘empamu’’ eHepeii 6 0aHOMy elleMeHmi, mobmo sHaumu eéenuduny smenuwenusi KKJ] cmynens enacniook
Ooucunayii enepzii 6 menno 8 oanomy eiremenmi. Pospaxynox napamempis ioyeHmpo8o20 KOMnpecopa 30ilUCHIOEMbCS
6i0 6x00y 00 6UX00Y 3 BUKOPUCMAHHAM PIGHAHbL CMAHY, NPoOYyecy, HenepepeHocmi ma enepeii. Buxionumu danumu €
2eoMempuyni napamempu KOMnpecopa, ckiad ma noYamkosi napamempu CIucKy8anoz2o 2asy, 4acmoma 00epmanHs
pomopa. Ochogoio noenemeHmHo20 po3paxyHKy 2a300UHAMIYHUX XAPAKMEPUCTNUK € 2a300UHAMIYHI XapaKMepucmuxy
enemenmie cmynens. Po3paxyHox MooicHa 6UKOHAMU 3 BUKOPUCTNAHHAM XAPAKMEPUCIIUK eNeMEeNmMie CYNeHs, 63mux
i3 81aCH020 banKka eKcnepumMenmanbHux Oanux, abo 3 GUKOPUCMAHHAM Y3a2albHeHUX Xapakmepucmux. s ompumaHHs
V3a2anbHeHUx Xapakmepucmuk pobouo2o Koaecd, JIONAMKo8020 ma 6e310namKogozo Ougy3opis, 360poOmMHO20
HANpAMHO20 anapama UKOPUCMAHI eKCnepuMeHmanvhi 0aHi, wo onyoaikoeani 6 pobomax Ianvopkina, [ena, Pica,
Cene3nbo6a ma iH., @ MaKo#c eKCnepuUMeHmanbti Oani, OMmpumMani agmopom. Y3azanvHeHi Xapakmepucmuky 00epiCaHi
V 6uenali aHANIMUYHUX 3a7edcHOcmetli Koe@iyienmie empam 6i0 Kymie amaku abo Kymié HOMOKY WIIAXOM
anpokcumayii  ekcnepumeHmanoHux oanux. Lli 3anedcnocmi euxopucmawi ni0 uac aHanizy 2a300UHAMIYHUX
Xapaxmepucmux 6i0YeHmpo6020 KOMNpecopd, wjo 00360IUN0 PO3POOUMYU PEKOMEHOAYI 3 iX NONINUEHHS.

Knrouesi cnosa: sioyenmposuti xomnpecop;, Cmyninw; Iloenemenmuuii ananiz; Ilpodykmuenicme; Poboue roneco;
Hudpysop.
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