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Loading Factor Performance of a Centrifugal

Compressor Impeller: Specific Features and Way of
Modeling

K. Soldatova, Y. Galerkin

Abstract—A loading factor performance is necessary for the
modeling of centrifugal compressor gas dynamic performance curve.
Measured loading factors are linear function of a flow coefficient at
an impeller exit. The performance does not depend on the
compressibility criterion. To simulate loading factor performances,
the authors present two parameters: a loading factor at zero flow rate
and an angle between an ordinate and performance line. The
calculated loading factor performances of non-viscous are linear too
and close to experimental performances. Loading factor
performances of several dozens of impellers with different blade exit
angles, blade thickness and number, ratio of blade exit/inlet height,
and two different type of blade mean line configuration. There are
some trends of influence, which are evident — comparatively small
blade thickness influence, and influence of geometry parameters is
more for impellers with bigger blade exit angles, etc. Approximating
equations for both parameters are suggested. The next phase of work
will be simulating of experimental performances with the suggested
approximation equations as a base.

Keywords—Centrifugal compressor stage, centrifugal
compressor, loading factor, gas dynamic performance curve.

NOMENCLATURE
b  width of channel
c, tangential component of absolute flow velocity
Cp specific heat at constant pressure
D diameter
h, disc friction head

=
=

loss of a head due to seal leakage

theoretical head

e

head transmitted

empirical coefficient of velocity diagram

k=]
a

X XT

empirical coefficient of viscosity influence

=

cascade solidity

mass flow rate
blade Mach number

the internal power, i.e. all power transferred to gas

Z Z 23 ~1—

the power of outer discs’ surfaces friction

Kristina Valerievna Soldatova is with Peter the Great St. Petersburg
Polytechnic University, Russian Federaton (phone: +7-905-220-50-70 fax: 8-
812-552-98-29; e-mail: buck02@list.ru).

Yuri Borisovich Galerkin is with Peter the Great St. Petersburg
Polytechnic University, Russian Federaton (phone: +7-921-942-73-40; fax: 8-
812-552-98-29; e-mail: yury galerkin@mail.ru).

International Scholarly and Scientific Research & Innovation 10(12) 2016

the power a gas portion that leaks through the labyrinth seal

=z

the so-called theoretical power that is transferred by impeller

blades
pressure

=
4

temperature

blade velocity
volumetric flow rate
relative velocity
number of blades
flow rate coefficient
blade angle

non-dimensional coefficient of disk friction

non-dimensional leakage coefficient
angle of a loading factor performance inclination

blade thickness
flow coefficient
turbulent dynamic viscosity

3.14
density

shear stress, blade blockade factor
loading factor
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A. Subscripts

0 impeller inlet

1 impeller blade row inlet
2 impeller exit

imp impeller

inl inlet

des design

max maximum

B. Abbreviation
CFD Computational Fluid Dynamics

I. INTRODUCTION

ECHNICAL power that is supplied to gas by an impeller
is divided into three components:

N, =N; + N + N, Q)

Power N . and le are converted into heat. Their origin is

illustrated in Fig. 1.
Equation (1) is transformed into the equation of heads by
division on a stage flow rate:

615 1SN1:0000000091950263



Open Science Index, Mathematical and Computational Sciences Vol:10, No:12, 2016 publications.waset.org/10005817.pdf

World Academy of Science, Engineering and Technology
International Journal of Mathematical and Computational Sciences
Vol:10, No:12, 2016

h=h +h, +h, )

Heads h,, and h _are presented in non-dimensional mode
as rates of theoretic head. Coefficients of disk friction and
leakage are presented in (3):

hi:hT(1+ﬂfr+ﬂlk) 3)

Leakage coefficient is a ratio of the mass flow through the
labyrinth seal of a shroud to the mass flow through the stage.

The coefficient of disk friction is determined by shear stress
on its outer surface. Shear stress depends on the turbulent flow
dynamic viscosity ;' and circumferential velocity gradient as

it is shown in Fig. 1. That is:

, OC,

U~

rmd =H

ob B

leakage flow

Fig. 1 Leakage flow and shear stress friction due to velocity gradient
in an impeller — body gap
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Fig. 2 Loading factor performance of an impeller with @ s~ 0-048,
Ve des 0.47. solid — measured, dash — inviscid, dot-dash - an infinite

number of blades

There are effective ways to estimate these coefficients.
One-dimensional method is presented in [1]. CFD calculations
are presented in [2]. The values of the coefficients for mean
specific speed stages are 0.03-0.05. We can assume that the
calculation of the coefficients of friction and the leakage disk
has satisfactory engineering solution. Therefore, the analysis
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of a head performance must be concentrated on its main part —
loading factor performance.

Fig. 2 from [3] shows the typical measured loading factor
performances, the same performance calculated as for inviscid
flow and performance of the ideal impeller with infinite blade
number. Inviscid calculations are fast and cheap. The results
are close to the performances of real impellers. The aim of the
work is systematic study of impellers with different geometry
parameters and elaboration of approximation equations for
numerical study results. The simulation of real impellers’
performances on the base of this work is the next step.

II. BASIC FEATURES OF A THEORETICAL HEAD
PERFORMANCE

The value of theoretical head is determined by the “basic
equation of turbomachinery” — after Leonhard Euler:
hy =cy,U,- “

Equation (4) is valid if a flow has no tangential velocity at
an entrance, ¢ = 0. This is typical of the centrifugal

compressor impellers.
Square of a blade speed as a denominator in (4) performs it
to the equation of a loading factor:
Wr =Cy /Uy ®)
Formally, the problem of a loading factor calculation is
easily solved. From the triangle of velocities at the exit of the
impeller should be:
yr =1-@,Cctgf,, where B =P —AB- (©)
For axial compressor impeller, this equation is used. A lag
angle Ap at an impeller exit is comparatively small and only

slightly dependent on flow coefficient. The kinematics of flow
in a centrifugal impeller is more complicated. This leads to
numerous semi-empirical formulae applied to design flow rate
only. These formulae analysis is not an aim of the work.
However, the aim of the work is to study principle of a loading
factor performance in a whole.

In [4] are presented numerous head performances of gas
industry centrifugal compressors. One example is shown in
Fig. 3.

Calculated performance in a process of design was made by
the 5% version of the Universal modeling method [5]. The
head transmitted to gas is measured by the temperature rise:
H, =c,-AT, =2010-AT, (air). The performance is almost

linear, as in all other known cases. The trend of deviation from
linearity manifests itself at high flow rates. This is the effect of
gas compressibility. The continuity equation establishes a
relationship between the flow rate at the exit of an impeller
and the flow rate of the compressor:
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Fig. 3 Gas total temperature rise in a pipeline compressor. Air plant
test and design calculation
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Fig. 4 Loading factor performances of ideal impellers with infinite
number of blades and a real impeller performance with B < 90°
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Fig. 5 Exit velocity triangle. A loading factor performance is linear

The coefficient ¢, determines the value of a loading factor

according to (6). At high flow rate gas density p, decreases
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rapidly. It leads to non-linear character of a performance. In
[6], it is shown that performances in coordinates w,=f (%)

of tested model stages are linear and do not depend on
compressibility.

Fig. 4 shows the load factor performances of ideal impellers
with an infinite number of blades. They are linear as flow
angle is equal to a blade exit angle, i.e. the angle of
imaginative flow is constant. The performance of a real
impeller with a blade exit angle < 90° is shown there too. The
performance is linear inside of a real impeller flow rate range
and is extrapolated beyond its limits.

From (6) it follows that if the angle g = <90°, the ideal

impeller does not create circumferential velocity of flow at a
maximum flow coefficient R (1) A loading factor is
zero. At zero flow rate the loading factor is y. =1 at any

blade exit angle. The angle of a performance inclination is
equal to the exit blade angle g — 4 .

There is no evidence that outside of a real impeller flow rate
range the performance is linear. However, the linear
extrapolation points on values of the two factors that
determine a loading factor performance. There are:

Yoo <1-2 loading factor at zero flow rate,

* B <>p,-an angle of a performance inclination.

Fig. 5 shows the velocity triangle at an impeller exit. A
loading factor performance is linear.
The line inclined at the angle of the line 4z it at the same

time the loading factor performance shown in Fig. 4. The
function v = (o) is simple.

The program method of universal modeling [3]:

Wr =Wy~ 0C19 5 ®)

To calculate a loading factor at design flow rate, there are
two semi-empirical equations [7]:

Yids =10, ’Ctgﬂz =l-¢, 'Ctgﬂblz — AT,y ges > ©)

AT =1-K l//Tdes (10)
e “ 2Zblz(|bl /Dz)Kpd

There are some equations for .~ also. The authors hope to

develop a less arbitrary way of the performance modeling.
From (6) and (9), the equation for a lag angle as function of
flow coefficient is defined as:

| (1)

m +Ctgﬂ'|'

23

B, =arctg

The angle of the flow varies from zero at a ¢, = 0 to its

minimal value at a maximum flow coefficient. The latter is
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valid for g .gg°. Accordingly, a lag angle changes from

Aﬂ = ﬂblz at zero flow to Aﬁ = ﬂblz _ﬁzarCtg((pzmax) at

maximum flow rate.

By analogy with the ideal impeller, we assume that the
basic geometrical parameter determining a loading factor
performance is a blade exit angle 4 . The number of blades,

their thickness, the relative height of the inlet and outlet, the
shape of the median line - i.e. load distribution - can also
influence the shape parameters and characteristics. These
parameters were studied in the numerical experiment.

III. METHOD OF CALCULATION

Calculation study was carried out by a computer program
3DM.023, which has long been used in the design practice.
The program is based on the representation of 3D flow by two
two-dimensional flows:

- axially symmetric flow at infinite number of blades;
- flow on several blade to blade axially symmetric surfaces
along blade height.

Fig. 6 demonstrates quasi — orthogonal lines for axially
symmetric flow calculation.

Fig. 6 Quasi — orthogonal lines for axially symmetric flow calculation

Fig. 7 demonstrates a blade cascade on an axially
symmetric surface and its conform transformation.

Flow is assumed as expected inviscid and steady. The
equations of energy, continuity, equilibrium, perfect gas are
solved in iterative process. Flow on blade to blade surfaces is
calculated by Zoukovsky vortex theory. Kutta-Zoukovsky
postulate is applied as the flow exit condition.

Fig. 8 presents a sample of graphic information in course of
calculation in the computer program 3DM.023.

Fig. 9 represents comparison of 3DM.023 velocity diagrams
with velocity diagrams defined by measured pressures at the
surface of the blades [3].

If a flow coefficient is @ > @, then the main difference of

diagrams takes place near a blade exit. Wake takes place in
regions of blades’ unload. For large positive incidence angles
(o<o, ) wake low-energy zone occupies a large part of the

channel. It caused significant difference of diagrams.
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Interestingly, this difference does not violate the linear
character of a measured loading factor performance.

» g
Z
Z
7 o ¢
| ]
= :
7 A 7
=
=
e
% £ L o /4‘/"‘
. :L & ﬂ- = 2
|~ =z &
L

(@) (b)

Fig. 7 Blade cascade on an axially symmetric surface (a), and its
conform transformation (b)

IV. OBJECTS OF COMPUTATIONAL EXPERIMENT

In [6], a comparison of measured and calculated by a
computer program 3DM-023 loading factor performances is
presented. The calculated performances lie higher, but
direction of performances is very close. The authors suggest
using of the calculation study as a basis for modeling of real
loading factor performance as the next stage of their work.

Eight series of studied impellers are based on the impellers
of tested model stages. All impellers have the blades of
cylindrical shape disposed in a radial part of impellers. Main
geometry parameters of the impellers are presented in Table I.

The range of gas dynamic and geometry parameters: ¢ =

0.027-0.075, yr, = 0.47-0.68, D,= 0.514-0.60, b= 0.054-

0.099, 62: 0.034-0.07, D= 0.289-0.416, ﬁlz 20-28, ﬂﬁz:
30-79, z = 11-17.
mp

Information about the shape of the blades in the table:
- "Arcs." - the mean line of the blade is an arc of a circle.
"L.c." - the mean line is optimized by a load control [3].
Six impellers (##3-8) were also calculated with arc blades.
The geometrical parameters of the eight series of impeller
variants (all with arc blades) were changed as follows:
- thickness of the blade twice above and twice below a
nominal.
- the number of blades reasonably bigger and lower than
the nominal.
- the height of the blades at the outlet reasonably bigger and
lower than the nominal.
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Fig. 8 Sample of graphic information — the computer program 3DM.023 (a) velocity diagrams: hub, mean, shroud, (b) 0 meridiam velocities at
eight blade to blade surfaces

Variants were also calculated with a proportional change in
the height of the blades as a whole. This parameter in the
calculation of non-viscous flow turned out to be insignificant.
To calculate performance parameters g and ., the linear

character of a loading factor performance is used:

Py =3
B, —arctg 21) ~ Poy) (12)

Vi) =Y
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Y10 =¥ + @;(2)CtgﬂT ’

(13)

To calculate the flow rate at an impeller inlet, the continuity

equation is applied:

*

= E) & °
4b21'-2 pz

?,

Here a blade blockade factor is:
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q (15) It is believed that the trailing edge of the blades are blunt.
T,=1- .
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Fig. 9 Comparison of 3DM.023 velocity diagrams with velocity diagrams defined by measured pressures at the surface of the blades.
D, =0.085. Calculated — solid lines, measured — dashed lines

TABLEI
MAIN GEOMETRY PARAMETERS OF THE STUDIED IMPELLERS
Ne 1 2 3 4
Name/Parameter 028 038 048 055
62 0.0444 0.0487 0.0576 0.055
D, 0.514 0565 0534 0592
51 0.0589 0.0827 0.0884 0.089
q 0.373 0.350 0.289 0.337
A 25 25 23 22
A, 30.3 34 30 47
Zinp 15 13 11 13
Mean line shape arc arc Lc. lLc.
Ne 5 6 7 8
Name/ Parameter 060 064 K101-1 K101-4
62 0.0606 0.070 0.050 0.034
51 0.570 0.57 0.600 0.534
61 0.0990 0.099 0.0928 0.054
q 0.290 0.290 0.345 0.416
A 28 28 27 20
A, 32 32 79 44
Zinp 11 11 17 14
Mean line shape Lc. Le. Le. Lc.

According to [6], compressibility does not affect loading
performances of real impeller in coordinates v =f(p):

Inviscid flow calculations demonstrate the same. All
calculations are executed at M, =0,1- The ratio of densities in

(14) is practically equal to 1.

V. THE RESULTS OF COMPUTATIONAL STUDIES

Fig. 10 presents typical loading factor performances
calculated by above method. Fig. 10 demonstrates
performances of the eight original impellers (Table I). but all

International Scholarly and Scientific Research & Innovation 10(12) 2016

with arc blades. For each impeller the performances were
calculated with different blade thickness.
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Fig. 10 Loading factor performances of eight impellers with different
blade thickness

VI. INFLUENCE OF THE BLADE THICKNESS
The impeller #1 has g = 30.3° Its angle g=32.2%at §,=
0.67 — 1.35%. At §,= 2.7% it is more on 1.1°. A loading factor
y;,=— 0.893 is independent of the blade thickness.
The impeller #2 has g, =34 Its angle g=36.2°at §,= 1-
2%. At %: 4% it is more on 1.3 °. A loading factor Voo™

0.872-0.881 is bigger when the blades are thicker.
The impeller #3 has g =30°. Its angle g= 32.3-33° at

blade thickness %: 0.7-2.8%. A loading factor ,= 0.854-

0.862.
The impeller #4 has g =47°. Its angle g =46.3-46.9° at all

5;|20.6-2.3%. A loading factor y, =0.859-0.878 is bigger

when the blades are thicker.
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The impeller #5 has g =32 Its angle g=34.8-35.3%atall  %. A loading factor y, = 0.861-0.863 is constant practically
5&=0.7-2.8%. A loading factor , =0.848-0.856 is bigger  too.

when the blades are thicker.
The impeller #6 has @2=320. It differs from the impeller #5

by smaller p, only. Its angle 3=32.2-32.4° at all §,=0.7-2.8

¥y |

0.90 /’ B = 32° B, =44

089 13, = 7?’ ’liﬁﬁ p = 34i/j/’

0.8 / 7 ‘//./{ B, =303
0.87 ! y - //

2 //J
AVAVY

083 7 /

082 +—p3, :: 32° /

0.81

0.80

07 o ﬁas: =30 Ji

0.78 ! .
1.25 1.50 1:75 2.00 225 2.50 275 3.00 325 3.50 T

Fig. 11 Loading factor at zero flow coefficient for eight impellers with three number of blades each
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Fig. 12 Difference L—L for eight impellers with three number of blades each
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The impeller #7 has g,,=79". Its angle 3=73.2-74.5° at all
5;'=0.64—2.8 %. A loading factor , = 0.876 — 091 is
sufficiently bigger when the blades are thicker.

The impeller #8 has f,,=44". Its angle g=44.4-44.7% is
constant practically and equal to blade exit angle at all 5;|=
0.64-2.8%. A loading factor ys,—0-870-0.882 is sufficiently

bigger when the blades are thicker.
The influence of the blade thickness is rather small. Let us
take into account that the range of gm exceeds the values that

are applied usually.

VIL

Performances of eight initial impellers were calculated with
bigger and smaller blade numbers. Traditionally, the number
of blades is connected with a cascade solidity. In [8], two
formulae are recommended:

THE NUMBER OF BLADES, THE DENSITY OF A GRID

L, 1-D, (16)
t ﬂ(1+l_)1)sin[b“ +ﬁmj
2
D2
i, "p )
t 2.73Sin(ﬁb12 +ﬂbll)
2
TABLE II
PERFORMANCE PARAMETERS FOR THE IMPELLERS WITH DIFFERENT NUMBER
OF BLADES
No o Impellername. g g ica)  1/t(16)

1 028 z13 30.3 13 2.859 2.952
2 028z 15 30.3 15 3.299 3.407
3 028 z17 30.3 17 3.739 3.861
4 038 z11 34 11 1.978 2.404
5 0382z 13 34 13 2.337 2.841
6 038-z15 34 15 2.697 3.279
7 048 z11 30 7 1518 1.668
8 048 z13 30 11 2.385 2.622
9 048 z17 30 17 3.686 4.052
10 055 z11 47 11 1.585 2.059
11 055 z13 47 13 1.873 2.434
12 055 z15 47 15 2.162 2.808
13 060 z9 32 9 1.570 1.909
14 060x 11 32 11 1919 2.333
15 060 z13 32 13 2.268 2.757
16 064 z9 32 9 1.570 1.909
17 064 z11 32 11 1919 2.333
18 064 z13 32 13 2.268 2.757
19 x 101-1z15 79 15 1.495 1.986
20 x 101-1 z17 79 17 1.695 2.250
21 x 101-1 z19 79 19 1.894 2.515
22 x 101-4 z12 44 12 2.190 2.394
23 x 101-4 z14 44 14 2.556 2.793
24 x 101-4 z16 44 16 2.921 3.191
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Table II contains results of calculations. Calculation results
are presented in Figs. 11 and 12. Cascade solidity by (16) is
the argument.

A loading factor at zero flow coefficient is obviously bigger
if a cascade solidity is bigger. It is bigger also for impellers
with the bigger blade exit angles. One more parameter
influences as it is shown below. There are two exclusions for
the impellers # 1 and 8 when this parameter changes little.

VIII. RATIO bz /q INFLUENCE

Eight centrifugal impellers have been calculated with a
relative exit height of blades 20% more and 20% less than the
original. There were compared three values of ratio influence
for each impeller. The impellers # 5 and 6 differ only by this
parameter. This series is of seven impellers only. The
calculation results are presented in Table III.

TABLE IIT
PERFORMANCE PARAMETERS FOR THE IMPELLERS WITH DIFFERENT
PARAMETER b2 /bl

Ne Impeller name b,/ly B o %
2
1 028-b-0.0355 0.6027 32.81 30.3 0.083
2 028-0444-0589 0.7538 32.18 30.3 0.062
3 028-b-0.0533 0.9049 31.35 30.3 0.035
4 038-b-0.039 0.4716 37.42 34 0.101
5 038-0487-0827 0.5889 36.16 34 0.064
6 038-b-0.0584 0.7062 34.42 34 0.012
7 048-b-0.0288 0.3258 32.42 30 0.081
8 048-0576-0884 0.6516 32.29 30 0.076
9 048-b-0.0745 0.8428 33.75 30 0.125
10 055-b-0.044 0.4944 46.74 47 -0.006
11 055 0.618 46.43 47 -0.012
12 055-b-0.066 0.7416 44.49 47 -0.053
13 060-b-0.0484 0.4889 36.20 32 0.131
14 060 0.6111 34.79 32 0.087
15 060-b-0.0726 0.7333 33.81 32 0.057
16 064-b-0.056 0.5657 35.32 32 0.104
17 064 0.7071 32.18 32 0.006
18 064-b-0.084 0.8485 33.04 32 0.033
19 k 101-1-b-0.04 0.431 74.19 79 -0.061
20 x 101-1 0.5388 73.26 79 -0.073
21 k 101-1-b-0.06 0.6466 73.13 79 -0.074
22 k 101-4-b-0.017 0.5037 45.04 44 0.024
23 k 101-4 0.6296 44.66 44 0.015
24 k 101-4-b-0.068 0.7556 43.53 44 -0.011

Effect of b,/b on the coefficient W, is small and is not

regular. The results are graphically represented in Fig. 13.
Influence of b, /b on the angle g is sufficient. Graphics in

Fig. 14 demonstrate it. When the ratio b /b increases, the
value of 2 decreases. The impeller #3 is the only exclusion.
The influence of b, /ly is less for impellers with bigger blade

exit angle.
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Yo | /L Blade profiling by the method of [3] is characterized by
By =303 |~ using the load shift to the trailing edge. Impeller performance
; shifts to left in comparison with arc blades. A loading factor is
0.89 By =79 lower. Loading factor performances of the impellers #3-8 with
il profiled blades were calculated. Loading factor at zero flow
coefficient for these impellers with arc and profiled blades are
0.88 . shown in Fig. 16. For arc blades, Vho is bigger in all cases. As
., =44 . Lo . . .
u ///. = Pan a rule, the difference is bigger for impellers with the bigger
f,, = 34" =] I~ // blade exi.t gngles. Inﬂgenc.e of the blade mean line
0.87 PL A configuration is presented in Fig. 17.
/ﬁ _ 470 Angles of a performance inclination are bigger for arc
i blades. Bigger i, and /3 lead to sufficiently bigger loading
086 - a factors at a design flow coefficient. This fact was proven
By =30 - experimentally, and the velocity diagrams demonstrated this
I . ] - effect too.
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Fig. 15 clarifies the difference of an arc mean line and a

mean line optimized by load distribution. Fig. 17 Angle £ for six impellers. Arc blades — thombus. circle —
profiled blades

X. APPROXIMATION OF CALCULATION RESULTS

To use in a mathematical model, the calculation results
must be approximated by algebraic equations. At the moment,
the authors offer simple algebraic equations that reflect the
impact of the studied geometry parameters.

The equation for an angle of a performance inclination are:

- arc blades:

(a) (b)

Fig. 15 Arc mean line of blades (a), and mean lines optimized by load
distribution (b)
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100 - 3 =
WTO:1_¢(1+yzﬂblz)x(l—yﬁbl)x (18)
1
x(1-y, - 1/t)(1-ys-b, /b))
- profiled blades:
100 — =
Wt ey g V(1S ) 1o)

x(1=y,-1/t)(1=y, b, /b, )(1-0.002( £ ~20°))

The equations for the loading factor at zero flow coefficient
are:
- arc blades:
o a0 . =~ 002 002). (20
B =5 +0.17(45-ﬂb1)[1-0.15bl +W-m]

- profiled blades:

0 0 0 = 0.02 0.02
ﬂT=ﬂb]{0.17(45—@,)[1—0.1@1+W—mﬂx 1)

x(1-0.28( 5 -29°))

The precision of simulation is not very high. The general
principle of a loading factor modeling more important. The
next step — modeling of tested model stage performances the
authors plan to start on principles above presented.

XI. CONCLUSION

Viscosity influence is necessary take into account first
while modeling experimental performances. Other factors
were not possible to study by the instrument that was used in
the presented study. For instance, the type or configuration of
a diffuser influences a loading factor. The final approximation
equations will be more complicated and some sophisticated
technologies could be applied. The authors aim inside this
work was to discuss and get opinions of colleagues on the
problem. It can be important for further progress.
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