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Abstract

A one-dimensional theory regarding the change of state in a multistage axial compressor
at design point and part load has been formulated. With regard to short calculation
times for obtaining compressor maps this algorithm is suitable to get insight into the main
parameters influencing the off-design behaviour. An ‘academic’ test example, representing
a 3-stage subsonic compressor, has been used for tests.
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Introduction

In order to obtain a reliable operating map of a multistage axial compres-
sor one has to perform comprehensive tests on a prototype machine or en-
gage in computational work using detailed numerical programs with much
empirical know-how. These requirements can be usually satisfied by com-
pressor manufacturers only.

The objective of this work consists in calculating the operating map
of compressors with satisfactory approximation by using relatively simple
theories, combined with non-proprietary empirical data. The starting point
of such work is the description of quasi one-dimensional flow along the
mean diameter of the compressor channel (so-called pitchline theory) for
each stage. Beginning with the specified inlet conditions to the first stage
and a selected mass flow rate and proceeding to the second, third, etc.
stages (stage stacking) one obtains the flow conditions at the compressor
outlet and thus the operating point in the compressor map. By repeating
the calculation for other conditions (e.g. other mass flow rates) and other
shaft speeds the speed lines in the compressor map are obtained.

In addition to the specification of compressor geometry, empirical data
are required about each blade row. Realistic results are only obtained if
the row exit angle, and more importantly, the row losses are described as
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functions of the flow conditions existing at the inlet to the blade row. Such
functions can be provided on the basis of data published in the literature.

Symbols used:

a [J/kg] specific work A [m?] area

¢ [m] chord length ¢ [m/s] absolute velocity
cs [m/s] speed of sound D [m] diameter

DF [] Liebleins diffusion factor h [J/kg] specific enthalpy
I [m] blade length M [] Mach number

n [ polytropic exponent n [1/s] rotor speed

p [Pa] pressure T[] degree of reaction
R [J/kg/K] gas constant T [K] temperature

v [m/s] blade speed w [m/s]  relative velocity
y [J/kg]  spec. aerodyn. work

a  [] absolute flow angle B [ relative flow angle.
v stagger angle § [ clearence width
5h [J/kg] dissipation of energy n |- efficiency

e [ flow coeflicient &[] isentropic exponent
A werk coeff. of a stage e[ mass flow coeff.
v [ biade speed coeff. w [] pressure ratio

6 [ temperature ration p |kg/m® density

w o[- pressure loss coeff. Y [ enthalpy coeff.

¢ loss coefficient

Subscripts

E at the Euler radius in  at the inlet

n axial direction N at the hub

out at the outlet P polytropic

P profile R reference

S at the tip s isentropic

SW side-wall TC tip clearence

u circumferential direction

l at rotor inlet 2 at rotor outlet

3 at stator outlet 0 at design point

Superseripts

o total condition - overall compressor

”  rotor ’  stator

* normalized with design point value
For each stage we suppose:

— the duct geometry and the rotor speed are known
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— the inlet conditions (p1,T1, p1) and the absolute inlet flow angle o
are known

— the cascade loss coefficient is affected by incidence angle and Mach
number

— the rotor and stator exit angles are slightly variable with incidence
angle

— the flow is subsonic in all stages.

With respect to the multistage configuration we suppose:

the inlet conditions are given

— the flow angle to the first rotor is given by the inlet geometry
all stages have a common shaft speed (single-spool compressor)
the blading geometry is fixed (no adjustments provided).

|

We use the thermodynamic simplification:

— air is considered as a perfect gas.

Single-stage Theory

In order to understand the thermodynamic behaviour of a multistage axial
flow compressor it is convenient to analyse only one stage at first. Using
the one dimensional theory means that the flow phenomena are regarded
in a single stream surface corresponding to the mean diameters given by
the area averaged radius E (or ‘Eulerian radius’) at each station, i.e.

g = \/%(r%-l-r%) . (1)

In the following the blade speed u at the Eulerian radius is of importance.
Using the rotor speed n (revolutions per second) it can be calculated to

v = Dgmn = 2nrpgn . (2)

Velocity Triangles

In order to compress the fluid in the stage it is necessary to raise the
swirl component of the absolute velocity by the rotor row. Simultaneously
the pressure increases because the relative flow decelerates. In the stator
row the flow is deflected and the absolute velocity is reduced while the
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pressure is rising further. The flow directions can be represented in velocity
triangles (see Fig. 1, bottom). The triangles represent the absolute and
relative velocities at rotor inlet, rotor outlet and stator outlet, always on
the pertinent Eulerian mean radius (see Fig. 1, top, Planes 1,2,3). The
absolute velocity c is related to the relative velocity w and the blade speed
u by the following vector equation

C=uw+1. 3)

The norm of the velocity vectors can be calculated as follows.

‘6' = \/c?, +c2, (4)
|‘LT)‘ = /w2 +w? . (5)

Introducing trigonometric functions the following equations are valid

) c c c

siha=—, cosa=—, tana= —, (6a)
[ C Cy

. w w w

sinB=—, cosf=—, tanff= —, (6b)
w w Wy

where « is the flow angle between the absolute velocity and the blade speed
and 3 is the flow angle between the relative velocity and the blade speed.
It is useful to introduce non-dimensional velocity relations. All velocities
in the stage will be referred to the blade speed uy at rotor outlet,

w Ui

c=2, w=2, =2, v,=1. (7)

Uz U2 Uz

Loading Limits

During compressor operation at lower mass flow rates the flow deceleration
increases. Since the profile boundary layer of the suction side is not suf-
ficiently supplied with kinetic energy the flow is separated and the stage
reaches its stable operation limit (rotating stall). The limit of acceptable
loading should not be exceeded in any compressor row. LIEBLEIN, see [5],
defined a term, the diffusion factor

DF' =1-22u =2t (f>" : (8)
w1 2un c
;. c3cu2 —cy3 ()
=132 T Cus (L 9
DF =122t (0), ©)

which is limited to values of 0.4 to 0.6.
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Fig. 1. Compressor stage and velocity triangles
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Conservation Equations and Non-dimensional Coefficients

Generally it is convenient to express the data of any operating point by non-
dimensional coefficients. Such coefficients are introduced for the through-
flow velocity, the work transfer, the enthalpy rise (from which the pressure
ratio can be obtained), the rotor speed and the mass flow rate.

The non-dimensional throughflow velocity 2 is termed the flow coef-

ficient ?
c
p = = Cr2 . (10)
u2
For a compressor rotor row the energy equation can be written in the case
of steady flow as follows

1 1
o= (M + 55) _ (h1 + 563) — RS- RY. (11)

In this equation a is the work supplied per unit mass of fluid and h repre-
sents the specific enthalpy. An adiabatic system is assumed. Considering
"the moment of momentum conservation the work can be expressed by Eu-
ler’s equation

@ = Cy2U9 - Cy1U] - (12)

Dividing by u% a non-dimensional number called the work coefficient of the
stage is obtained

A L (13)
w5  ug U2 U2

Introducing trigonometric relations this leads to the following expression
U
A=1-pycotfs —p;—cotag . (14)
U2

If one regards the relative rotor exit angle 82 and the absolute rotor inlet
angle a1 as constant, A becomes a linear function of the . One can see
that the work coefficient primarily depends on the flow coefficients and on
blade row outlet angles. If the flow coefficients vary, e.g. due to a change
of mass flow, the work coefficient will change, too.

The energy equation has the following form when applied to the sta-
tor, assuming adiabatic conditions:

1 1
h3 -+ 56;2; = h_‘z + 56% . (15)
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One can see that in the stator the total enthalpy h° = h + ¢?/2 remains
constant. In the non-dimensional form Eg. (15) is written as follows, with
¥’ called the stator enthalpy rise coefficient:

A R (G- (16)

Uy

The energy equation applied to the rotor had the form
1 1
a= (hz + 503) - (h1 + §c%> . (17
If the Eulerian equation is introduced, Eq. (15) leads to

1 9 19 1 9 19
h — — =h - —— . 18
2+ pW2 — SU2 1+ aW1— 3% (18)
The left and right expressions are called rothalpy, a quantity which remains
constant in the rotor. Dividing by uy one transfers the equation into the
non-dimensional form, with ¥” called the rotor enthalpy rise coefficient:

ho—hy 1
- l=§(W$—W§—U{~’+1). (19)

Uy

\I’”

The pitchline rotor blade speed u; at any control station 7 = 1,2, 3 of the
stage is made non-dimensional by the thermodynamic expression /cp,T
pertinent to the stage inlet stagnation conditions. The non-dimensional
rotor blade speed thus obtained is

u
,/cpTl0 '

The continuity equation is the third important conservation equation. To
each cross-section 7 the mass flow is common:

V=

(20)

m = pcnA = picniA; (21)

where p i1s the density, ¢, the axial velocity and A the annulus-sectional
area. By dividing F¢.(21) by A; p?,/cpTlo one can define a non-dimensional
mass flow coefficient u as

m

Ay p? v c,,Tl0

il

2 (22)
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which has a common value for all three control stations of the stage. The
non-dimensional mass flow coefficient is related to the flow coefficient ¢, as
seen from FEgs. (10), (21) and (22) by

Ai pi
= i . 23

Finally, in order to characterise the compressor stage the so-called degree
of reaction is defined

Ah” ‘pll
TAW F AW T WU
Compressors are usually designed with r of about 0.5 to 0.7. The static
pressure rise in stages having r = 0.5 is equal in rotor and stator and the
stage velocity triangles are symmetric.

The above equations link the energy transfer process (as expressed by
enthalpies h and work a) and the density p to the fluid velocities. However,
the interdependence of h and p is not yet formulated. This link is obtained

by using the equations of state of the fluid and expressing the pressure rise
in terms of velocity changes.

T

(24)

Thermodynamics

An isentropic change of fluid state is characterized by

=1

K k-1
P_(2 Z_(!L>‘—(£> 25
Po (m) " T \po po (25)
k-1
h — ho = cp(T — To) = cpTo [(£> "o 1} . (26)
pPo
Real processes are non-isentropic, and it is convenient to describe them by

a polytropic change in which the formalism of the isentrope is maintained,
but a different exponent, the polytropic exponent n is used:

and

h —ho = cp(T - To) = cpTo [(fg) - - 1} . (27)

Polytropes are defined as processes during which the ratio vdp/dh stays
constant. For adiabatic compression processes the ratio is termed poly-
tropic efficiency of the compression process:

vdp _ dp
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The isentropic exponent < and polytropic exponent n are linked by

n-1 1k-1
n np K

(29)

Therefore the calculation of polytropic changes requires the knowledge of
the polytropic efficiency 7,. This can be done on the basis of cascade and
stage loss data.

Efficiency and Cascade Loss Computation Method
Prediction of Polytropic Efficiency

For any stage the adiabatic stage theory gives for the enthalpy rise the
following equation

1
ks — h1 = AR + AR = %(w% —wi+ud—ud)+ §(c§ -cd). (30
The polytropic law of the perfect gas gives the pressure rise in a stage as

follows .
P3 hy — h ] =3
== |1+ ,
i 1 [ CpTl

where the polytropic exponent n follows from (29) if the stage polytropic
efficiency 7, is known. The density rise in the stage follows as

(31)

1

B () BNEY)

P1 p1

The objective of the stage loss calculation must be to predict the value of
7p on the basis of geometric data and flow conditions in the stage. For this
purpose the behaviour of the rotor row and of the stator row have to be
accounted for separately. The polytropic aerodynamic work vdp transferred
to unit mass of fluid in the rotor row (1 — 2) and the stator row (2 — 3)
are expressed in literature [1] by means of the row diffusion efficiencies hd
for rotor and stator:

2
2 2., .2 2
/VclpE Y =gp il 2 T %2 , (33)
1

/3ud= AR B | (34)
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Here the polytropic aerodynamic work compressing the fluid is seen to
be expressed as a fraction (np) of the kinetic energy at the inlet minus
the entire kinetic energy at the outlet of the row. In rotating rows the
kinetic energy is expressed with relative velocities and is enhanced by the
contribution (u% — u?)/2 of centrifugal forces. The factor np characterizes
the loss of kinetic energy due to dissipation. Since the polytropic efficiency
of the compressor stage (1 — 3) means

Fvip _ _¢'+y
= = 35
==k AR+ AR (35)
one finds using Egs. (30), (33) and (34)
2 _ .2 2 2
n Wy —uj tup , )
= (1) EL 1T Y2 - 36

Thus, 7p can be obtained if 7} and 7, are known.

Modelling of the Row Diffusion Losses

According to the literature on the analysis of compressor test data the dif-
fusion efficiency np of any row (rotor or stator) can correlate with geomet-
ric and fluid dynamic parameters. Detailed correlations split up the total
loss (energy dissipation) in the row into several parts. Following Traupel
we write, by introducing a dissipation loss coefficient ¢ for the contribution
of blade profiles, side walls and tip clearance effects:

1-np={p+{sw+ (rc - (37)

For each of these loss coeflicients a correlation can be given on the basis
of experimental data obtained in cascade wind tunnels (for {p) and in test
compressors (for (sw and (r¢).

Blade-profile Loss Coefficient
Conversion of Total Pressure Loss Data

Most cascade measurements published in technical literature express the
blade profile loss simply in terms of a total pressure loss coefficient w rather
than in terms of a dissipation loss coefficient (p. Therefore the values of
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w must be transformed into {p as shown below. The total pressure loss of
any cascade is defined as

o .0
w = px(;z Dout , (38)
p;n - pm .

where index in and out refers to the conditions upstream and downstream
of the cascade, respectively, and where all pressures are averages over the
cascade annulus.

The total pressure loss is found to vary with the inlet Mach number

Win

My = —2n__
in K.RTin

(39)
and the inlet flow angle relative to the blades. The relative inlet velocity
wi can be expressed in terms of total pressure as
2 0\ 5t
.“35:1 = ¢,Tin [(3—“—> - 1} , (40)

in

from which, using (39)

s

The total pressure loss p), — poy: is equivalent to a dissipation of kinetic
energy dh given as

=1

p‘-J . po K;I .
Sh = cpTin [(-—'ﬁ> - 1} — ¢pTin [( mn) - 1} , (42)
Din Pin

) K1 E=1 K] =1
6h — p?n 5 pgut s P?n KN pgut 5
= (&n — = = [ =2 1-{— . (43)
cplin Pin Pin Din Din
The diffusion efficiency and the dissipation loss coeflicient {p refer the loss
to the kinetic energy input to the row, cf. (33) and (34). This energy is

given in the cascade experiment as ——m- Therefore we write for the cascade

§h 1+ 51ME (pgut> =
= e | ] — [ —— ) 44
P h o M Pin (44
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9

where 3(12) and the equivalence wg" = cpT,-n"—;—l-M?n have been used. Now
(38) gives

pgout = p?n - (p?g - pin)w =1~ LU(]. _ p__gl) (45)
Pin Pin

and {p can be expressed by w by inserting Eq.(38) into (45) and the latter

into (44):

in

sz-]i—-*.},-{—g{1~[1—&)(1—[1-{'}{]7‘_}{)]‘:1}a (46)

where K is an abbreviation meaning

k—1

K= M2, . (47)
Equation (46) converts the total pressure loss coefficient w into a dissipation
loss coefficient (p. Experimental data on w obtained from cascades will
therefore be used to express the profile loss (p for rotor rows and (p for
stator rows according to

C}L:f(Mwwﬂl):
= 1';,,{{ {1— [1- " (Muy, 1) (1= [+ K")7T)] 7 } . (48)
C3’=f(MC:7a2)=

=L {1 - ) (1 1)) T )

If the cascade geometries of the two rows are different, the functional de-
pendence of w” and w' will be described by different experimental data.

Thus, an empirical function of the inlet angle and Mach number found
by experiments with a particular cascade geometry can be transformed into
an equivalent profile loss coefficient

(p=Cp(B1, Mu),  Cp=Cplog, M) . (50)

In low subsonic flow (My,, M, < 1), one finds {p =~ w. At higher Mach
numbers, (p tends to become slightly smaller than w.

Determination of w end Numerical Handling of Ezperimental Data

The basic problem of the blade pressure loss prediction in commercial com-
pressors is the non-availability to the user of pertinent detailed proprietary
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information. Unfortunately, however, only limited experimental material
is published in the open literature. [Cumpsty, [5]].

An interesting set of detailed loss data referring to a subsonic com-
pressor cascade was published by MAN’GHH [3]. The cascade profile loss
was specified in function of inlet Mach number and inlet flow angle, Fig. 2.
These detailed cascade loss curves will form the basis for testing the pro-
gram on a 3-stage compressor configuration.
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Fig. 2. Pressure loss coefficient versus inlet flow angle and Mach number

We note that
— at low Mach number (M; = 0.62 and below) there is an inlet angle
range where the profile loss is low (~ 0.02) and insensitive to £;
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~ at higher Mach number the range is narrowed and the loss increased;
- from M; ~ 0.8 upward the range of the cascade is reduced to almost
zero and the losses increase dramatically.

These trends are typical for subsonic cascades with rounded leading
edges.

The data of Fig. 2 were obtained in a cascade wind tunnel. Such
experimental loss data always refer to selected discrete values of inlet flow
Mach number M; and inlet flow angle 3;. Interpolation both along M;
and f; is therefore necessary during the use of w values for calculating a
compressor map. (Note that subscripts 1 and 2 stand for ‘in’ and ‘out’,
respectively.)

The present test results are limited to:

Mach number: 0.5...0.79 and

Incidence angle: —7.0...+6.0 deg (taking zero incidence at the design vale
Bio = 135 deg )

This range is usually enough for our calculations, but to avoid an occa-
sional run error in the program, the range was enlarged by reasonable ex-
trapolation as shown in Fig. 3, to

Mach number: 0.25...0.85 and

Incidence angle: —40.0...+ 40.0 deg.

In order to get interpolated values from the diagram, a mesh was
created with the experimental Mach numbers M; and with an array of 5;
coordinates. To increase the accuracy of the interpolation, the 81 mesh was
made dense in the most important area. The coordinates and the empirical
function values at the points of intersection were stored in a data file. With
the Mach number and incidence angle calculated by the program it is then
possible to obtain sufficiently smooth cascade profile loss coefficient values
from a simple linear interpolation subroutine.

Determination of Side-wall and Tip-clearance Losses

These loss data are typically of proprietary nature, and correlations pub-
lished in literature are used as an estimate. Following Traupel we split up
the rest losses of the row into side-wall and tip-clearance losses. In order to
calculate the loss coefficients we use the following equations derived from
empirical data published by several authors and summarized in [2]. Since
these losses are produced near the casing and the rotor hub, they cannot
be expressed on the basis of the pitchline conditions only.
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Fig. 3. Extrapolated w values versus incidence angle and inlet Mach number

Rotor:
b n '
My =) (T) {[wgo.fv]s +Ds Ds [ccoS]3} (51)
(%;3 + 1) sing; LL 21 Dw
o AW,s [wis]? Dsé" |
(ro = Ko sin g [ wi ] Dgl" - (52)
Stator:

- !

b

Cow = cy (7) [w:"’N]a + _pi [é’ﬁr (53)
({;’i + 1) sinag L € Dylel])”’

ACyn [cm]? Dyé'

= K, .
Cre = K52t sinyy | c2 Dgl"

(54)
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Here the diameter ratios, DS/DN, b, § and 1 are known from geometry
and the velocities are known from the velocity triangles. The loss coef-
ficient values ¢y and K6 are taken from empirical diagrams presented by
TRAUPEL [2].

Overview

The side-wall and tip-clearance losses together are typically of the same
magnitude (2-3 % ) as the profile loss {p in its optimum range. Therefore
the range of optimum compressor efficiency in a compressor map is deter-
mined mainly by the sensitivity of (p to high positive or negative incidence
angle values. All loss components taken together give a row diffusion effi-
ciency np of the order of 94 to 96 % typically, resulting by way of Eq. (36)
in a stage polytropic efficiency np of about 0.88-0.92.

Miultistage Compressor Pitchline Theory
Stage Stacking

The pitchline theory of a single compressor stage was introduced. All values
of static and total temperature and pressure, velocities and enthalpy change
of the rows were calculated along the main diameters. Dg of the compressor
stage. As starting values it was necessary to specify the inlet conditions p;
and 77, the mass flow of working fluid and the absolute fluid flow angle o
at the inlet of the rotor. For all additional stages the procedure is repeated
starting with the outlet conditions and the exit angle of the previous stage

0 0 0 0
PLi+1 =P3i, Liiv1=T3;, o1 =03;. (55)

Inlet and Fzit Casing

The fluid is led to the first blade row by an inlet casing. This inlet casing
typically accelerates the flow 6 to 8 times and in subsonic compressors at
design point the flow velocities in front of the first blade row range between
120 — 200 m/s. The inlet casing has to ensure a regular circumferential
distribution and a low loss inlet flow.

The exhaust diffusor leads the fluid to the exit flange or the outlet
plenum, which may be the combustion chamber of gas turbines. The exit
velocities of the last row are typically 150 — 250 m/s. In order to recuperate
this kinetic energy the exhaust duct is carefully shaped as a diffusor.
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Since in the iniet and exit casing neither heat nor work transfer occur,
the total energy is constant. Referring to TRAUPEL [1], the efficiency of
a well shaped and highly accelerating inlet casing varies from 7, = 0.9 to
0.95. Its value is assumed to be known for the compressor considered.

The exit casing is shaped as a diffusor in order to recover pressure.

Typical real values range from ¢, = 0.4 to 0.6.

Calculation of Parameters Used in Compressor Map

Compressor maps express the relationship between shaft speed, flow rate,
pressure ratio and efficiency over the entire useful operating range of the
machine. They are usually presented in terms of non-dimensional numbers,
in order to make the map transferable between members of a ‘family’ of
geometrically similar compressors.

We will use normalized values of the non-dimensional coefficients, i.e.
we will refer all values to the pertinent design-point value (subscript 0). In
any operating point the rotor speed will be expressed by

e, (56)
the mass flow rate by

(87)

The overall pressure rise of the multistage compressor shall be expressed
by the pressure rise coefficient 0 o
nm-1 ; - p;
Y = — ngo DPout p:)n ’ (58)
Ilo =1 pin Pouto = Ping

where poy: is the static pressure at compressor outlet and p?n is the to-
tal pressure at compressor inlet (subscript ‘0’ stands for design point con-
ditions). Note that IIp has very different values for different compressors
(e.g. Iy = 3 for a single-stage centrifugal compressor and IIp = 40 for a
turbojet compressor). The use of Y instead of II/Ily makes the compres-
sor maps look similar for very different values of IIy but conserves the lin-
earity of the vertical scale with pressure ratio II.

The overall polytropic efficiency of the compressor is defined by the
sums 7 and Ah of stage aerodynamic work and stage enthalpy rise, respec-
tively, as _ T _ Ty

T=AR T L AR

where the sum extends over the inlet, all stages 1 to z, and the outlet.

(59)
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Compressor ~ calculation ~ input - data

general data

66. : massflow at compressor inlet at design-point [kg/s ]
5000. : number of revolutions at design-point : [1/min ]

1 : number of cascade-groups [-]

3 : number of stages [~1
inlet data )
2.00 : Al inlet area [m? ]
0.95 : inlet efficiency -1
diameters at compressor inlet (DN1, DS1)

0.497 : hub-diameter at compressor inlet -1
0.900 : tip-diameter at compressor inlet [—1

1. stage: hub-diameter at rotor- and stator-outlet (DN2, DN3)
0.545 : 1. rotor outlet
0.582 : 1. stator outlet

.—.—.
i
et

2. stage: hub-diameter at rotor- and stator-outlet (DN2, DN3)
0.615 : 2. rotor outlet
0.641 : 2. stator outlet

T

3. stage: hub-diameter at rotor- and stator-outlet (DN2, DN3)

0.665 : 3. rotor outlet (-]
0.695 : 3. stator outlet (-]
1. stage: tip-diameter at rotor- and stator-outlet (DS2, DS3)

0.900 : 1. rotor outlet -]
0.900 : 1. stator outlet -1
2. stage: tip-diameter at rotor- and stator-outlet (DS2, DS3)

0.900 : 2. rotor outlet -1
0.900 : 2. stator outlet -1

3. stage: tip-diameter at rotor- and stator-outlet (DS2, DS3)
0.900 : 3. rotor outlet
0.900 : 3. stator outlet

——
[
et 1t
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1. group:

137.0 : betl; inlet angle of relative flow at rotor inlet : [grd ]
110.0 : bet2; outlet angle of relative flow at rotor outlet : [grd ]
43.0 : alf2; outlet angle of absolute flow at rotor outlet : [grd ]
70.0 : alf3; outlet angle of absolute flow at rotor outlet : [grd ]
120.0 : gamrt; stagger angle rotor : [grd }
120.0 : gamrt; stagger angle rotor : [grd ]
0.68 : ratio of circumfirential blade spacing / chord length (rotor)
0.68 : ratio of circumfirential blade spacing / chord length (stator)

0.30 : ratio of chord length / blade length (rotor) -1
0.30 : ratio of chord length / blade length (stator) : [~
0.005  : delro; Clearence rotor : [m]
0.004  : delst; Clearence stator [m]
3 : number of stages within this group ¢ [~
MAN1 : rotor profile : -]
MAN1 : stator profile : -]

diffusor data

0.2 : area ratio v } @

0.7 : lamd : =]

Fig. 4. Compressor calculation input data

Test Case Results

As a first test case, we take the assumed data of a non-existing ‘academic’
3-stage compressor including an inlet duct and an outlet diffusor. The data
are shown in Fig. 4. With these data we have performed the compressor
calculations for 5 different rotor speeds at ISO conditions. The curves
shown in the following maps were calculated for steps in p* equalling 0.01.

The compressor map is shown in Fig. 5. The pressure ratio has a
maximum and steeply falls off as mass flow u* is increased. It should be
noted that the curves to the left of the maximum are unrealistic due to
the occurrence of flow separation in one or more rows. The points where
the diffusion criteria of Lieblein (or de Haller) are offended in any of the
cascades are covered by a shaded area. The computer output (not seen
here) shows that the front stage is becoming the critical one at low speed
v* and the last stage at high speed.
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Fig. 5. Losses are dependent on incidence angle and Mach number. Pressure rise coef-
ficient Y = (Il — 1)/(Ilp — 1) and polytropic efficiency 7 = y/Ah.
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Conclusions

A one-dimensional theory regarding the change of state in a multistage axial
compressor at design point and part load has been formulated. With regard
to short calculation times for obtaining compressor maps this algorithm is
suitable to get insight into the main parameters influencing the off-design
behaviour. An ‘academic’ test example, representing a 3-stage subsonic
compressor, has been used for tests.

A strong dependence of the cascade losses on flow incidence angle,
taken from cascade wind tunnel experiments documented in the literature,
produces close to realistic speed lines in the pressure vs. flow rate map and
realistic compressor efficiency curves.
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