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Kurzfassung

Die vorliegende Arbeit stellt Untersuchungen zur betrieblichen Stabilitétsgrenze (Pumpgrenze)
eines am Institut fiir Energietechnik und Thermodynamik vorhandenen Radialgeblises an. Dabei
wurden zundchst analytische Modelle angewandt, um einen Einblick in das zu erwartende
Verhalten zu erlangen. Danach wurden stationdre und instationdre Messungen an Betriebspunk-
ten nahe und jenseits der Stabilitdtsgrenze durchgefiihrt, die erlaubten diese zu lokalisieren und
das Systemverhalten im instabilen Bereich zu bestimmen. Anschliefend wurden die Ergebnisse
beider Ansétze verglichen und entsprechende Schlussfolgerungen gezogen.

Abstract

The thesis at hand studies the operational stability limit (surge line) of a centrifugal blower which
is located at the Institute for Energy Systems and Thermodynamics. In a first step analytical
models are applied to get an insight in the expected behaviour. In a second step stationary and
transient measurements are performed on stable as well as unstable operational points to locate
the surge line and investigate the post-surge behaviour. Finally the results of both approaches
are compared and conclusions are given.



Contents

[Notationl

(1__Introduction|

[2

Theory on Compressor Stability|

[2.1  Definition ot Compressor Stability| . . . . . . .. . ... ... . 0.
2.2 Stall and Surge| . . . . ...

2.2.2 5Surgel ... .. e
2.3 Greitzer's Lumped Parameter Model| . . . . . .. . ... ... ... ... ...
[2.3.1  Original Model| . . . . ... .. ...
[2.3.2  Overall Surge Cycle Properties and Physical Mechanism| . . . . . . . . ..
[2.3.3  Application to the Present Test Stand| . . . . . . ... .. ... ... ...
[2.4 "Thoughts on Turbulence Intensity and RMS5-Values| . . . . . ... ... 0000 .

Measurement Technology|

[3.1 Constant Temperature Hot Wire Anemometry (CTA) . . . . ... ... ... ..
3.2 Temperature Sensor| . . . . . .. L e e
3.3 Rotational Speed Sensor| . . . . . . .o oo

[3.5.2  High Time Resolution| . . . . . . .. .. ... .. ... ... .. .....
[3.6  Data Acquisition System|. . . . . . . . ... L

Test Stand Configuration|

4.1 General Notes| . . . . . . . .

4.5 Lubrication and Cooling System| . . . . . .. ... ... ... . 0.
[4.5.1 Toothing Oil Supplyl . . . . . . . .. ... o
4.5.2  Bearing Oi1l Supply| . . . . . . . . .
4.5.3 Oil Cooling| . . . . . . . . . .

I1

v

16
16
18
18
18
19
19
19
19



[4.6.2 Tmpeller| . . . . . 0 o 24

4.6.3  Diffuser and Volute Housing|. . . . . . ... ... .. ... ... ...... 25

7 Orfce . . . o o 25
ESTTRIOWIE . . . . o oo 26
4.9  Computers|. . . . . . . . . e 26

[ Data Analysis| 27
5.1  Time-Series Analysis| . . . . . . . . . . 27
[5.1.1  Fourier Transform, Discrete Fourier Transform (DFT) and Fast Fourier |

| Transform (FFT)|. . . . . .. ... ... ... 27
b.1.2 Auto and Cross Correlationl . . . . . . ... ... ... ... ... ..., 28

9.1.3 Filtering| . . . . . . . . e 29

p-1.4  Turbulence Intensity| . . . . . . . . .. .. oo 29

9.2 Compressor Map Measurement| . . . . . . .. ... ... ... ... ... ... 30
5.3 Inlet Flow Angle| . . . . . . . . . . . 30
6 Measurement Results| 32
6.1 Compressor Map| . . . . . . . . . . . 32
6.2  Time Domain Analysis|. . . . . . . . . . . .. 35
6.3 Frequency Domain Analysis| . . . . . . . ... o oo 38
6.4 Inlet Flow Anglel . . . . . . . o0 0o 40
6.5  Turbulence Intensity| . . . . . . . . . . . 40

[7 Summary and Conclusions| 44
[Appendix A: Matlab Codes| 47
[Appendix B: Photographies| 57
Bibliograp 59

I1I



Notation

Main Symbols

Symbol Dimension | Description

A m? area

B - parameter

C Pa COmMpressor pressure rise
C m/s absolute velocity spectrum
D m diameter

E Vv voltage

F Pa pressure drop across throttle
G parameter

1 A current

L length

N - rotor revolutions

P Pa pressure spectrum

R m radius

R J/(kg K) | specific gas constant

Re - Reynolds number

T K temperature

T s time period

Tu - turbulence intensity

\%4 m3 volume

a m/s speed of sound

b m blade height

v




Symbol Dimension | Description
c m/s absolute velocity
f Hz frequency
h J/kg specific enthalpy
J - imaginary unit
m - exponent in velocity profile
n 1/s, rpm rotational speed
P Pa pressure
r m?/s%, Pa® | auto / cross correlation
t s time
u m/s circumferential velocity
w m/s relative velocity
A - difference
II - pressure ratio
o ° rad absolute flow angle
I} ° rad relative flow angle
0 - diameter number
K - isentropic exponent
v m?/s kinematic viscosity
p kg/m? density
o - speed number
T S compressor flow relaxation time
- blade loading
Hz Helmholtz frequency




Subscripts

Sybscript Description
A armature
C compressor, compressor duct
Or orifice
P plenum
RMS root mean squared
SS steady state
T throttle, throttle duct
a ambient, actual
m mean, meridional
max maximum
min minimum
r reference
s static, isentropic
t total
U circumferential component
w wire
Superscripts
Sybscript Description
mass or volume flow rate
- dimensionless
- mean value
! fluctuating part, derivative
n

complementary

marking difference to similar value

VI




Stations (except lumped parameter model)

Sybscript Description

a ambient

Or,1 upstream of orifice

Or,2 downstream of orifice

0 inlet duct, measuring plane
1 upstream of blading

2 downstream of blading

3 outlet blower

VII




Chapter 1

Introduction

Centrifugal or radial compressors are widely in use for more than one century now. Their
establishment as a standard device to deliver pressurized air for industrial applications dates
back to the end of the 19** century. Nowadays this field still exhibits the most manifold scope
of application for these machines.

The next significant step in centrifugal compressors’ history was their use in early gas turbines
as the one by Elling which delivered positive power as early as 1903. Hereinafter they have served
for the turbocharging of piston engines down to the present day. The next field of application
that opened up gave a strong impetus to the further development: the jet engine. Ever since von
Ohain’s HeW 3B engine (maiden flight 1939) and Whittle’s W1 engine (maiden flight 1941) the
centrifugal compressor has had its place in aeronautics. Due to its slimmer shape and greater
flow capacity the axial compressor was the successful one in large aircraft propulsion, but the
centrifugal one is still in use for small jet engines, shaft engines in turboprops and helicopters and
as auxiliary power unit (APU) for all type of aircraft. An overview of the various applications
of centrifugal compressors is presented in Fig.[I.I] A more detailed history board on this topic
can be found in [11].

Instability phenomena referred as stall and surge have always been a common source of
problems for both basic compressor types. Their prediction and detailed understanding is hard
but very valuable since they limit the performance and operational points with best efficiency
and highest pressure rise are usually located quite close to the stability line. Thus, on the one
hand it is desirable to obtain models that are able to give a good prediction of the stability
characteristics during the design process. On the other hand there is an interest for models that
can serve as a basis for control systems that enlarge the operational range and improve safety.
Models for the design process can be quite complex and are aimed at a comprehensive flow
analysis while models for the second purpose have to be rather simple and focused on the overall
system behaviour as they have to give fast input to the controller based on little information.

Since a better understanding of unstable behaviour promises considerable benefits a lot of
effort has been put in both of the mentioned approaches but it can be observed that stall and
surge is much less well explained in radial compressors than in axial ones (see [4, p.364f]). This
may have several reasons as the comparably complex flow regime in centrifugal compressors but
also less research due to their higher tolerance to stalled regions or the observation that the
optimum operational point is usually not that close to the surge line as in axial compressors (see
[2) p.1109]).

However, the present study wants to make a modest contribution to this wide and interesting
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Figure 1.1: Tllustration of the various applications for centrifugal compressors, all figures taken
from [6].

field of research. It is needless to say that the limited scope of a diploma thesis and the univer-
sity’s infrastructural and personnel situation inhibit extensive measurements and simulations.
Hence, T got — also during my activities as a laboratory assistant — a little insight in the daily
routine of academic research or the art of the possible.

Although it was tried to avoid inconsistencies in nomenclature some symbols will have a
different meaning in different contexts. Otherwise unusual denominations would have been
necessary which would not have improved readability and as R.W. Emerson said, a foolish
consistency is the hobgoblin of little minds.



Chapter 2

Theory on Compressor Stability

2.1 Definition of Compressor Stability

The stability of a state can generally be defined as the immunity to small perturbations. In
the context of compressors two basic types of stability can be identified: operational or static
stability and aerodynamic or dynamic stability. The first one is determined by the matching of
the compressor characteristic and the throttle line. Stable operation is given as long as the slope
of the throttle line is greater than the slope of the compressor characteristic in the operational
point. For a stable point a small increase of the flow rate leads to a decrease of the pressure rise
whereby the original equilibrium will be restored. An analogous consideration can be made for
a small shift to a lower flow rate. If this criterion is violated a higher flow rate leads to a higher
pressure rise and the other way round which drives operation away from the original point .

This simple approach cannot explain all instability phenomena that occur in real machines.
Therefore, one has to consider a second type of stability. If steady state operation cannot be
established although the static stability criterion is satisfied aerodynamic or dynamic instability
is the reason. Often it is this harder to predict kind of instability which limits the operational
range due to stall and surge (see [4], p. 3591, [6, p.477{], [10, p. 194ff], [I4] p.1-4 ff]) . The thesis
at hand deals with this field of instability.

2.2 Stall and Surge

2.2.1 Stall

In the theory of airfoils stall means that the boundary layer is separating since it is not able to
withstand a certain pressure rise. For a given airfoil the onset of this phenomenon is usually
dependent on the angle of attack and to a lesser extent on the Reynolds number.

With turbomachinery or with compressors in particular the situation is a bit different from
the single airfoil in an undisturbed external flow. The most obvious difference is the fact that
multiple airfoils or blades are used in each row. Another major difference is that in multi-stage
machines every row downstream the first one is facing an inhomogeneous flow. One can also
mention the higher effect of the walls with their associated boundary layers and the effect of tip
clearance in rotating rows.

Now in the context of compressors one can identify two types of stall. The first one is
individual stall which would be expected assuming identical blades and a homogeneous flow. It
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Figure 2.1: Illustration of the pressure drop in axial and radial compressors in the presence of
stall; figure taken from [5 p. 6] and adapted; for definitions of ¢ and ¢ see below.

occurs when the entire blade row stalls at once. Due to deviations from the ideal assumptions
mentioned above the most common type of stall is rotating stall where just a few blades are
stalled at once. There may be one or several stall cells rotating in the same direction as the
rotor at some fraction of its rotational speed. These cells may extend right across the annulus
(known as full-span stall) or just cover a part of its height (known as part-span stall).

However, rotating stall always leads to a drop in pressure rise at a given flow. As presented
in Fig.[2.T] axial compressors typically exhibit a rotating stall featuring a large drop in pressure
rise and flow (so called abrupt or deep stall) while centrifugal ones usually experience just an
inappreciable drop in overall performance (so called progressive or mild stall).

This is because much of the pressure rise is produced by centrifugal forces which have an
effect on a separated flow too. Thus, it is often feasible to operate in a satisfactory way even
with rotating stall present (see [4, p.364ff]). This may be the cause that the greatest research
effort has been with stall of axial compressors.

2.2.2 Surge

In case of surge the whole compression system is unstable. This flow state is characterized by
fluctuations of the average flow through the compressor as well as of the pressure rise. This
results in a so called surge cycle which is presented in an idealized version in Fig.[2.3] In surge
operation the system is unable to attain a stable operational point (see Fig.[2.2). The loading
and unloading of the compression system lead to heavy transient mechanical loads. Compared
to rotating stall the time scale for surge is longer and in contrast to stall it is determined by the
time to fill and empty the storage volume not the flow pattern in and around the compressor

(see [4, p.361]). Typical frequencies of pressure and velocity fluctuations caused by surge are
5+ 10 Hz while stall leads to one order of magnitude greater dominant frequencies of about 50 +
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Figure 2.2: Transient system response subsequent to initial instability; figure taken from [10,
p. 205] and adapted.

100 Hz. Similar to stall one can distinguish between mild and deep or violent surge depending on
its intensity. Unlike stall surge is a one-dimensional phenomenon which simplifies its detection
and analysis.

In [7] eight parameters have been identified which effect the surging of centrifugal compressors:

e Gradient of compressor pressure rise characteristic and the limited aerodynamic perfor-
mance range of each component

e Inducer incidence

e Impeller blade backsweep

e Inlet swirl

e Number of diffuser and impeller vanes

e Pressure recovery within the semivaneless-space (SVS) and incidence on the diffuser vane
leading edge

e Diffuser channel pressure recovery and collector type
e Casing treatments

To discuss them would go beyond the scope of this work but this listing can be a guidance in
the design process when considering the surge issue.

2.3 Greitzer’s Lumped Parameter Model

2.3.1 Original Model

In 1976 Greitzer (see [9]) offered a system instability model for axial flow compressors based on
system component characteristics which allows to predict whether a certain configuration will
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Figure 2.3: Idealized surge cycle, illustrating a phase shift of a quarter period between pressure
rise and flow rate.

exhibit stall or surge and what the transient behaviour will look like. Although Greitzer’s theory
was developed for axial compressors it turned out to be suitable for centrifugal compressors too
when using a smaller relaxation time (see below) as has been reported by Hansen et al. (see [8,
p.394]).

The equivalent compression system used in the described model is illustrated in Fig.[2.4]
One can formulate the equation of motion for the duct between compressor and plenum for an

incompressible flow as
Lo

dc
Dpot = ppt + p J %ds. (2.1)

0

compressor throttle
Ly /
-« > 4—>‘
\x 4
§ plenum Y
Ve N\
010 ® <?5 é@ -@

Figure 2.4: Equivalent compression system used by Greitzer.
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After integrating the last term this equation can be rearranged as follows:

dc
%LCPAC = (p2t — prt)Ac
= (= (ppt — p1t) + (P2t — P1t)) Ac (2.2)
Ap &
=(—Ap+ C)Ac.

Using the same scheme for the duct between plenum and throttle one arrives at

dc

aLTPAT = (Eth - plt) - £p3t - plt))AT
Ap P (2.3)
=(Ap— F)Ar.

Assuming incompressible flow the derivative of mass flow with respect to time is just a function
of the change in velocity which reads

dm dc
amn _ 2. 924
ar — at” (2:4)

Using this relation Eq. (2.2) and Eq. (2.3) can be modified to

dinc Lo
and D L
mr LT _ _

As a next step it seems legit to assume that the pressure drop across the throttle is equal to the
dynamic pressure at the discharge plane. This allows to find for F' the relation

F_}CQ _162 pA%ﬁa_ s
oPCTa = 5P T,apA%a QPAQT,Q'

(2.7)

Note that cr, and Ag, refer to the discharge plane. For a variable are nozzle or a valve this
means that A7, is the manipulated variable. It is not the fixed duct area A7. Then Eq. (2.6
finally becomes

dmr Lt m2T
—— — =Ap— . 2.8
dt Ap U7 9pAZ (28)
Mass conservation for the plenum is given by
. . dp
— =Vp— 2.9
e — i = Ve, (2.9)

since the plenum volume is constant. To substitute the time derivative of the density it is
assumed that the thermodynamic process in the plenum is isentropic which allows to use

1

K
pp () = constant . (2.10)
PP
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Note that the velocity in the plenum is negligible (pp;y = pp). After differentiation and rear-
ranging one gets
dpp _ pp dpp
dt ~ kpp dt

(2.11)

Additionally it is assumed that pp/pp is nearly the same as p,/p, which is justified by the
condition that the pressure and temperature ratio of the compression system are near unity.
Then the mass conservation in the plenum is

: : p dpp

mo —mp = Vp— —. 2.12

0 = thr = Vo Lo O (212

When reaching the stall limit line the compressor does not respond quasi-steadily to changes
in mass flow. Actually a finite amount of time (usually several rotor revolutions) is needed to
establish a fully developed rotating stall pattern. This fact is simulated by

dC
T— =Cgs —C 2.13
dt SS ; ( )
where Cgg is the steady state pressure rise and 7 is the relaxation time which has to be deter-
mined by measurements respectively estimated based on the compressor’s geometry. Generally
it is different for axial and radial machines as said above. Greitzer expresses this relaxation time
as a function of the number of revolutions needed for stall development which reads

2
;- N2 (2.14)

U2

The system is fully described by the Eq. (2.5), (2.8]), (2.6), (2.13)) and (2.7). These equations can

now be expressed nondimensionally. The following equations introduce dimensionless variables
in place of the dimensioned variables:

m P

~ ~ - 27rNR2w
, D= t=tw, T=—-"7"—.
puzAc

1 Y
2PU3 w2

(2.15)

m =
The Helmholtz frequency w which is given by

| Ac

is the natural frequency of the duct-plenum system without compressor and throttle. The speed
of sound a for an ideal gas is

a=+vVkRT. (2.17)

In dimensionless form the system equations from above become

e _ g~ Ap), (2.18)
di
dmr B /.. =
di G< P ) ’ (2.19)
aAp 1, . .
P 2 (e — 2.2
2 = (e — ), (2.20)



CHAPTER 2. THEORY ON COMPRESSOR STABILITY

dc 1\ = -
— = <~) (Css —C). (2.21)
dt T
In these equations the now famous B parameter is
p_t | Vp N p.resm'u"e forces. (2.22)
2a \ AcLc inertial forces

As indicated it gives a relation between pressure forces and inertial forces (see [5, p.6f]). If
pressure forces are dominant, the system will exhibit surge behaviour. If inertia forces are
dominant instead the compressor will just experience rotating stall. Thus, it is possible to
determine a critical value of B demarcating surge from stall behaviour for a given compressor.
To make the physical significance clearer the parameter can be rewritten as
B = (pu%/ﬂ (2.23)
puswLcAc
The numerator is a value proportioned to the compressor’s pressure rise capability multiplied by
the duct area. It represents the driving force for the acceleration of the fluid in the duct. The
denominator contains the product pLoAc which is the mass in the duct. The axial velocity c¢ is
approximately proportional to U. This means that the denominator is proportional to pcwLcAc
which gives the force which is required to produce small flow oscillations in the duct or in other
words to overcome the fluid’s inertia (see [4, p.392f] and 10}, p. 205] ).
The second parameter G which appears to have just minor influence on the system behaviour
is given by
AcLy

G—ATLC.

(2.24)

2.3.2 Overall Surge Cycle Properties and Physical Mechanism

In order to analytically examine the overall surge properties it is useful to consider a simpler
model. Greitzer carries out an analysis with the same aim in [9, p. 196f]. A very economic and
quite intuitive treatment has been applied by Stenning in [I7, p. 18f] which served as a basis for
the following considerations. To reduce complexity of the more general model above the inertia
forces in the throttle duct are neglected. This means

Ap=F. (2.25)

Therefore, Eq. (2.6) respectively (2.8)) is satisfied identically. Furthermore, the compressor
response is taken to be quasi-steady. This makes Eq.[2.13| obsolete. Introducing the linear
relations

m=m+ 6m, (2.26)
Ap = Ap + (W) Smmp = F + F' 6, (2.27)
dmr
— dCgg ) — — .
C=Cgs=0Cgs+ T dme = Cgs + C'ss dmc, (2.28)
c

for small perturbations and using the identity

Cgs=F (2.29)
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Figure 2.5: The mechanical analogue of the compression system; the damping due to the throttle
has been neglected for the linearized analysis; taken and adapted from [10, p. 196].

one arrives at the equation system

— = dmc — F'§ 2.
TR C'ss drmc mr, (2.30)
démr—.. p . .
F'Vp— = — . 2.31
o Vpﬁp dme — dmp (2.31)

These two equations can be reduced to one single second order ordinary differential equation by
eliminating either dm¢ or dmr as follows:

d? dme ﬁLCvap dome ( Lo ﬁssﬁ‘/pp — =
- - ome (F' = C7 =0. 2.32
dt? Acpk + dt Ac DK + b ss) (2.32)
This equation has constant coefficients if the disturbances are gmall. The analogy to a mechanical
system as presented in Fig.is obvious. The coefficient of 4-97C ig always positive for any real

2
valve. Now there are two possibilities for unstable behaviour. gfhe first one is that the coefficient
of dm¢ is negative which means that the slope of the compressor characteristic is steeper than
that of the throttle line. This situation has already been identified as static instability. In the
analogue this means a negative spring rate. The second possibility is that the coefficient of %
becomes negative. In this case the system is dynamically unstable and will experience surge.

This corresponds to negative damping in the analogue.

2.3.3 Application to the Present Test Stand

It was not possible to realize a test stand configuration as used by Greitzer and Stenning.
Hence, the model above can just be applied to a fictive test stand. Nevertheless, this theoretical
approach allows to get an idea of the instability characteristics.

At first the static instability criterion shall be evaluated. Therefore, we consider the lowest
measured flow rate for each rotational speed (see Fig.. Assuming that F' can be approximated
by 2 2

F=kmp=km . (2.33)

10
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n [rpm] | Vinin [m3/s] | F = Ap = Cgs [Pa] | k [(mkg)™] | F' [Pas/kqg] | C'eg [Pas/kg]

3000 0.078 2353 273570 50743 2535
4000 0.155 4229 124512 45894 2367
2000 0.191 6405 124191 56407 2618

Table 2.1: Values for the evaluation of the static stability criterion; * calculated from derivative
of curve fit of compressor characteristics (see Tab..

the values in Tab.[2.T] can be calculated for each operational point when additionally assuming a
density. For the given values a density of p = 1.189% was used. In fact this very coefficient has
qualitatively no influence on the result. It is obvious that for none of these points C’gg > F’
which means that they are statically stable. This criterion is fully valid also for the test stand
in chapter {4 since only the throttle line and the compressor map are germane here.

The criterion for static instability is

o RS pkLo 1

Clgg > AVrp T (2.34)

To make an evaluation possible the following numerical values have been inserted (density as
above):

Ac =0.09808m%, Lo =7m, p=1013hPa, r=14. (2.35)

The polynomial representation of the compressor characteristics is given in section For the
linearized analysis the representation of the full characteristic has been used. Note that strictly
the total-to-total characteristic has to be used but for the given configuration with almost equal
inlet and outlet diameters the maximum difference from static to total pressure rise is below
2 Pa which is definitely below the uncertainty of the measurement.

The results for two different plenum volumes in Tab.[2.2] and and their comparison to
Tab.[2.T] clearly reveal some trends. The dynamic stability criterion is usually the one which is
violated first. Another observation that can already be made in Eq. is that the onset of
dynamic instability is always located on the positively sloped side of the characteristic. A greater
plenum volume shifts this point towards the maximum pressure rise. Consequently there is no
such thing as one single surge line for a given machine. It always depends on the configuration
of the whole system.

To get an insight into the post-surge behaviour the assumption of small perturbations is no
longer valid. This means that the full first order ordinary differential equation system from
above has to be solved for each time step. In order to achieve the same order of magnitude of
pressure rise and mass flow the dimensionless equations have been used. This made a functional
representation of the dimensionless compressor map necessary which is given in section[6.1] Note
that the unstable branch of the characteristics near zero mass flow is just an estimation since
it could not be measured. Without this artificial part no stable surge cycle for great plenum
volumes could be achieved. Note that for the full analysis some measured operational point

corresponding to high mass flows have not been included in the determination of the polynomial
fit.

11
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n [rpm] | Vinin [m3/s] | F = Ap = Cgs [Pa] | k [(mkg)™] | F' [Pas/kqg] | C'eg [Pas/kg]

3000 0.1603 2449 67408 25696 33.1
4000 0.2194 4305 63265 33005 25.5
2000 0.2771 6514 60008 39540 21.2

Table 2.2: Values at the operational point at which the dynamic stability criterion is violated
first; Vp = 10m3; * calculated from derivative of curve fit of compressor characteristics (see

Tab..

n [rpm] | Vinin [m3/s] | F = Ap = Css [Pa] | k [(mkg) '] | F' [Pas/kg] | C"sg [Pas/kg]

3000 0.1207 2431 118080 33883 830.0
4000 0.1923 4293 82069 37540 749.0
5000 0.2473 6503 75220 44232 635.7

Table 2.3: Values at the operational point at which the dynamic stability criterion is violated
first; Vp = 0.3m?3; * calculated from derivative of curve fit of compressor characteristics (see

Tab..

Besides geometry and the compressor map representation the input values are the density,
the rotational speed, the parameter N, the initial mass flow rate and the the throttle setting
which is described by k. This is because the pressure drop across the throttle has been modelled
analogue to the linearized analysis as

F = km. (2.36)

The Matlab codes used can be found in Appendix A. They have been validated by comparison
to simulation results given in [§] and [12]. The simulation for the given blower gives qualitatively
realistic results (see Fig.[2.6|and Fig.[2.7). For both of them the simulated time period was 10 s.
As expected the critical throttle settings represent operational points on the positively sloped
part of the characteristic.

It has to be emphasized that the surge behaviour and its onset are influenced by the geometry
parameters which have been chosen arbitrarily. Thus, the surge line and the surge cycle will
look different for different configurations.
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Figure 2.6: Simulated surge cycle for n = 5000rpm, N = 0.5, Lc = Tm, Lt = 3m, mc initial =
Mr,mitial = 0.45kg/s, Do = Dr = 0.355m, p = 1.189%kg/m*, a = 340m/s, Vp = 10m?,
k = 1100; dot represents the initial operational point.
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Figure 2.7: Simulated surge cycle for n = 5000rpm, N = 0.5, Lc = Tm, Lt = 3m, mc initial =
mitial = 0.45kg/s, D¢ = Dp = 0.355m, p = 1.189kg/m?, a = 340m/s, Vp = 0.3m?,
k = 1400; dot represents the initial operational point.
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CHAPTER 2. THEORY ON COMPRESSOR STABILITY

2.4 Thoughts on Turbulence Intensity and RMS-Values

In the preliminary stages of this thesis a first motivation was achieved by some simple thoughts
concerning the coherence of the turbulence intensity Tug, the flow coefficient ¢* and root-
mean-square (RMS) values of the pressure signal when approaching the surge line. Assuming
incompressible flow one can use the Bernoulli equation for defining the total pressure p; which

leads to )
c
pr=p+ % : (2.37)

Introducing a separation between mean values which are marked with a bar (7) and fluctuating
parts marked with a dash (') one can achieve

c+ N2
pt+pt=p+p’+p(c2c) (2.38)
After averaging in time one ends up at
2 pe?
=P+ p2 +p7. (2.39)
~—
PRMS

Furthermore, the flow coefficient ¢* and the turbulence intensity Tw for isotropic turbulence

(see section [5.1.4)are defined by

# Co
= = 2.40
= (2.40)
and
2
Tu=— (2.41)
C

Rearranging some terms and introducing these two dimensionless numbers the wanted relation
can be found:

VB 1B E
pOJ%]gIS = C% -9 C—g = —Tud p*2. (2.42)
pus 2uy 2 ¢guy 2

Treating this as a valid equation one would expect prys to decrease monotonously when
throttling. As presented in Fig.[2.§] this is not the case. Obviously none of the phenomena
stall or surge have been taken into consideration. Thus, a qualitatively different behaviour can
be an indication of system instability. An unknown quantity in this context is Tu. It can just
be predicted based on measured pressure RMS values. In order to compare measurements to
this simple model (see section the equation above has to be rearranged to

2po,RMS
Tug =4 | —2——=—. 2.43
4o \/ pu%w*Q ( )

The turbulence intensity predicted by this model is not realistic of course but it can still be a
good approximation for the qualitative behaviour (see Fig[2.9). Whether or not this is the case
will be discussed in section [6.51

14
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Figure 2.9: Turbulence intensity (b) predicted according to Eq. 1'
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Chapter 3

Measurement Technology

3.1 Constant Temperature Hot Wire Anemometry (CTA)

TU-Ethernet

PC and AT-MIO 16E10 A/D converter

NI SCB-68 connector box
Dantec 90N10 frame

o o o o

RS-232

Dantec 55P14 single-probe

Thermocouple

Compressor
(P [oJeJe) G

> - o

Filter

i Pressure vessel (7 bar)

j Filter

k Dantec 90HO02 flow unit

Figure 3.1: Configuration of the CTA system.

The overall configuration of the CTA measurement equipment is presented in Fig.[3.1] In CTA a
hot wire with a diameter of just a few pm is being cooled by the studied flow. The voltage needed
to keep the wire’s temperature constant is proportional to the flow velocity’s magnitude. Because
of its small dimensions the wire’s thermal inertia is vanishingly low which allows very high time
resolutions even able to measure turbulent fluctuations. For the thesis at hand a DANTEC
55P14 single probe was used (see Fig.. This probe allows one-dimensional measurements
which is sufficient for the present purpose. The measuring plane of this probe is perpendicular
to the probes axis since it is meant to be in the main flow direction. The length of this probe’s
wire is 1.25mm and its diameter is bum .

The traditional calibration equation for single normal probes based on history and physical
considerations is defined as a power law (see [3, p.95f]) which reads

E*=A+Bc" (3.1)

with E as measured voltage. This equation is valid for a comparably small Reynolds number
range. Furthermore an inversion has to be done to derive the flow velocity from a measured
voltage. Out of these reasons a polynomial fit of the form

c=C5+CyE+C3E?+CyE3 +C, E*. (3.2)
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/
5.5_~

55P14 90° sensor perpendicular
to probe axis

Figure 3.2: DANTEC CTA single probe 55P14, figure taken from the DANTEC Dynamics
catalogue "Probes for Hot-wire Anemometry".

has been used (see Fig.[3.3 and [3, p.98f]). Such curve fits tend to oscillate when measuring
velocities outside the calibration band but for the given task it could be ensured that none of
the measured velocities exceeds those limits.

In order to avoid effects caused by temperature changes in the medium the probe is equipped
with a thermocouple which allows automatic temperature compensation. For its functional
principle see the next section. The temperature compensation is implemented as

.- T, >

Ekorr =F (

where T, stands for the wire temperature, T} for the reference temperature and T, for the actual
flow temperature.

24
23
22
21

N

Voltage [V]

20 25 30

0 5 10 15
Velocity [m/s]

Figure 3.3: Calibration curve of the 55P14 hot-wire probe at reference temperature, fitted with
a fourth-order-polynomial.
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CHAPTER 3. MEASUREMENT TECHNOLOGY

Because of the low flow velocities at maximum throttle closing it has to be taken into con-
sideration that the assumption of pure forced-convection heat transfer may no longer be valid
(see [3, p.105ff]). Therefore, the wire Reynolds number at the lowest occuring velocity has to
be calculated, which is

cdy 15-5- 106

~ 160107
This value is greater than the critical wire Reynolds number which is usually not higher than 0.1.
Hence, the assumption of pure forced-convection heat transfer is justified for the measurements
performed.

— 0.4687 . (3.4)

Rew,min =

3.2 Temperature Sensor

For the temperature measurements at the blower’s inlet (station 0) and outlet (station 3) two
Pt100 platin resistance thermometers manufactured by Testo have been used. The operating
principle of this type of thermometers is based on the temperature dependence of an installed
electric resistance. Pt100 thermometers feature a nominal resistance of 10082 at 0°C.

Additionally a thermocouple is used by the CTA system. This type of thermometer is based
on the Seebeck effect which says that the current flow in a closed circuit consisting of two
different metallic conductors is proportional to the temperature of the connection point (see [13],
p. 129ff]).

3.3 Rotational Speed Sensor

To measure the rotational speed an inductive OMRON E2B proximity sensor has been used.
This sensor type consists of a coil that is wound around a ferrite core at the sensor head. A
high frequency is applied to this. The generated oscillating electromagnetic field is monitored
by an internal circuitry. When a metallic object is moved towards the sensor the mentioned
oscillations decrease till they finally stop. When this happens the sensor’s output is switched to
on. Thus, every passing of a special treated mark rotating with the shaft indicates that another
revolution is completed. When simultaneously measuring the time the rotational speed can be
determined.

3.4 Flow Rate Measurement

The flow rate is measured with an orifice, one of the Pt100 sensors (see section and two
Honeywell pressure transducers described in section[3.5.1) which give the static pressure upstream
and downstream of the orifice. Their position is qualitatively shown in Fig.[d.I] The calculation
to determine the actual mean flow rate is done according to DIN EN ISO 5167 (2013).
Unfortunately the orifice caused a heavily turbulent flow at the inlet. This lead to com-
plications with the time resolved measurements which made a removal of the orifice necessary.
To determine the operational point for these measurements the data from the CTA and the
ENDEVCO sensor have been used. The flow rate calculation for this case is described in section

5.2
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CHAPTER 3. MEASUREMENT TECHNOLOGY

3.5 Pressure Transducer

3.5.1 Low Time Resolution

For the slow pressure measurements Honeywell 142PCO01D pressure transducers have been used.
They feature a differential measuring range of 0 = 6900 Pa which is satisfactory for the given
task. An excitation voltage of 8V is needed.

3.5.2 High Time Resolution

For the time-resolved pressure measurements an piezoresistive ENDEVCO 8506B-2 pressure
transducer has been used. Its differential measuring range is 2 psig which equals 13790 Pa. The
excitation voltage needed is 10 V' and the sensor’s sensitivity is 181.0 mV /psi or 0.0263 mV /Pa.
The device’s time resolution is restricted to 10 kH z by the data acquisition system in the given
test stand (see section . For the purpose of identifying pressure fluctuations due to surge it
is still highly satisfactory.

Unfortunately a parasitic frequency equal to the grid frequency could not be suppressed by
any of the available power supply units as illustrated in Fig.[3.4] The device resulting in the
lowest amplitude at 50 Hz (MANSON EP-613) has been used. Furthermore this oscillation has
been filtered away in the data reduction process (see section .

The offset at zero pressure difference has turned out to be 0.8865 mV respectively 33.71 Pa.
Hence, the used linear calibration curve was p = —33.71 Pa + 3802.28 % - F where E stands for
the transducer’s output voltage.

50 50 50
_40 _40 _40
© © ©
L350 L350 L350
EZO EZO izo
10 l 10 10
0 25 50 * 75 1J00 0 25 50 75 100 0 25 * 50 75 100
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(a) MANSON EP-613 (b) 0 Elektronika E 030-1 (c) BASEtech BT-305

Figure 3.4: Pressure signal spectra at ambient pressure using different power supplies; definition
of Fourier transform see below.

3.6 Data Acquisition System

For the data acquisition of the pressure and temperature measurements two USB-6008 by Na-
tional Instruments have been used. Their maximum sampling rate is 10k H z.
The CTA uses its own integrated Data acquisition system by DANTEC which is called StreamULine.
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Chapter 4

Test Stand Configuration

4.1 General Notes

A scheme of the test stand configuration is given in Fig.[4.1] Additionally some photographies are
presented in Appendix B. Due to the limited financial and spatial possibilities at the institute it
was not possible to place the throttle downstream of the compressor which would have provided
an undisturbed inlet flow. It was also not possible to realize a finite plenum (fixed or adjustable)
to study its influence on the system behaviour. Thus, the blower works at free discharge and
with an inlet duct as described in DIN EN ISO 5801 (2008), section 26.3. The inlet ducting
features a inner diameter of 355 mm.

- @) @ @ O

)

S =
A\ g box

throttle orifice blower |_Q\)_\l/engine

heat exchanger

Figure 4.1: Scheme of the test stand configuration.

4.2 Power Converter

The power converter used is a BBC Veritron ASD 6601 which offers a quite accurate current
indication with just a minor tendency towards too little values. Its credibility is supported by
parallel measurements at the engine itself which have been performed for some selected settings.
The results can be seen in Fig.[d.2] The engine’s rotational speed is also displayed which allows
to determine the corresponding impeller speed additionally to the inductive sensor.
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Figure 4.2: Current indication of the power converter compared to the current measured directly

at the engine

4.3 Direct Current Motor

The blower is driven by an ELIN G 20 separately excited direct current engine via a gearbox

(see section . This engine has the following specifications.

Voltage: 440 V
Current: 87 A
Power: 34 kW

Electrical excitation for 3000 rpm idle speed:
Exciting voltage: 190 V
Exciting current: 0.26 A

Electrical excitation for 2000 rpm idle speed:
Exciting voltage: 440 V
Exciting current: 0.6 A

4.4 Gearbox

Engine and blower are connected via a single-stage gearbox manufactured by SGP (Simmering—
Graz-Pauker) that is featuring an internal gear pump (see below). The transmission ratio
between engine and blower is 37/126 respectively 1/3.405. A closer look on the gearbox is
presented in [I5] p. 13].
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4.5 Lubrication and Cooling System

4.5.1 Toothing Oil Supply

The toothing oil supply is ensured by an internal gear pump which is driven by the main train
with a transmission ratio of 4/1 respectively 1/0.25.

4.5.2 Bearing Oil Supply

The bearing oil supply is done by an external gear pump which is driven by an AEG MFW 178
rotary current asynchronous engine with a power of 1.8 kW and a rotational speed of 1350 rpm.

4.5.3 Oil Cooling

Both oil pumps are using the same oil reservoir. The warmed oil is being cooled by an oil /water
heat exchanger in order to keep the bearing temperatures within a certain band. The water flow
rate can be adjusted by hand.

4.6 Blower

4.6.1 General Characteristics

The SGP (Simmering—Graz—Pauker) HR 40/40 is a low pressure ratio centrifugal compressor,
with a vaneless diffuser and a spiral housing. Compressors of this class are usually called blowers.
The compressor map is known from previous measurements at the institue (see [15]). Its relevant
region is presented in Fig.[.3] For this blower the static and total pressure rise are practically
equivalent since Dy almost equals D3 and the density can be assumed as constant due to the
low pressure difference. This allows to simplify the Gibbs fundamental equation to

_Ap

Ahs = = (4.1)
Consequently the isentropic blade loading which is defined as
ths = A%Z%’t (4.2)
can also be expressed by
S lAth. (4.3)
2PU3

A characteristic value commonly used with high performance compressors where compressible
effects are important is the pressure ratio

m, = 23t (4.4)
Pot

The flow coefficient ¢ for radial machines is usually defined as

Cm?2
= —, 4.5
? = (4.5)
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Figure 4.3: Different ways of presenting the SGP HR 40/40 compressor map for the studied
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Figure 4.4: Impeller and inlet section of the SGP HR 40/40.
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4.6.2 Impeller

The shrouded radial impeller with the dimensions in Tab.[4.I] carries 16 backward curved blades
that are mounted with rivets. Its position in the Cordier diagram can be found in Fig.[d.5] The
definitions for the dimensionless speed number and diameter number are given by

B 21/4 1 Vr
NG
_ Dgﬁ(Ahs)l/4

23/4/V

Since it is a wide spread error that the Cordier line represents best efficiency configurations it is
worth to mention that in fact classical axial and radial compressors are located on this famous
line just because of kinematic reasons as described in [I8]. The front and back end are each
equipped with three step labyrinth seals.

g

: (4.6)

5 (4.7)

Mean inlet blade diameter D1, | 230 mm
Outlet blade diameter Dy | 400 mm
Outlet blade height ba 24 mm
Inlet complementary relative metal angle BI m 37°

Outlet complementary relative metal angle 5;7 m | 42020

Table 4.1: Main dimensions of the SGP HR 40/40 impeller.

6 \ axial
\

o \ SGP HR 400

Speed number o [-]

J
o
N,
03
o2 \\\\ radial
N

AN

Odg 1 15 2 3 4 5 6 7 80910
Diameter number & [-]

Figure 4.5: The SGP HR 40/40 in the Cordier Diagram; Data taken from [I], p. 791f].
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4.6.3 Diffuser and Volute Housing

As usual with machines of this type the blower is equipped with a vaneless diffuser and a so
called volute or spiral housing. Its cross sectional area is increasing almost linearly with the
angle as presented in Fig.[4.6] A final linear diameter increase from 286 mm at ¢ = 360° to
350 mm is realized via a straight diffuser.

300 700
D _ b
250+ NE 600t |
£ SO,
@ 500
§-2007 o}
—
ko) S 400t
[0] @
£ 150 !
k] 2 300t
o 5
L 100(
(0] (]
e 200t
= g
50+ 6 100+
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Angle [°] Angle [°]

Figure 4.6: Inner diameter and cross sectional area functions of the spiral housing according to
design drawings.

4.7 Orifice

The orifice used was carried out according to the specifications in Fig.[4.7 with @Do, = 211mm.
Since it caused a high turbulence flow it has been removed for most of the transient measure-
ments.

l~——rear side

front side
A /\45"

_ flow direction

@Dp
¢D0r
|

¥4

Figure 4.7: Orifice dimensions according to DIN EN ISO 5167 — 2 (2013).
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4.8 Throttle

The used throttle was manufactured by Emile Egger & Co. It allows infinitive variable manual
adjusting of the effective flow diameter from 0% to 100%. In the fully opened position the clear
span of the throttle is 220mm which corresponds to an area of 0.0314m?2. Its closing mechanism
is similar to a camera diaphragm (see also the photographies in Appendix B).

4.9 Computers

Two computers have been used at the described test stand. A rather old one for the CTA mea-
surements since the integration of this equipment to a more modern system is fairly complicated,
and another for all other measurements. Their arrangement can be seen on photographies in
Appendix B with the computer used for CTA on the left.
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Data Analysis

5.1 Time-Series Analysis

5.1.1 Fourier Transform, Discrete Fourier Transform (DFT) and Fast Fourier
Transform (FFT)

In order to be able to find dominant frequencies in a signal — as here to identify surge — it is
desirable to obtain the signal’s amplitude as a function of the corresponding frequency. There-
fore, the so called (continuous) Fourier transform is used which is defined as

X(f) = f ze It (5.1)

Usually one is confronted with a finite number of discrete values when performing experimental
measurements. Thus, one has to do a DF'T which gives a discrete spectrum. This transform is
achieved by

N-1 '
Dy e RN k=0, ,N—1. (5.2)

n=0

1
X(fe) =«
The DFT takes O(N?) arithmetical operations which means a rapidly increasing need for com-
puting capacity when increasing the number of points. Fortunately it is possible to improve the
transform’s performance by using a FFT algorithm which is factorizing the DFT matrix into a
product of sparse factors. Then just O(N log N) operations are needed. This algorithm’s speed
is best when using a signal length that is a power of two.

Since the time-history record y(t) of a finite time 7' is extended to an unlimited periodic
time-history record one is confronted with so called spectral leakage (except the signal is in fact
T-periodic). This means that the computed spectrum contains frequencies that do not occur in
the analysed (infinite) signal. In order to suppress this effect window functions are used which
are fading out the signal at the ends of the interval. Commonly used window functions together
with their corresponding spectra are presented in Fig.[5.1]

When it comes to select an appropriate window function the main criteria correspond to
their spectral shape. Two important ones are the bandwidth of the main lobe and the peak level
of the side lobes. For the thesis at hand the Hamming window was used which is defined as
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Figure 5.1: Commonly used window functions (a) and their corresponding spectra (b).

Framming(n) = 0.54 — 0.46 cos (%%) . 0<n<N. (5.3)
In general the use of any of these tapering operations to minimize the side lobe leakage will
result in a broader bandwidth of the main lobe and consequently a lower frequency selectivity.
This can be countered by increasing the block duration 7" and by overlapping the blocks. For
the analysis within this work an overlapping of 50% has been chosen.

5.1.2 Auto and Cross Correlation

As described for example in [3] p. 428ff], the autocorrelation function allows to obtain an assess-
ment of the general dependence of time-history record values at one time on values at another
time. It allows to detect periodic components of the signal and is used to calculate the integral
time-scale and integral length-scale which are characteristic values for a turbulent flow. The
autocorrelation between two values at different times can be formulated as

T
raalr) = Jim (a0 a(e + 1) dr. (54)
0

To study the general dependence between two different sets of values, e. g. pressure and velocity
measurement results, the crosscorrelation function is used. If the signals have components in
common it is possible to determine a characteristic time delay. The crosscorrelation function is
defined in a similar manner as the autocorrelation function as

T
oy (7) = %iirgo;fx(t)y(t L r)dt. (5.5)
0
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5.1.3 Filtering
ITR Notch Filter

As mentioned in section the ENDEVCO pressure signal exhibits a dominant parasitic
frequency at 50 Hz. To eliminate this peak in the spectrum a second order ITR (Infinite Impulse
Response) notch filter has been used. The necessary inputs are the normalized frequency at
which the notch shall be located and the bandwidth at —3 dB amplification. Therefore, the
frequency is normalized by the Nyquist frequency. This frequency is half the sampling frequency
and the highest frequency that can be detected for a given sampling rate.

Low Pass Filter

For some studies it was advantageous to filter frequencies that are too high to be related to
surge. Therefore, a first order Butterworth low pass filter has been used. Apart from order and
filter type the only necessary input is the normalized cutoff frequency.

5.1.4 Turbulence Intensity

The first step in describing turbulence in a measured flow is to separate the velocity’s mean
value from its fluctuating part. This can be done in all spatial directions. Thus, we define

u=u+v, v=v+7v, w=w+u, (5.6)

where u, v and w stand for the spatial velocity components in this context. During the data
analysis the mean value is found by arithmetic averaging. Now the most basic quantity to
describe a turbulent flow, the turbulence intensity, can generally be defined as

%(WJFWJFW)

w2 + 02 + w?

Tu = (5.7)

For isotropic turbulence which is assumed for the given test stand configuration the relations
R R (5.8)

are valid which allow to simplify Eq. (5.7) to

, (5.9)

which can be determined using a single-wire probe. Switching back to the usual nomenclature
within this work one can now write

Tu =

(5.10)
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5.2 Compressor Map Measurement

For the compressor map measurement two different approaches have been applied. The classic
one has been carried out according to DIN EN ISO 5167 (2013). For this method several
iterations and the repeated solution of an equation system was necessary. The Matlab code
used is given in Appendix A.

For the compressor map measurement based on the hot-wire probe and the fast response
pressure probe a simple assumption on the turbulent velocity profile had to be made. Therefore,

the power law
1

&(r) = Cmas (1 . %) " (5.11)

has been applied (see [16, p.198ff]). The mean value is consequently given by

. 27 R
Crpy = yoo JJC(T)T drde (5.12)
00
Yo [ z
Cmazx "\m
=== Jr (1 . E) dr (5.13)
0
2 Crmax M>
= 5.14
2m? +3m + 1 (5.14)

The exponent m has been interpolated depending on the Reynolds number (see Tab.. Be-
cause of that iterations were necessary. The code is given in Appendix A.

Re H 4-103 ‘ 10° ‘ 6-10° ‘ 1.2- 10 ‘ 2.106

al o 7] s | o | w

Table 5.1: Exponent m for different Reynolds numbers according to [16], p.201].

5.3 Inlet Flow Angle

An interesting value for the onset of instability is the deviation of the inlet incidence angle. With
the definitions in Fig.[5.2] and assuming a7 = 90° it follows from

B = arctan a. (5.15)
U1

The absolute velocity ¢; is known from the CTA measurement and the mean circumferential
velocity at the blade inlet w1 is known from the rotational speed and the impeller radius. Again
assuming a; = 90° the relative velocity value can be calculated by

wy =4/} +ud. (5.16)
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Figure 5.2: Velocity triangles respectively parallelograms of a centrifugal compressor stage; taken

from [6l, p.329] and adapted.
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Measurement Results

6.1 Compressor Map

As a first step the classical method to obtain the compressor map using the orifice flow rate
measurement and slow temperature and pressure sensors has been performed. The results which
are in accordance with the results presented in [I5] have already been presented in Fig.[£.3]

Since the orifice had to be removed for the main part of this study this method could not
be used to determine the surge line. Thus, the mean values of the fast sensors had to be used.
For the flow rate measuring the velocity profile described in section has been assumed.
A comparison of the maps obtained with both mentioned methods is given in Fig.[6.1] The
deviation is caused by the uncertainty of the velocity profile assumption and by the comparably
high uncertainty of the fast sensors concerning the measured mean values. This is especially the
case with the pressure transducer due to its age and the little documentation available.

For the dimensioned calculations in section a 7" order polynomial fit defined by

Aps = Cyi” + Coritb + -+ + Cyrin + Cy (6.1)

has been created. The form as a function of mass flow rate was defined to be appropriate to the
analytical approach. To achieve an information about mass flow rate a density of
p = 1.189 kg/m? has been assumed. The polynomial’s coefficients are given in Tab. The
order of this fit has been chosen since lower order approximations were not able to represent the
very left part of the characteristics sufficiently well and higher order approximations exhibited
oscillatory behaviour within the measured part of the characteristics. Hence, the chosen function
appears to be a good compromise as illustrated in Fig.[6.2]

For the dimensionless analysis a 5'-order polynomial fit of the left part of the characteristic
defined by

Aps = C’lfn‘:’ + 027;7:14 + -+ C5T~n + Cg (6.2)

has been created. Additionally to the measured points two estimated points at lower mass flows
have been added to obtain a negatively sloped branch of the characteristic close to zero mass
flow. The coefficients of this fit are given in Tab.[6.2] The order of the fit was again a compromise
between accuracy and oscillatory behaviour.
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n=4000 rpm

n=5000 rpm

Figure 6.1: Comparison of measured compressor map, orifice (red) and fast sensor (black) mea-

surements.
Coefficients Aps(V) for 3000 rpm | Apg(V) for 4000 rpm | Apg(V) for 5000 rpm
[Pas/m?]-10° [Pas/m3] - 10° [Pas/m3]-10°
4 0.9855 Pa s” /m?1 0.4317 Pa s” /m?1 0.1305 Pa s”/m?1
Co —4.1816 Pa s®/m'8 —2.4290 Pa s%/m*8 —0.8969 Pa s®/m!8
Cs 7.1556 Pa s° /m!5 5.5385 Pa s° /m'5 2.5016 Pa s°/m'5
C, —6.3277 Pa s*/m!2 —6.5659 Pa s*/m!'2 —3.6333 Pa s*/m'2
Cs 3.0816 Pa s®/m° 4.3137 Pa s3/m° 2.9291 Pa s3/m”?
Cs —0.8422 Pa s%/m® —1.5740 Pa s%/m® —1.3180 Pa s®/m?
C 0.1160 Pa s/m? 0.2883 Pa s/m? 0.2998 Pa s/m?
Cs 0.0183 Pa 0.0227 Pa 0.0387 Pa

Table 6.1: Coefficients of the 7*"-order polynomial curve fit of the compressor characteristics.

33



CHAPTER 6. MEASUREMENT RESULTS

7000 T : ,

+  Measured values +  Measured values
8000+ —— Curve Fit 00a —— Curve Fit |
50001

i 4000+ g

a” 3000} a” /‘\\\
< 2000! < 2000+

1000}
0 015 . 1 115 2 0 0‘.1 0_‘.2 0‘.3 0‘.4 05
V[m?/s] V [m?/s]
(a) Complete map (b) Zoom of 3000 rpm
T T 7000 T .
+  Measured values +  Measured values
5000F —— Curve Fit —— Curve Fit
o, o,
a” o” 6000}
4000t 1
0 OI.1 0:.2 013 OI.4 05 0 0‘.1 0_‘.2 0‘.3 0‘.4 05
V[m®/s] V[m?/s]
(¢) Zoom of 4000 rpm (d) Zoom of 5000 rpm
Figure 6.2: Nllustration of the polynomial curve fit of the compressor map.
Coefficients | Apy(mr) for 3000 rpm [-] | Aps(mr) for 4000 rpm [-] | Aps(rnr) for 5000 rpm [-]
& -2136873.2 -1488053.4 -1873277.3
Cy 466296.9 337634.2 423849.4
Cs -36159.5 -27321.1 -34283.1
Cy 1135.8 896.8 1138.0
Cs -11.9 -10.1 -13.1
Cs 1.0 1.0 1.0

Table 6.2: Coefficients of the 5"-order polynomial curve fit of the left part of the dimensionless
compressor characteristics.
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6.2 Time Domain Analysis

In order to witness the onset of surge measurements, during closing from the stable to the
unstable section of each characteristic have been performed. The results of these measurements
can be seen in Fig.[6.3] and Fig.[6.4] While the onset of surge can clearly be seen in the pressure
signal there is optically no significant change in the velocity signal — except a continuous decrease
of course. Nevertheless, it is not possible to locate the surge line based on this records since no
triggering between the pressure and the velocity measurement was applied. This means that no
relation between an event in the pressure record and a corresponding flow rate can be made. In
other words, the operational point at which the pressure oscillations start can not be determined
from these signals.

However, at constant throttling in the unstable area it is possible to establish a relation
between the pressure and the velocity signal. Since both should exhibit low frequency oscillations
with the same period time it should be possible to find a characteristic time shift applying a cross
correlation (see section[5.1.2)). To achieve a result that is not distorted by stochastic fluctuations
a low pass prefiltering has been applied. If a characteristic time lag can be identified it is possible
to match the signals with a shift of a quarter period as described in section Of course it is
necessary for this purpose to know the surge frequency as well (see section . Unfortunately
the time lag corresponding to the maximum of the cross correlation function is greater than
a period. This could be caused by slight changes of the surge cycle’s course over time. This
explanation is also supported by the existence of considerable side lobes (see Fig.. The
respective side lobe within a period time around zero served as a basis for the plotting of the
surge cycles in Fig.[6.7 and It is clear that these plots should be handled with caution since
they are subject to considerable uncertainties.

Additionally, if no characteristic time lag can be found for a certain flow rate this indicates
that there is no related low frequency oscillation. Thus, the shape of the cross correlation
function can serve as a criterion for the surge line identification as well (see Fig..

L L L L L L L L L L L L L L L
0 2 4 6 8 12 14 16 18 20 0 2 4 6 8 12 14 16 18 20

tis] tis]
(a) 4000 rpm (b) 5000 rpm

Figure 6.3: Pressure during throttle closing to lowest flow rate.
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Figure 6.4: Velocity during throttle closing to lowest flow rate.
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Figure 6.5: Cross correlation between pressure and velocity signal for minimum flow rate at
5000 rpm showing a main lobe at —0.2064s in (a) and a side lobe at —0.0580s in (b).
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Figure 6.6: Normalized cross correlation functions as a measure for surge inception
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Figure 6.7: Surge cycles with delay of a few seconds for 4000 rpm, each marked with a different
color.
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Figure 6.8: Surge cycles with delay of a few seconds for 5000 rpm, each marked with a different
color.

6.3 Frequency Domain Analysis

A frequency domain analysis of the pressure and the velocity signal can provide information
about the two basic questions, when surge occurs, and, at what frequency this oscillatory
behaviour takes place.

Figure[6.9|gives an impression of how the velocity spectra change when surge occurs. Although
the spectrum in the stable operational range looks fundamentally different from that in a clearly
unstable operational point this analysis gives no clear result on the surge line location. Whether
the spectrum for ¢ = 0.08 and 4000rpm for example already reflects surge or not is a difficult
question. Therefore, it is a matter of personal assessment what spectrum corresponds to the
onset of instability.

A look at the pressure spectra (see Fig. does not improve the situation a lot since the
peaks at the surge frequency do not arise suddenly at a specific flow rate. Furthermore, the
pressure signals exhibit dominant frequencies which do not occur (to that extent) in the velocity
signals. One would probably take no notice of these frequencies in the velocity spectrum if not
searching for them. These oscillations are independent of the rotational speed which rules out
rotating stall as a source because this phenomenon would lead to dominant frequencies at some
fraction of the rotor speed. However, the relevant dominant frequency for surge can just be the
lowest one.

Figures and finally give spectra in the unstable area with the highlighted surge
frequencies. Their values are given in Tab.[7.2] For all measurements at a given setting the
measuring period was 10 s and the signals have been divided in eight windows with an overlapping
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of 50%. This means that each window had a length of 2.22s which results in a frequency
resolution of 0.45 Hz.
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Figure 6.9: Velocity spectra when throttling from highest to lowest flow rate.
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Figure 6.10: Velocity spectra during surge, surge frequencies highlighted.
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Figure 6.11: Pressure spectra during surge, surge frequencies highlighted.

6.4 Inlet Flow Angle

As described in section the mean inlet flow angle can be calculated in a one-dimensional
way from geometry, rotational speed and flow rate. Carrying out this calculation the results
presented in Fig.[6.13|are achieved. In this figure the measured flow rates are marked as well. The
values of AB]" for the critical flow rates are located between —25° and —30°. This corresponds
to an actual inlet flow angle ;" of 12° to 7° which results in a quite flat velocity triangle.

6.5 Turbulence Intensity

The measured turbulence intensity compared to the one predicted according to section (see
Fig. give a qualitatively good agreement whereas their absolute values differ a lot. It has to
be emphasized that the RMS-values used for the prediction are the ones of the static compressor
measurement. Therefore, it is worth to check their accordance with the RMS-values of the fast
pressure measurements. This comparison is illustrated in Fig.[6.15| which shows that for the flow
rates studied in the static measurements the accordance seems to be quite good.

Another question to answer is if the assumption %p@ X PRMS = \/ﬁ can be justified.
It turns out that this is the main reason for the big quantitative difference of measured and
predicted turbulence intensity. Values of prars are typically two orders of magnitude greater
than values of % pc’? for this application. Also their qualitative behavior is different as presented
in Fig.[6.16] This means that the simple approach in section can not be supported by
measurements. Nevertheless, T'u and pryss exhibit a qualitatively similar behaviour.
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Figure 6.12: Pressure spectra when throttling to lowest flow rate.
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Figure 6.13: Deviation of inlet flow angle from blade angle; markers represent measured flow
rates.
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Figure 6.14: Comparison of measured (a) and predicted (b) turbulence intensity.
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Figure 6.15: Comparison of the RMS-values measured by the slow Honeywell (black) and the
fast ENDEVCO (red) pressure transducer.
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Chapter 7

Summary and Conclusions

The first approach that has been made within this thesis was an analytical investigation of the
overall system behaviour. A detailed simulation of the present test stand has not been possible
due to its fixed configuration. Nevertheless, it has been possible to show that the operational
point corresponding to the onset of surge must be located on the positively sloped branch of the
compressor characteristic. Furthermore, a greater plenum volume lead to a surge limit closer to
the maximum pressure rise in this analysis. Now, the plenum volume for the given test stand is
practically infinite. Therefore, this analysis suggested that no stable operation on the positively
sloped part of the characteristic can be established.

In a second step measurements have been performed in order to verify this prediction. The
inlet velocity as well as the inlet pressure have been measured with sensors featuring low and high
time resolution. The compressor map measurement based on the integral procedure described
in DIN EN ISO 5167 (2013) is more accurate than that based on the fast sensors. Fortunately
the agreement was good enough to justify the determination of the surge line using only the
high time resolution sensors. This has been necessary since the orifice caused a highly turbulent
inlet flow and disturbed the surge detection.

To define the onset of stall two criteria have been applied. The first one deals with the cross
correlation between the pressure and the velocity signal. If a characteristic time lag — or in other
words a correlation — between these two time records could be found at a given operational point
this point has been considered as unstable. The resulting values are presented in Tab.[7.1]

The second criterion is based on the velocity and surge spectra. An unstable operational
point is thereby characterized by a corresponding spectrum with a significant peak at a low
frequency (5= 10 Hz). Additionally to the location of the surge line this investigation also gives
the surge frequency. The results are given in Tab.[7.2l Both results are also graphically presented
in Fig.[7.1] It can clearly be seen that the onset of instability is located at the maximum pressure
rise or close to it as predicted by the lumped parameter model.

The described investigations provided no sharp surge line but this is not a shortcoming of
the results since in fact there is no sharp surge line. It is rather an area on the compressor
map that tends to exhibit unstable behaviour. There are many factors influencing the actual
stability limit: plenum volume, quality of inlet flow, fast or slow throttling, etc. Therefore,
an accurate knowledge of the surge line alone will not allow to significantly reduce the surge
margin for machines that are operated in a dynamic manner. In addition it needs surge control
mechanisms that are able to inhibit this phenomenon — also if it occurs unexpectedly at an
operational point that is considered to be stable.
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Speed | Critical throttle opening* Perit Vit
[rpm] [7] [-] [m?/s]
3000 5+10 0.06 = 0.11 | 0.116 = 0.208
4000 5+6 0.06 = 0.07 | 0.155 = 0.185
5000 6+7 0.07 +0.08 | 0.230 = 0.265

Table 7.1: Measured surge characteristics based on cross correlation; * orifice removed.

Speed | Critical throttle opening® | @erit Verit Fsurgee | Fsurgen
[rpm] [%] [-] [m?/s] [Hz] | [Hz]
3000 5+ 10 0.06 =0.11 | 0.116 = 0.208 7.9 6.8
4000 67 0.07 =0.08 | 0.185 = 0.213 7.3 6.8
5000 7T=8 0.08 = 0.09 | 0.265 = 0.296 6.8 6.6

Table 7.2: Measured surge characteristics based on spectra; * orifice removed.
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Figure 7.1: Surge line determined based on spectra (green) and cross correlation (blue), charac-
teristics measured with fast (black) and slow (red) sensors.
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Additionally an investigation on a simple model which correlates pressure fluctuations and
turbulence intensity has been made. Unfortunately this model could not be supported by
measurements. Nevertheless, turbulence intensity and the pressure RMS values showed similar

trends at low mass flow rates.
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Appendix A: Matlab Codes

Lumped Parameter Model

greitzer dl.m

clear all;close all; clc;

0/8/00 OO OO O%OA)OA)OA)OA)O OO OO OOOOOOOLyOLyULyOUAJO/Lp/CC/C%(yO%O OO OO OO OO OO OO OO OO OO OO O%OA)OA)OA)OA)O OO OOOOOOOOOLyOLyULyOUAJO/Lp/UC/C%(yO%O OO OO OO OO OO OO OO OO OO OO OO O%OA)OA)O 0

global B G tau_dl Co_dl k_dl;

n=5000; % rotational speed [rpm]

R_2=0.2; % blade outlet radius [m]

N=0.5; % parameter |—|

'% length of inlet duct |m]|

3; % length of outlet duct

0.355; % diameter of inlet duct [m]

0.355; % diameter of outlet duct [m]

_C_st=0.45; % initial mass flow [kg/s]

k dl=1400; % dimensionless throttle coefficient [—]

rho=1.189; % density

V_P=0.3; % plenum volume

% coefficients of compressor characteritic representation

Co_dl=[—1873277.27048287 423849.351358882 —34283.0989392872
1137.98382216574 —13.1453086901828 0.998636212647166];

0/8/00 OO OO O%OA)OA)OA)OA)O OO OO OOOOOOOLyOLyULyOUAJO/Lp/C(I/L%%%O OO OO OO OO OO OO OO OO OO OO O%OA)OA)OA)OA)O OO OO OOOOOOOLyOLyULyOUAJO/U(I/CC/L%(yO%O OO OO OO OO OO OO OO OO OO OO O%OA)OA)OA)O 0

U=n/60%2xpixR_2; % circumferential speed [rad/s]

A CD_Cr2«pi/4; % cross sectional area inlet duct [m"2]

A T-D T 2xpi/4; % cross sectional area outlet duct [m~2]

omega=340%(A_C/(L_C«xV_P)) ~0.5; % Helmholtz frequency [Hz]

B=U/(2*xomegaxL_C); % B parameter [—]|

G=L T+A C/(L_C«A_T); % G parameter [—]

tau_dl=pi*R_2/L Cx(N/B); % dimensionless relaxation time [—]

m_C st d=m C_ st/(rhoxUxA C); % dimensionless initial mass flow [—]

% dimensionsless initial pressure rise

C_SS start dl=Co_dl(6)+m_ C st dl«Co_dl(5)+m_C_ st dl"2«Co_dl(4)+m C st dl"3x
Co _dI(3)+m_C st dl"4xCo_dl(2)+m_ C st _dl"5xCo_dl(1);

- C
T
 C
T

% solve
[t _dl,x dl]=ode45(@greitzer equations dl,[0,1000],[m C_ st dl,m C_st_ dl,
C_SS start _dl,C_SS_ start_dl]); % solve de

Listing 7.1: File for the Greitzer model simulation
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greitzer equations dl.m

function xp = greitzer equations dl(t,sol)

%sol (1)=m_C_dl

%sol (2)=m_T d

%sol (3)=C_dl

%sol (4)=D_p_dl

global B G Co_dl tau dl k_ dl;

xp=zeros (4,1);

xp (1)=Bx(—sol (4)+sol(3));

xp(2)=(B/G) *(sol (4)=k dlxsol (2)"2);

xp(3)=1/tau_dl*(Co_dl(6)+sol (1)*xCo_dl(5)+sol (1) "2%Co_dl(4)+sol (1) " 3xCo_dl
(3)+so0l (1)~ 4xCo_dl(2)+sol (1) "5xCo_dl(1)—sol(3));

xp(4) =(1/B) * (sol (1)=s0l (2)) ;

end

Listing 7.2: File defining the equation system for the Greitzer model.

Compressor Map Measurement

SGP map 1.m

clear all; close all; clc;
WISTTISTISTISTISIISIISTISTISTISTISTISTISTISTISTISTISTISTISTISTISTISTISTISo
dB=0.211; % inner orifice diameter [m]
D=0.355; % inner duct diameter [m]
D3=0.350; % inner volute diameter at blower outlet [m]
D2=0.400; % outlet impeller diameter [m]
b2=0.024; % blade height at outlet [m]
fp={’15061501.txt’ % file paths
’15061502. txt’
715061503. txt ’ };
pU=repmat ([98790 98840 98900],11,1); % ambient pressure [Pa]
hum=[0.66 0.68 0.68]; % humidity [—]
nu=[160.53%«10"(—=7) 159.865x10"°(—7) 160.055%10~(—=7)]; % kinematic viscosity
[m~2/s |
cp=1007; % specific heat capacity [J/(kg K)]
kappa=1.4; % isentropic exponent [—]

% Pt100 calibration data
TO_kalib=[10 10; 13 13.1; 16 16.1; 19 19.1; 22 22.1; 25 25.2;
28 28.2; 31 31.2; 34 34.2];
T3 kalib=[10 9.9; 13 12.9; 16 15.9; 19 19.1; 22 22.1; 24.9 25.1;
28 28.2; 31 31.3; 34 34.3];
WISTIIIIIIIITIIIIIITIITSSS TSI S TSITSTSISITSTSITSTSTTSTSTTTSTSTSTTSTSITTSTSTSITTTTSSIITISTIIS SIS

% initialize

M=zeros (11,13,3); TO=zeros(11,3); T3=zeros(11,3); pBl=zeros(11,3);
pB2=zeros (11,3); pO=zeros(11,3); p_satO=zeros(11,3); p_sat3=zeros(11,3);
rho0=zeros (11,3); rho3=zeros(11,3) ;mdot=zeros (11,3); VdotO=zeros(11,3);
Vdot3=zeros (11,3); cmO=zeros (11,3);cm2=zeros(11,2);cm3=zeros (11,3);
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29| u2=zeros (11,3) ;pOt=zeros (11,3) ; p3t=zeros (11,3) ;psi_s=zeros (11,3);
30
31|% identify and calculate general data
32| for izl:length(fp)

33 M(:,:,i)=dlmread (fp{i});

34 TO(:, )flnterpl (TO_ kalib(:,2),T0 kalib(:,1) M(:,6,1));

35 T3(:, )71nterp1 (T3 _ kahb( 2),T3 kalib(:,1) M(:,7,1i));

36 pBI(:.i)-pU(:.i)M(:.3,0):

371 pB2(:.i)-pBl(., )M <:, i)

38 pO(:,1)=pU(:,i )M(: ,4,1):

39 p_sat0(:,i)=611. 657*exp(17 2799 —4102.99./(TO(:,i)+237.431));

40 p_sat3(:,1)=611.657+exp (17.2799 —4102.99./(T3(:,i)+237.431));

41 rhoO (:, )—1 /(8. 314472*(T0( i)+273.15)) .%(0 018*hum( )*p_satO(:,1)
+0. 02896*(p0( i)— um(1)>|< _sat0(:,1i)));

42 rho3 (:,1)=1./(8. 314472*(T3( 1)+273.15)).%(0.018«hum(i)*p_ sat3 (:,i)
+0. 02896*(pU( i)~hum(i)*p_sat3(:,i)));

43| end

44| A0=pi*D"2/4;A2=pixD2xb2;A3=pixD3~2/4; % calculate areas

45

46| for j=1:3 % calculate mass flow rate

47 for i=1:11

48 mdot (i,j)=orifice flow rate(dB,D,rho0(i,j),pB1(i,j),pB2(i,j) ,kappa,

nu(j));

49 end

50| end

ol

52|% calculate remaining values of interest
53| for i=1:3

54 VdotO (:,i)=mdot (:,1)./rho0(:,i);

55 Vdot3 (:,i)=mdot (:,1). /rh03( i);

56 cmO0(:,1)=Vdot0(:,i)/A0

57 cm2(:,1)=Vdot0(:,i)/A2

58 cm3(:,i)=Vdot3(: ,1)/A3

59 u2(:,i ):DQ*M( 8,1)xpi/60;

60 pOt (:,1)=p0(:,1)+rho0(:,i).*xcm0(:,i).72/2;

61 p3t(:,1)=pU(:, )+rho3( i). >|<cm3( i).72/2;

62 | psi_s(:, ) (p3t( i)— pOt( i)). /(O 5xrho0 (:,i).%u2(:,i).72);
63| en

64| phi=cm2. /u2;

65| pi_stat=pU./p0;

66| pi_tot=p3t./p0t;

67| delta_ht=(p3t—p0t)./rho0;
68| TOt=T0+1/cp*cm0."~2/2;

Listing 7.3: File for the data reduction of the compressor map measurement (orifice)
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orifice flow rate.m

function [mdot]=orifice flow rate(d,D,rhol,pBl,pB2,kappa,nu)

% The function [mdot]—orifice flow rate(d,D,rhol,pBl,pB2,kappa,nu)
% calculates the mass flow rate according to DIN EN ISO 5167

%

% Input:

% d : inner orifice diameter [m]

% D : inner duct diameter [m]

% pB1 : overlap of windows (0.5=50%) |—]|
% pB2 : cutoff frequency for low pass filter [Hz]
% kappa : isentropic exponent [—]

% nu : kinematic viscosity [m"2/s]

%

% Output :

% mdot : mass flow rate [kg/s]

beta=d/D;

deltap=pBl1-pB2;
epsilonl1=1-(0.3514+0.256+«beta~4+0.93xbeta ~8)*(1—(pB2/pB1) ~(1/kappa));
area=D"2xpi /4;

% solve equation system

options = optimset(’TolFun’, 1e—8,’TolX’, 1e—8);
sol=fsolve (@equations ,[0.1;10°5;0.01;100], options);
mdot=sol (1) ;

% definition of equation system

function ES = equations(sol)

ES(1)=so0l(1)./(rhol*area)*D/nu—sol (2);

ES(2)=0.5961 + 0.0261*beta"2— 0.216xbeta"8 + 0.000521%(10"6+beta/sol (2))
~0.7+(0.0188+0.0063«s0l (3))xbeta~3.5%x(10°6/s0l1(2))"0.3—sol (4);%
+0.043%(1—0.11%s0l (3))«beta~4/(1—beta"4);

ES(3)=sol (4)*epsilonl*pixd~2x(2xdeltapxrhol)~0.5/(4%(1—beta~4)~0.5)—sol(1);

ES(4)=(19000«beta/sol(2))"~0.8—so0l(3);

end

end

Listing 7.4: File for the mass flow rate calculation (orifice)

SGP map 2.m

clear all; close all; clc;
WITISSTISSTTSSSTISSTTISSISSSSTTISSTISSSTTISSTISSTISSSTISSSTSSSTSSSSTTSS SIS So
ny=153.2%10"—-7; % kinematic viscositiy [m~2/s]|
D _i=0.355; % inner diameter of inlet duct [m]
% filepath for 3000, 4000 and 5000 rpm
J _cta 3000={ Messdaten/cta /12041601 csv.txt’

"Messdaten/cta /12041602 _csv.txt’

"Messdaten/cta /12041603 _csv. txt’

"Messdaten/cta /12041604 _csv.txt’

"Messdaten/cta /12041605 csv.txt’
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
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37
38
39
40
41
42
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44
45
46
47
48
49
50
o1
92
93
54
95
96
a7
o8
99
60
61
62

"Messdaten/cta /12041606 _csv.txt’
"Messdaten/cta /12041607 csv.txt’
"Messdaten/cta /12041608 _csv.txt’
"Messdaten/cta /12041609 _csv.txt’
"Messdaten/cta /12041610 _csv. txt’
"Messdaten/cta /12041611 _csv. txt’
"Messdaten/cta /12041612 csv.txt’};
J_cta_4000={’Messdaten /cta /12041613 _csv.txt’
"Messdaten/cta /12041614 _csv. txt’
"Messdaten/cta /12041615 _csv.txt’
"Messdaten/cta /12041616 _csv. txt’
"Messdaten/cta /12041617 _csv. txt’
"Messdaten/cta /12041618 csv.txt’
"Messdaten/cta /12041619 _csv. txt’
"Messdaten/cta /12041620 _csv. txt’
"Messdaten/cta /12041621 _csv. txt’
"Messdaten/cta /12041622 _csv. txt’
"Messdaten/cta /12041623 _csv. txt’
"Messdaten/cta /12041624 _csv.txt’
"Messdaten/cta /12041625 _csv.txt ' };
J_cta_5000={"Messdaten/cta /12041627 _csv.txt’
"Messdaten/cta /12041628 csv. txt’
"Messdaten/cta /12041629 _csv. txt’
"Messdaten/cta /12041630 _csv. txt’
"Messdaten/cta /12041631 _csv.txt’
"Messdaten/cta /12041632 _csv. txt’
"Messdaten/cta /12041633 csv.txt’
"Messdaten/cta /12041634 _csv. txt’
"Messdaten/cta /12041635 csv.txt’
"Messdaten/cta /12041636 _csv. txt’
"Messdaten/cta /12041637 _csv.txt’
"Messdaten/cta /12041638 csv.txt’
"Messdaten/cta /12041639 csv.txt’};
J _edc_3000={"Messdaten/edc /12041601 edc.dat’
"Messdaten /edc /12041602 _edc. dat’
"Messdaten /edc /12041603 _edc. dat’
"Messdaten /edc /12041604 _edc. dat’
"Messdaten /edc /12041605 edc.dat’
"Messdaten /edc /12041606 edc.dat’
"Messdaten /edc /12041607 _edc. dat’
"Messdaten /edc /12041608 _edc. dat’
"Messdaten /edc /12041609 _edc. dat’
"Messdaten/edc /12041610 _edc. dat’
"Messdaten/edc /12041611 _edc. dat’
"Messdaten /edc /12041612 edc.dat’};
J_edc_4000={"Messdaten/edc /12041613 _edc.dat’
"Messdaten /edc /12041614 _edc. dat’
"Messdaten/edc /12041615 _edc. dat’
"Messdaten/edc /12041616 _edc. dat’
"Messdaten/edc /12041617 _edc. dat’
"Messdaten /edc /12041618 _edc. dat’
"Messdaten /edc /12041619 _edc. dat’

ol




63 "Messdaten /edc /12041620 edc.dat’

64 "Messdaten /edc /12041621 edc.dat’
65 "Messdaten /edc /12041622 _edc. dat’
66 "Messdaten /edc /12041623 _edc. dat’
67 "Messdaten /edc /12041624 _edc. dat’
68 "Messdaten /edc /12041625 edc.dat’};
69| J edc_ 5000={ Messdaten/edc /12041627 edc.dat’
70 "Messdaten /edc /12041628 _edc. dat’
71 "Messdaten /edc /12041629 _edc. dat’
72 "Messdaten /edc /12041630 _edc. dat’
73 "Messdaten /edc /12041631 edc.dat’
74 "Messdaten /edc /12041632 edc.dat’
75 "Messdaten /edc /12041633 edc.dat’
76 "Messdaten /edc /12041634 _edc. dat’
7 "Messdaten /edc /12041635 _edc. dat’
78 "Messdaten /edc /12041636 _edc.dat’
79 "Messdaten /edc /12041637 edc.dat’
80 "Messdaten /edc /12041638 edc.dat’
81 "Messdaten /edc /12041639 _edc. dat ’ };

82| WIS TS TS TTTTTTTTTTTTT TSI TSI IISIIIISITITIISISS SIS SSSSSSSSSSSSSSSo
83| dl=max ([length (J _cta 3000) ,length(J cta 4000),length(J cta 5000)]) ;
84|c_max=zeros (dl1,3) ;p_ m=zeros(dl1,3) ;c_ m=zeros(dl1,3); % initialize

85| Re=zeros (d1,3) ;m=zeros(d1,3); % initialize

86|A=D i~2xpi/4; % cross sectional area of inlet duct

87
88|% calculate mean pressures and central velocities
89| for i=1:length (J_cta_3000)

90 [~,”,c_max(i,1),”,”,”,”,”, ]=cta(J_cta_3000{i},1,0.5);
91 =, o m(i,1),”,”, |=edc(J_edc_3000{i},1,0.5,200);

92| end

93| for i=1:length(J _ cta_ 4000)

94 [T, ,c_max(i,2),”,”,”,7,”, " ]=cta(J _cta_4000{i},1,0.5);
95 =, o m(i,2), ., |=edc(J_edc_4000{i},1,0.5,200);

96| end

97| for i=1:length(J _cta_ 5000)

98 =, ,c_max(i,3),”,”,”,”,”, |=cta(J_cta_5000{i},1,0.5);
99 [, ,p. m(i,3),”,7, ]=edc(J _edc_5000{i},1,0.5,200);

100| end

101

102|% calculate throughflow velocities based on power law

103| for i=1:3

104 for j=1:d1

105 [c m(j,i),Re(j,i),m(j,i)]=m_interp(c_max(j,i),ny,D i);
106 end

107| end

108
109| V= _mxA; % calculate flow rates

Listing 7.5: File for the data reduction of the compressor map measurement
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function [c_m,Re,m|=m interp(c_max,ny,L)

% The function [c_m,Re,m]=m _interp(c_max) calculates the throughflow
% velocity in a pipe based on the central velocity using a power—law
% assumption for the velocity distribution

%

% Input:

% c¢_max : measured mean velocity in center of pipe [m/s]
% ny : kinematic visosity [m~2/s]

% L : characteristic length [m]

OO

% Output:

% c_m : throughflow velocity |m/s]|

% Re : Reynolds number [—]

% m : power law coefficient

delta=10"3; % start value

h=L/ny; % constant part of Re
Re2=c_maxxh; % start value
m—0; % initialize power law coefficient
while delta >100 % interpolation for m
Rel=Re2;
if Rel<10"5&&Rel>4%10"3
m=6+1/96000%(Rel —4%10"3) ;
elseif Rel>10"5&&Rel <6+10"5
m="7+1/500000%(Rel —10"5) ;
end
c_ml=c_ max*2m~2/(2*m"2+3xm+1) ;
Re2=c_mlxh;
delta=abs(Rel—Re2); % checking termination condition
end
c m—= _ml; % final value
Re=Re2; % final value
end

Listing 7.6: File for the interpolation of coeflicient a for the throughflow velocity

Time Series Analysis

cta. m

function [fs,t,v m,v fl,f ax win,V _fl w_avg,Tu,t_i,l i]=cta(fp,K,ol)

% The function [fs,t,v.m,v_ fl,f ax win,V _fl w_avg,Tu,t _i,l i]=cta(fp,K,ol)
% analyzes a time—resolved velocity measuring

%

% Input :

% fp : filepath

% K : number of windows in which the signal is divided [—]
% ol : overlap of windows (0.5=50%) [—]
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% fc_lp : cutoff frequency for low pass filter [Hz]
%

% Output :

% fs : sampling frequency [Hz]

% t : time |[s]

% v_m : mean velocity [m/s]

% v_f{l : fluctuating velocity [m/s]

% f ax_win : frequency axis for single—sided spectrum [Hz]
% V_fl_w_avg : double—sided spectrum of velocity values [m/s]|
% Tu : turbulence intensity |[—]|

% t_i : integral time scale [s]

%1 i : integral length scale [m]

% read data
fido = fopen(fp,’r’); data=dlmread(fp,’,’); fclose (fid0);

% identify data
t=data (:,1); % time [s]
v=data (:,2); % velocity [m/s]

N=length (t); % number of measured values
fs=N/ceil (max(t)); % sampling frequency

v_memean(v); % mean velocity [m/s]
v_fl=v—v_m; % fluctuating velocity vector [m/s]

N_w=floor (N/(0.5%xK+0.5)); % number of values per window
v_fl w=zeros(N w,K); % initialize vector containing windows
v fl w(:,1)=v_fl1(1:N_w); % first window
v fl w(:,end)=v_fl(end-N_w+1l:end); % last window
j=ol«N_w;
for i=1:(K-2)

v_fl w(:,i)=v_11(j:(jAN_w-1)); % remaining windows
j=jt+ceil (N w/2);

end ;
func_w = repmat (hamming(N_w) ,1,K); % define window function
v_fl fft = v_fl w.xfunc_w; % apply window function on each window

NFFT w = 2" nextpow2 (N _w); % number of points for fft below
V il w= fft(v_fl fft NFFT w)./NFFT w; % fast fourier transfom
V fl w_avg=sum(abs(V_fl w),2)/K; % average among windows

f ax_win =0:fs /NFFT w:fs /2; % corresponding frequency values [Hz]

% autocorrelation
acf=autocorr(v_1fl, N-1, [], []);
for i=1:N
if acf(i)>0
continue
else
n=i;

break
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end
end
t_i=1/fs*sum(acf(1l:n)); % integral time scale [s]
1l i=t_isxv_m; % integrale length scale [m]
Tu=(sum(v_fl.~2)/N)"0.5/v_m; % turbulence intensity [—]|
end

Listing 7.7: File for the data reduction of a velocity measurement

edc. m

function [fs,t,p m,p fl fi fi,f ax win,P fl w_avg]=edc(fp,K,ol,fc lp)

% The function [fs,t,p m,p fl fi fi,f ax win,P fl w_avg]=edc(fp,K,ol,fc_Ip)
% analyzes a time—resolved pressure measuring

%

% Input :

% fp : filepath

% K : number of windows in which the signal is divided [—]
% ol : overlap of windows (0.5=50%) [—]

% fc_lp : cutoff frequency for low pass filter [Hz]

%

% Output:

% fs : sampling frequency [Hz]

% t : time [s]

% p_m : mean pressure [hPa]

% p f1_fi fi : fluctuating press., stopband + lowpass filtered [hPa]
% f ax_win : frequency axis for single—sided spectrum [Hz]

% P _fl w_avg : double—sided spectrum of pressure values [hPa]

% read data

fido = fopen(fp,’r’); fidl = fopen(’helpdat.tmp’,’'w’);

fwrite (fidl ,strrep (char(fread (fid0))’,’,’, .")); fclose(fid0);
fclose (fidl); Data = dlmread(’helpdat.tmp’); delete ’helpdat.tmp’;
t=Data(:,1); p=Data(:,2);

N=length (t); % number of measured values
fs=N/ceil (max(t)); % sampling frequency

p_m=mean(p); % mean pressure |[hPa]
p_fl=pp m; % fluctuating pressure vector [hPa]

% filter parasitic frequency at 50Hz

wo = 50/(fs/2); % normalized frequency corresponding to 50Hz

q=25; % quality factor

bw = wo/q; % bandwidth at —3dB

[b,a] = iirnotch (wo,bw); % create a 2nd order iir notch filter

p_fl fi=filter (b,a,p fl); % filtered fluctuating pressure vector [hPa]

N_w=floor (N/(0.5%xK+0.5)); % number of values per window

p_fl w=zeros(N w,K); % initialize vector containing windows
p fl w(:,1)=p fl fi(1:N_w); % first window
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p fl w(:,end)=p fl fi(end—N w+tl:end); % last window
j=ol*N w;
for i=1:(K-2)
p fl w(:,i)=p fl fi(j:(j4N_w=1)); % remaining windows
j=jt+ceil (N_w/2);
end;

func_w = repmat (hamming(N_w) ,1,K); % define window function

p_fl _fft = p fl w.xfunc_w; % apply window function on each window
NFFT w = 2 nextpow2(N_w); % number of points for fft below

P fl w= fft(p_fl_fft NFFT _w)./NFFT w; % fast fourier transform
P fl w_avg=sum(abs(P_fl w),2)/K; % average among windows

f _ax_win =0:fs /NFFT_w:fs /2; % corresponding frequency values [Hz]

% filter high frequencies

[b,a]=butter (1, fc_lpx2/fs, ’'low’); % 1st order Butterworth filter
p_fl fi fi = filter(b, a,p_ fl fi); % low pass filtered pressure signal
end

Listing 7.8: File for the data reduction of a pressure measurement

SGP_ comb.m

clear all; close all; clc;
WHSTTTTIISSSSTTTIIISSTSISITSIISSSSTTTIISSSSTTIISTSSSSTT TSI SSSSSTTSISISSSSTTSo
K=4; % number of windows in which the signals are divided

0l =0.5; % overlapping of windows (0.5=50%)

rho=1.25; % density [kg/m"3]

u2=104; % rotor tip speed [m/s]

fc_1lp=15; % cutoff frequency for lowpass filtering of pressure signal [Hz]
max_per=10; % maximum expected period of pressure oscillation

filepath cta='Messdaten/cta /12041639 csv.txt’; % path to velocity file
filepath edc="Messdaten/edc /12041639 edc.dat’; % path to pressure file
WITTTTTTTTTTTTTTITTTTISTTSSSSSTSSSTTTTSTTIITIIIIIIIISISISISISISSISSSSSSSSSSS S 0

[fs ,t,v._m,v fl,f ax win,V_fl w_avg,Tu,”, |=cta(filepath cta K, ol);
[7,7,p.m,p fl fi fi,7,P fl w_avg]=edc(filepath edc ,K,ol,fc_Ip);

% analysis of data correlation

[b,a]=butter (1, fc_lpx2/fs, ’'low’); % 1st order Butterworth filter
v_1fl fi = filter (b, a,v_fl);% filtered velocity signal

% cross correlation

[r,lag] = xcorr(v_fl fi,p fl fi fi,max perxfs, ’coeff’);
[T, 1] = max(abs(r));

lagDiff = lag(I);

timeDiff = lagDiff/fs;

Listing 7.9: File for the correlation analysis of a velocity and a pressure measurement,
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