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ABSTRACT AA area for the mass flow calculation g
Typically several hundred million data points arise from a a confidential interval 3
comprehensive measurement campaign carried out in a centrifugal 8y specific stage work 9
compressor test rig with the FRAP® system (see Pant 1). In order to b diffuser width (axial) g
oblain 2 maximum of information about the unsteady flow at any C specific speed 3
position in this turbo machine the time-resolved data processing method C(Pm)  coefficient of Gauss distribution g
has to be optimized. In contrast to the standard time-averaged flow ¢ velocity S
measurements with pneumatic probes, the objective of FRAP® p specific heat at constant pressure g
measurements and of data processing is (o extract novel information f frequency 2
sbour crucial unsteady phenomena like turbulence, row-to-row fa sampling frequency S
interaction, modal or rotating stall. leakage flow effects etc. In such h enthalpy g
cases the simultaneous measurement of static and total pressures and i summation index g
flow vectors is of particular interest. Nove! information means the L tength of diffuser vane g
anaiysis of averaged and time-resolved (wavelet) spectra, M Mach nember g
autocorrelations or time averages properly conserving physical fluxes, m Number of shaft revolutions or blade twin passing §
etc.. Mu impeller tip speed Mach number §
Different averaging methods are applied to compress the time m mass flow z
dependent data measured by a I-sensor-probe (see Part 2) in a n number of measured data 5
centrifugal compressor. Such results could be used for comparison with N number of shaft revolution per seconds z
pneumatic sensor measurements and CFD calculations. The comparison P pressure 3
of averaging methods includes the averaging theories by TRAUPEL and R gas constant B
by DZUNG which are compared to simple arithmetic time averaging. r radius, recovery factor 3
From there the specific stage work is calculated. r* Euler radius g
In analysing the time dependency several ensemble.averaging 5 specific entropy s
procedures for flow pressure and velocity are utilized for separating T temperature 5
deterministic from stochastic fluctuations, extracting blade row finger Trec recovery temperature &
prints or investigating low-frequency surge type fluctuations. t lime 2
With respect to the selection and overall optimization of data R time of one impelier revolution S
processing methods an overview of generic tools is given and the iy time of a twin blade passing
modularity of the processing procedures is discussed. o total measurement time
u circumferential speed
\Y flow rate
NOMENCLATURE X flow quantity
A area z axial coordinaie
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o flow angle (diffuser coordinates)

Opvane  diffuser vane leading edge blade angle
n° isentropic efficiency (total-to-total}
8 azimuth angle
P density
€ € shape factors of Traupel
9] standard deviation
¢ yaw flow angle (probe coordinates)
v specific volume

o)
0] flow coefficient| ¢ = —

D3 u

[0 impeller angular velocity
Superscripts .
- averaged over time, or z, or time and z, Eq. (6) 10 Eq. (8)
~ ensemble averaged over time
Subscripts .
1,23 Sensor yaw positions
1 impeller inlet
2 impeller outtet, (ry=140mm)
Dz averaged with the method of Dzung
E measurement position rg=147mm
i summation index
n ensemble-averaged time index
r radial direction
stat static flow properties
t tangential direction
tot total flow properties
z axial direction
INTRODUCTION

A measurement campaign using the fast-response aerodynamic
probe technology of the ETH (FRAP®) was performed in a single stage
centrifugal compressor running at two operating points, ,.best point*
(BP) and . mild surge* (MS) conditions. The complex and highly
fluctuating flow field found close to the outlet of centrifugal impellers
(e.g TRAUPEL 1988, DEAN and SENOO 1960, ECKARDT 1975) is suitable
for demonstrating the capabilities of the FRAP® System, for testing
measurement concepts and data processing methods, and for
confronting different averaging methods.

The huge amount of time-resolved data requires an optimization of
data processing methods including the optimization of measurement
objectives, measurement concepts and of the data evaluation software
and of the data analysis and interpretation procedures. For
measurements during M$ running conditions, a special triggering and
traversing concept and a different ensemble definition had to
established.

Data averaging is one of the key topics in data processing (e.g.
ADAMCZYK 1985, GERHARD 1981, KREITMEIER 1997). In the first part
of this contribution, the ensemble averaging methods, including
circumferential. blade to blade ensemble (e.g. Ng 1985, Ruck 1989) and
flow-based averaging methods (see Part 2} will be compared. Using
these, information about deterministic (related, for example to rotor
position) and stochastic (related, for example, to turbulence)
fluctuations can be gained and the harmonic time-dependent
characteristics of the data can be preserved. In the second par, the over-
simplistic arithmetic averaging is compared with the physically founded

averaging methods of TRAUPEL (I988) and DZUNG (1967, 1970). In
these methods, the averages of physical conserved flow quantities
comply with the conservation equations such as momentum balance,
mass balance, moment of momentum balance or energy balance.

Additionally. the influence of different averaging methods on the
value of the stage work is presented.

TEST RIG, INSTRUMENTATION AND MEASUREMENT
SYSTEM

The closed loop test rig where the experiments were carried out is
described in more detail in Part 2 of this contribution and in RODUNER
et al. (1998). The centrifugal compressor Fig. | is a standard industrial
stage. The present measurements were made at a shaft speed of 17720
rpm at two running conditions given in Table 1. The main data of the
impeller were:

impeller tip diameter (2r;) 280 mm

full/splitter blades 11/11 (total 22)
exit blade angle 307 back lean
exit width b 16.8 mm
diffuser vanes 24

diffuser vane inlet angle  25° from tangentiai
Every second impeller blade being different (,,full* vs. .splitter”,
see Fig. 1), every second impeller channel will have a noticeably
different exit flow. The radial diffuser has parallel plane walls and is
followed by a large toroidal collecting chamber (not shown) providing
a virtually uniform circumferential pressure distribution at the diffuser
outlet (HUNZIKER 1993).

Measurement System

Aerodynamic probes. The measurements treated herein were
carried out by our fast response acrodynamic probes termed FRAP®,
More details about the FRAP® System are given in Part 1 of this
contribution and in GOSSWEILER et. al. (1992,1995).

The straight cylindrical FRAP® |-sensor probes used here (Fig.1)
have a tip diameter of 1.8mm with one piezoresistive pressure sensor
chips inside the probe. The useful temperature limit of the sensor is
about 140°C. The uncertainty of the pressure measurement is typically
0.2 mbar (standard deviation) after adjustment; i.e. about 0.09% of the
dynamic head in the present case. The sampling frequency of the signals
is 200kHz maximum and the usefu] frequency bandwidth is 44kHz after
signat filtering with an anatog ant-aliasing filter, in contrast 1o the
6.5kHz blade passing frequency. The sensor calibration, the
aerodynamic probe calibration and the operating concepts are described
in more detail in Part 1 and KUPFERSCHMIED (1994, 1998).

Probe contro! and data acquisition. To be able to measure with
the FRAP® system in special flow conditions (e.g. during MS in the
compressor system) complex measurement procedures are necessary.
These procedures must comply with the objectives and requirements of
the data analysis and are called measurement concepts in the following.
To achieve high accuracy and good repeatability a high automatisation
of the operating system is required. The probe control unit, the reference
pressure control unit and all auxiliaries are computer controlled.

EXPERIMENTAL SET-UP AND MEASUREMENT
PROCEDURE
The probe was mounted at Position I near the exit of the impeller,
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Fig. 2. for the present measurements. Flow traverses are made by
moving the probe in axial direction with the sensor tap moving from the
rear o the front wall in |3 positions, Fig. 1. Only $ traverse points were
taken for the measurements during MS.

As described in STAHLECKER and GYARMATHY (1998), high
circumferential and radial velocity components exist at position 1 and
the axial component is tow (nearly planar flow). This justifies the use of
a I-sensor fast-response probe in a pseudo-3-sensor mode (see Part |
and Part 2) to provide the 2D velocity components only.

Spitier Biage Leading Euge

Fig. 1 Cross-sectional view of the centrifugal compressor wilh
FRAP® probe

Fig. 2 Top view of the diffuser showing probe position |

»hest point* »mild surge*
(BF) (MS)
RPM 17720 17720 |
v [m¥%s] 1.553 1.052
m [kg/fs] 1.757 1192
ol 0.0768 0.0521

Table 1 Operating points of the centrifugat compressor for the
measurements presented

DATA PROCESSING - CONVERSION ANb ANALYSIS OF
TIME-RESOLVED DATA

EBAP? data processing.

In this measurement campaign more than 280 million data points
were collected. The processing of these has to consider scveral
requirements such as the handling by suiu:able software programs, the
conversion of the signals from voltage to flow quantities and the
appropriale presentation of the results. 'I‘o'1 compare the time-resolved
flow quamiities, such as velocity or flow angle with time-mean data
measured with prneumatic probes, data averaging methods are useful to
compress the data mound. Fig. 3 sho\/avs/the time-average flow angle
variation across the flow channel in the foreground. To obtain the time
averaged data point ar any on¢ traverse posilion, nearly a million
pressure values were measured, converted into flow angle values and
suitably averaged to give the black dots shown. A short part of the time
resoived value chains {(about 0.5%) are indicated for two of the dots.

B0 ¥ 8k L

absohae flow angle |°}

Fig.3 Example: Compression of the time-resalved absolute
flow angle ag into Ihe time-averaged distribution of &, over the
traverse

Conceptual questions

The example in Fig. 3 shows the amount of information contained
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in the measured FRAP® data. A lot of questions arise in connection with
such farge amounts of data. Some questions are more of generic nature:

*  What information can be gained from the measured data?
¢ How to get a maximum of information?

*+  What can FRAP® data be used for?

More specific questions are

» Which flow quantities can be obtained and what are the
uncertainties?

¢ How should the flow quantities be averaged?
*  Which quantities of turbulence are measurable?

*  Are there unsteady physical phenomena that cannot be detected?
Questions with respect 10 the organizational procedures are

*  How should a measurement campaign be planned and performed
for specific objectives?

*  What are the experiences from FRAP® measurement campaigns?

*  How can the costs of a measurement campaign be optimized with
appropriate measurement concepts?

Objectives of the measurement campaign

The objectives will determine measurement concepts, the data to be
obtained and their refined evaluation. In the present measurement
campaign in the centrifugal compressor two classes of objectives have
been set, one concerning the measurement system and the other the
physical flow situation in the machine. Class 1 objectives were:

*+ To test the in-house developed fast-response aerodynamic probe
technology (FRAP®) in a high speed turbomachine.

* To compare different averaging methods for the stage work, the
static pressure and the radial velocity obtained at the impeller
outlet.

»  Toexplore flow phenomena such as ,,mild surge* and rotating stall
by means of special measurement concepis and averaging
methods. (Only MS data are discussed in Part 3.)

Class 2 objectives were:

«  To make detajled time-resolved measuremen at the impeller outlet
and at different points in a vaned diffuser channel.

« To provide experimental boundary conditions for CFD
calculations in the vaned diffuser (CASARTELLI et al. 1997).

ment concept ed.

The measurement concept must define the probe type, and the
traverses 10 be made. It must take into account the key data of the
machine, hence determine the characteristic data of the measurement
campaign. -

Probe type and probe operation mode. For the objectives defined
above a 1-sensor fast-response probe used in a pseudo-3-sensor mode
has been chosen. At every traverse position the fluctuating flow was
measured time-resolved under three angular positions of the probe shaft.
The middle of the three angle positions was set 1o the lime-averaged
flow direction at the local axial position. For the other two angle
positions the probe was rotated {in yaw) by +43°. A once per revolution
signal from the trigger was used to fit the sensor signals together to a
quasi-synchronous pseudo-3-sensor probe (Part 1).

Traversing. According 1o the objectives of the measurement
campaign it is necessary to get the time dependent information over the
heighi of the diffuser channel in axial direction. To resolve gradients in
the diffuser channel, the traverse points have to be close to each other.
Per traverse |3 traverse points were taken at each yaw position. The
measurements presented in this paper were taken at position | (Fig. 2).

Key compressor data and planning the measurement
campaign. In Table 2 the parameter choices associated to the objectivesg
of the measurement campaign and the key data of the compressor ares
shown.

In the first part of Table 2 the dominant frequencies of thex
compressor and the resulting setting ranges for the measurement systemir
are listed. In the middle part on the left side the maximum peaks of theg
compressor flow quantities are listed. On the right side the resultingg
resolution of the sensor signals and the calibration ranges areg
determined. In the bottom part the sparial resolution by the probe and thes

opeo|

Q
expected spatial dimension of turbulence are listed. %
§.
Key data of the machine Characteristic data of the measurement g
campaign o
Impelicr RPFM 17720rpm Number of points per 13 %
iraverses for BP =
Number of Blades z, 22 Number of data points 31 E
between 2 blades §

i H i 200 kHz
?ﬁ:::gifung frequency: | f,, =6.5kHz 2:?22;153:5qucncyfA §§
Other important fyaue=18Hz [ Data length 163840 points | £
frequencics 1, =42Hz | (measuring time) (0.82s) =
Number of revolutions per | 242 Q
averaging E
95% confidential interval | o = 7.9mbar e
for cnscmble averaging 2io*7.9/63= 0.1 |®
Dynamic head «220mbar Accuracy of the sensor 22040.07 = 3142 §
{signal/oise ratio) 7048 s
Sensor sensitiviry 6.3mV/mbar 3
Max. pressare peak 2200mbar Referenes pressure in the | 1700mbar S
Averaped pressure L510mbar probe shaft (absolute} z
Max. pressure fluctation | Max 8l4mbar || Range of the voltage =5V for U @
{peak lo peak)  WNsignals from sensor =10V for Ue 5
Resolution of the sensor | 0.4 mbar Q
pressure signals for =5V | (12 bin N
Max. nngle fluctuation A= 16.6° Calibration range of the = 220° s
yaw angle g
Mach number 0.75 Calibration mage of the 02<M <07 "8'
Mach number 2
Max. [emperature 62.1°C Number of offset and gain | 2 pef laverse | &
odjustments ‘8
Spatial resolution of the | dpy, =!-2mm “.]:
probe {da) 2
Spatial dimnension of a dg. =4 mm Max. resolution of Mu=!160 kHz g
fuid part {fy ppp,=d4kHz) | (Can® 192008} frequency (f = o ilny ) | (Con® 19208) =
Stability of the machine [678=1 Minimum resofution of | fu=100Hz s
at the Opcrating point Teasonink Pout P || the frequency determined =
| (BR) from apecira density N
- @
Table 2 Characteristic data of the measurement campaign at =
BP with reference to the measurement objectives and the g
characteristic data of the compressor S
N

The following considerations are included in Table 2. Theg
measurement grid is determined by the number of traverse points (13) ing
the z direction and by m, the number of samples between the passage of
two blades, which 15 defined by the rotational speed of the machine, &
number of blades and the sampling frequencyas m = f./(n- N).The
averaged magnitude of the dynamic head of 200mbar leads to signal to
noise ratioc of 70dB. This means that the full dynamics of the
measurement electronics had to be used. The measuring time span
influences the accuracy a of the ensemble averaged pressure values




pilt) pa1). ps(1) by way of equation (1), where a is the confidential
interval. The confidential interval a indicates the statistical certainty of
the ensemble averaged pressure values p .

a= o-C(P,m) - 63.3mbar - 1.96

= 7.9mb 1
Jm NS moar @
Data_convergion, analysis and inlerpretation

The sensor voliages are converted inlo pressure and temperature
signals by model based reconstruction using the sensor and
aerodynamic calibration data.

A dedicated sofiware package has been developed for the
comprehensive task of data processing. This performs the data
conversion for an entire traverse and prints the results in a varety of
menu-selecled diagrams. The program is based on the ,,AW-System™
developed as an interactive environment for the evaluation of large time
series (HERTER et al. 1992).

With the present objectives of the measuremeni campaign and the
measurement concepts chosen, data anatysis obtains a high importance
for the optimization of the overall data processing. Data analysis
involves several topics such as averaging methods, time-resolved
spectra, autocorrclations, statistic 1ools for the investigation of
turbulence and data filtering. The use of averaging methods applied for
time-resclved and fluctuating data is discussed in this paper.

ENSEMBLE-AVERAGED PROCEDURES FOR
COMPRESSING TIME DEPENDENT INFORMATION

Forthe present measurements. a |-sensor probe was operated in the
pseudo 3-sensor mode. To link the three non-synchronous pressure

measurements p (1), ptl pii). made under constant operating

conditions, ensemble averaging has 1o be utitized. (In non-modulated
flow. e.g. pipes or nozzles, simple time averaging would suffice.) In
modulated flow ensemble averaging has 1o be based on the time period
of the phenomenon to be studied, e.g. the shaft revolution period. or the
period of mild surge or rotaring stall. In the first case triggering can be
done by a geometric signal: in the second case, a flow-dependent signal
must be used,

Rotor-based ensemble averaging methods. The revoluiion
ensemble averaging method requires a sharp trigger signal sent at each
revolution of the rotor. At one of these signals the time index n is set 1o
zero, and measurement begins. After m shaft revolutions, measurement
is stopped.

I m
(i 2) = = Y 5 (1 2) 2
il

Equation (2)quantifies the deterministic rotor-based fluctuation of
the pressures p, (1), pa(1). p3(1). In case of blade 10 blade or twin-
blade ensemble averaging Eq. (2) holds, but n and m refer to the trigger
signal given afier each blade or twin btade passing

Stochastic fluctuations only appear statistically. They are
charactenized by the ensemble standard deviation, defined by

— -

- I - 2

o(i,z)= J';- Z (x; (2l x(r,2) 3
isl

In case of measurements made at the outlet of the impeller and at

BP running conditions (no surge etc.) the stochastic part of the pressure

fluctuations contains the information about the turbulence intensity.

Flow-based ensemble averaging methods. These are used for the
investigation of pertodic flow instabilities like mild surge. In this case
the rigger signal is independent of rolor revotulions and is gained from
an event related flow condition. Such trigger signals usually have
variable period tength and the number of measured data between two
trigger events is not constant. A period related .class averaging”
method has 10 be used, as described in Part 2. The number of classes
determines the resolution in time and the statistical accuracy of the
averaging process. The number of classes, 2500 in this measurement
campaign for MS, comesponds to a time step of 0.002ms
(frequency=45kHz) and gives 180-200 data points per class to be
averaged.

tn case of MS, the trigger period is totally unrelfated to the rotor
revolution, This means that pressure fluctuations caused by blade
passing appear as noise. In the stochastic part of the pressure
fluctuations. turbulence and the periodic blade passing are both present,
giving a high level of siandard deviation.

Comparison of the ensemble averaging methods

The revolution ensemble averaged pressure p,(¢) gained from the
1-sensor-probe determined from preliminary information on the local
time averaged flow direction is presented in Fig, 4.

L 1300
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Fig. 4 Revolution ensemble averaged pressure p(+) during
one impeller revolution (deterministic part of the pressure
fluctuation) and the stochastic part represented through the
ensemble standard deviation. Running conditions: BP; outlet of
impeller, traverse position 2/b=0.18.

The probe was set at a traverse position /b= 0.18. The wakes of the
blade trailing edges of the 11 splitter and 11 full blades are visible as
peaks. The total pressure rises in the btade wakes from 1510mbar to
1780mbar which is equal to a fluctuation level in the deterministic part
of the total pressure of 209 from the mean value. In the blade wakes the
ensemble standard deviation (siochastic pan) in Fig. 4 rises from a low
level of 10mbar to a maximum of 137mbar. This corresponds to §% of
the mean pressure levet of F (z)=1587mbar. The delerministic and
stochastic fluctuations of the pressure p,(r) are a quantity Lo characterize
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the flow in a compressor. There has ta be a dissipartion process to level
out these fluctuations.

In Fig. 5 the standard deviation of the deterministic and stochastic
parts of the ensemble averaged p,(t) pressure fluctuations are plotted
across the channel width, as measured at position 1 under BP conditions.
The curves A represent the standard deviation of the deterministic
fluctuation around the time-mean pressure 5, . The curves B represent
the standard deviation of the srochastic fluctuations around the
instantaneous deterministic value. It is seen that the deterministic p;
fluctuations dominate at position 1 over the stochastic events; i.e., the
blade wakes are the dominant unsteady effect. Furthermore, both parts
of the pressure fluctuation decrease toward the shroud where the flow
velocity is very low (see ¢, in Fig. 6) and where the wakes are such that
the velocity direction (in yaw) fluctuates much less than near the hub.
(Yaw fluctvation data are not shown for Jack of space.)

During each revolution of the shaft, a sequence of 1! main blades
and 11 splitter blades passes the probe. Ensemble averaging can be
based on different periods. If the flow period of interest is a complete
revolution of the shaft, the time series p,(t) s compressed to the time
duration drp=I/N. Another period of interest is Atp=I/IIN, i.e the
passage time of a blade twin. Both types of ensemble averaging have
been lested. The revolution ensemble averaging gave curves Al and B1,
while twin-blade averaging gave A2 and B2. It is seen that both methods
yield closely identical fluctuations, indicating that all blade pairs of the
impeller have closely identical geometry and therefore, there are no low-
order (<1 1) harmonics of N present in the flow.

A further period is Ary=1/22N; i.e. the passage time of a blade to
blade section. The deterministic fluctuations are shown separatety for
the channel between the splitter blade and the pressure side of the full
blade versus the channel between the suction side of the full blade and
the splitter blade. These ensemble averaging gave curve A3 and A4. The
difference between this curves indicates thal the flow leaving every
second impeller channe! is different, see Part 2. The stochastic
fluctuations have approximately the same magnitude as curve BI and
B2
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Fig. 5 Averaged deterministic and stochastic pressure
fluctuation over traverse position (z/b) obtained from different
ensemble averaging strategies. Running conditions: BP; impeller
outlel, position |.

Line Cin Fig. 5 shows the standard deviation of the 1} mean values
B (1)) obtained for each of the 11 blade channel twins. This variation
is a measure for the existence of a .finger print" of the impeller. All
impeller blade pairs have closely identicel geometry and there are no
low frequencies in the signal which arise from the interaction of the
impeller with the diffuser blades.

In Fig. 6 the time averaged radial velocity c, (black diamond
symbols) and the standard deviation of the deterministic ¢, fluctuations
(triangle) are presented. The ¢, fluctuations are moderate. They are
strongest in mid-channel and decline toward the shroud (where ¢, is low
anyway) and toward the hub where ¢, is high but fiuctuates little. The
tangential velocity flucruations are of similar magnirude (circle
symbols). 1t is important to note that these modest values of the velocity
standard deviations do not mean that high instantaneous peaks or dips
do not occur, In fact wake-induced deterministic peaks may exceed the
standard deviation level by a factor of three or more (GIzz! et al.,1999).

——tmy averaged s ovekxlly o
o © tha radal walocly
—— of D _tang ey

]
048 3 -om R
|

o
-

radi] velocity crhu2 |-}
b
w

o
~
w

b
~

ol
w

o
a F
w
'

a ol criu2 and ewu |)
(-]

guo
;
i

Fig. 6 Time-mean velocity profile and averaged deterministic
radial fluctuations over traverse position (z®). Running
conditions: BP.

Averaging methods have to deal with either or both kinds of
nonuniformities, namely the spatial (hub to tip) distribution and the
temporal (i.e., circumferential) fluctuations.

COMPARISON OF AVERAGING METHODS
Coordinates

Fig. 7 shows the cylindrical coordinates used. Note that the
circumferential angle @ is related to measurement time £ as

d6 =2-mn-N-di 4
and the flow area is given by
dA = rg-df . dz = ug-di-dz (5)
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Fig. 7 Coordinate system used.

Averaging

Averaging can be done circumferentially only (time averaging, see
Eq. (6)). axially only (spanwise averaging, see Eq. (7)) or over the
surface area dA (annular averaging, see Eq. (8)).

» Time averaging yields spanwise distributions over the channel
width b

L. [att, drm (2) 6)
i

*  Spanwise averaging gives time functions
:;-J’.t(r, z)dra ®(r) €)]

*  Annular averaging yields constant numbers
1 -
e [ERIELYE ®)

In the following, averaging theories are formulated for annular
averaging. The equations obtained can be easily modified for the
timewise or spanwise averaging presented above,

Here X{t.z) may represent any type of flow-dependent quantity or
group. Physically meaningful concepts for defining functions X have
been established by TRaUPEL (1988) and DzuUNG (1967). The aim of
these concepts is to provide average values that are relevant from the
point of view of turbomachinery theory; i.e. strictly respect the
conservation laws of mass. momentum and energy and therefore fuifill
the mass, force and energy balances. Following flow quantities are
measured by a .pseudo 3-sensor probe™.

velocity: cfnz); cdrz)
pressure. Pradt 2k Pswd1.2)
temperature: Tedzk

Due to the thermal inertia of the probe, temperature is not resolved over
time. unfortunately.

The probe measures a recovery temperature lying between the
time- mean static and total temperature values. With the recovery factor
being known from calibration (7 = 0,7, see Part 1), the time-mean static
and total flow temperatures are obtained as

Toarl2) = T,.“.(Z)—% -eth 3)2 %
P -

T, 2) = T, (2)+ 133'" ce(n2)? (10)
P

The average of c? will be defined below.
The gas equation of state yields local density p and enthalpy 4 as

P = P/(RT 1) (1)
h = Cp( Torar) Tgrar (12)

The velocity components ¢, and ¢, are equivalent to specifying
angle ¢ and magnitude c. (Note that 2D planar flow is treated here. A
third component (c,) would require the use of four or five sensor
probes.)

in tho i T
The convectively transported flux of a mass-specific flow quantity

x through area dA (Fig. 7) in unit time is given by xpc,dA. The mass flow
rate through an annulus surface A is given by

m= Ip(r, 2)- ¢ (1, 2)dA (13)
A

The annulus average of x per unit mass is therefore

%= ’lﬁ.[;[x(;l ) pln ) e, z))dA (14)

The procedure to average annulus flow data with Traupel‘s method
is to determine an annulus-average radial velocity ¢, from Eq. (14) by
setting x=c,, which amounts to averaging the radial momentum flux.
Next, a mean tangential momentum flux r_cr is determined from Eq.
(14) by setting x=r(z) ¢{1,z). The annulus average static enthalpy 4 is
obtained by setting x=h(r,z)=c,Tg,,{2)., and the ann. averaged total
enthalpy results as

Rrgy = 5+(c_23/2 (15)

(Some error is introduced by the lack of time-resolved temperature data
in the present experiments,) The mean kinetic energy flux (¢')/2 is
obtained by setting x = [cf(r, 2+ cf(:, 2))/2.

For averaging the static pressure Traupel recommends a simple
(unweighted) area averaging in order to conserve pressure forces in
momentum balances. He defines the annulus average pressure as

p= %-:{p(n 2)dA (16)

With 5 and % known, the gas equations are used to calculate a
mean density p as

p=pBh)= (c,/R): p/k (n

The above momentum-based definition of ¢, does not satisfy the

continuity equation in its simplest form,

m#p-¢,-A (18)

r

because Eq. (13) requires a kind of averaging different from Eq. (14).
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The correctness of mass flow is restored by Traupel by defining a
~conrinuity shape factor* g, for the radial velocity profile as

mo=po(l-g)c, A (19)
p(rha) &(63) da
- [y o

Further, the mean (angential momentum flux re, does not
automatically define 2 mean tangential velecity component ¢,. For
defining ¢, some reference radius 7* has to be specified, as e.g.

¢ = re @n

Dzung has called #* the ,.Euler radius* and conveniently defined it as
the radius at which the mean absolute-frame and rotor-frame velocities
¢, and w, are vectorially additive according to ¢, = @#* + w, . He found
that 7* is cbiained as

. 1 2 1/2
= [E.:[pc’r dA] (22)

In case of a cylindrical surface, as in the present case, #* equals the
cylinder radius.
The specific kinetic energy of the fluid is represented by
- 2 -2
g2 (E) (&)
2 Z
However, as in the case of 2mass flux, the kinetic energy flux also
requires a correction, because &°/2 is not identical to (¢’)/2 defined

above. Traupel introduces an ..energy shape factor” €, to the velocity
¢ obtained from momentum averaging as

(23)

R 2

(c7) = [(1-¢,)-¢] (24)
yielding the relation

hior = B+1(1=¢,)- 2772 (25)

In summary, Traupel defines all velocity components by
momentum averaging, but needs varjous shape factors to conserve mass
and energy. In case of uniform flow, these become £, = €, = 0,

' i thod

Dzung's ..consistently” averaged values are defined to comply with
mass, momentum and energy conservation and avoid shape factors as
described in DZUNG (1967). For this purposekinetic energy is defined as

o Dzun

E_2 E_2 : 2
Dz _ “rD; ™t
7777 @

where &, follows from Eq. (21) and &, is the continuum average of
the radial component obtained with Eq. (14) from

m = Pp.-Ep A= [P e (s 2)dA @7
A

In order to conserve tolal enthalpy in adiabatic flow according to
the First Law
22
¢p.
hyar = hp + =% (28)

Dzung adapts the definition of static enthalpy as

22 iy
i - 1 CrD.’. <

hp; = m {‘hror(" 2) ¢ (0, 7) - plt. 2)dA - [T + '2‘) (29)
Compliance with momentum conservation is achieved by adapting the
definition of static pressure as

k7. (30)

p+ - J'p(: z)c (t, 2)dA- =

where 7 is the area averaged pressure determined with Eq. (16). With
the static pressure pp,. and the enthalpy Ap, the density pp_ can be
determined by the gas equations as

e = P(Fpe i) 6y

With the density pp. known, the radial velocity &, can
iteratively be calculated again by Eq. (27).

Dzung averaging is formally simple, but flow incidence angles
caleulated from &,5. and &, may be misleading in flows with strongly
non-uniform velocity profiles.

Simple arithmetic time averaging

Finally. in order to compare the above averaging methods with
simple (i.e., non-physical) arithmetic timewise and spanwise averaging,
we also calculate

.1
i= m..ﬁxu, 2)(dr)(dz) (32)

c arison of the averagi ods

For the comparison of the three averaging methods in the highly
fluctuating centrifugal compressor impeller outlet flow field, the stage
work is calculated first by inserting the averaged velacily components ¢,
cbtained above into the Euler momentumn equation. Due to the straight
axial flow at the impeller inlet, ;) is zero and the stage work is

a, = fg-¢p (33)
The differences between the various methods must be viewed in terms
of measuring accuracy. The measurement errors of the velogities ¢, are
about 0.5% of the velocity mean value for velocity levels above 50mvs,
1% for levels under 50mvs. The accuracy of the differential pressure
measurement Apg is defined with the standard deviation of the residuals
having a magnitude of 0.2mbar for a dynamic head of 250mbar. The
measurement accuracy for the absolute pressure is 0.1%o corresponding
to 0.17mbar for a pressure value of about 1700mbar (see, Partl).
Dynamic errors of a ¢ylindrical probe are described in HUMM et al.
(1995) and a comparison between FRAP® and LDA measurements in
the present centrifugal compressor is presented in GIZ21 et. al. (1999).

a) Circumferential (timewise) averaging: jx(r, z)dt

The stage work distribution across the diffuser channel (2/b)
calculated from Eq. (33), with the circumfereniial velocity mean gained
with different averaging methods ts shown in Fig. 8. The three curves
virtuatly coincide.

A}
Wy
a

-

s
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Fig. 8 Stage work a, across the traverse' obtained from
different averaging methods. Running conditions: BP.

Due to the shape factor €, defined in the averaging method of
Traupel as 2 mass flow carrection, the tangentiat velocity component ¢,
calculated with the method of Traupel is identical with the ¢, obtained
with Dzung. According to Eq. (29) both averaging methods tead to equal
stage work values. The difference berween the arithmetically Lime-
averaged stage work and the values gained with the thermodynamic
averaging methods increases from 0.2% ai the hub te 2.5% ai the shroud.
The mean difference over the span is a mere 0.4% of the work. This is
close to the measurement accuracy itself; i.e., negligible.

The radial velecity c, calculated with the three averaging methods
is shown in Fig. 9. The mean differences between the averaging method
of Traupel and Dzung across the traverse is 2%,

[

—e—gryfaging mathod 41 Traupel
b pruriging matod of Ozung
—ar—glinmet  graraging

Ml 8.1 6.2 9.3 "::‘b H 0.9 0.8 8.7 8.9 I.UM‘
Fig. 9 Radial velocity across the traverse obtained from
difterent averaging methods. Running conditions: BP,

In the averaging modei of Traupel. the shape factor g, defined by
Eq. (20) considers boundary layers and provides an effective area A.
Due o the smaller area A, the velocity component ¢, has a higher
magnitude for the model of Traupel. €, is dependent on the fluctuation
intensity of ¢,.

The static pressure is presented in Fig. t0 and cajculated with three
averaging methods.
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Fig. 10 Stalic pressure across the traverse oblained from
different averaging methods. Running conditions: BP.

The difference between the static pressure calculated with the
averaging method of Dzung and the area averaged pressure from the
method of Traupel is less than 0.05% across the traverse at position L
This equals 0.3% of the mean dynamic head. The measurement error for
the pressure is lower than the differences between the averaging
methods.

b} Spanwise averaging: Jx(r. 2)dz

For the comparison of axially averaged flow quantities based on the
three methods, data measured during MS running conditions are used,
because the time evolution of such hub-to-shroud averages is mainly of
interest during unsteady operating conditions. The averaged data have
10 be class averaged to get the time dependent flow quantities ¢, (7, 2),
€8, 2) s Pyay(t 2}, s Part 2.

Figure 11 shows the spanwise averaged momentary stage work
during one MS cycle, as cajculated with three averaging methods, There
is a net difference between the physical averaging methods (Traupel and
Dzung) and the physicalty blind arithmetic average. The mean
difference during one . mild surge* period is about t.26kJ/kg, or 2.7%.
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Fig. 11 Stage work during a MS period obtained from different
averaging methods. Running conditions: MS.

The fluctuarion of radial velocity ¢, during a MS period is presented
in Fig. 12. Due to the high axial non-uniformity of the measured radial
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velocity ¢, the differences between the averaging methods of Traupel
and Dzung amount to 16% during the whole period. This illustrates the
difference between momentum-based (Traupel) and continuity based
(Dzung or Traupel (1 - ¢,)c, ) averages.

§.45 -.;. ———dvaraging tathod of Traupet -
— sweraging mathod of Dzunp

el T—afithmeLE  AvArgging

3
T ., A
‘g a5 " . %’\
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.95 oot e - N - Tampei (1. ckier |~
0 -
9 e.1 0.2 9.3 0.4 9.5 ¢.8 .7 0.8 .9 1

Valy (]

Fig. 12 Radial velocity during a MS period obtained with
different averaging methods. Running conditions; MS.

All averages in Fig. I and Fig. 12 are seen to fluctuate during an
MS cycle, the mass flow (c,) having a much higher amplitude than the
stage work. The near constancy of work can be shown to be due to the
constancy of the tangential (c,) component in the hub half of the channel
where mos1 work transfer occurs’. In the coexistence of high mass flow
amplitudes with low work (or pressure head) amplimudes is not
surprising in an operating point where the head vs. flow characteristic of
the stage is almost horizontal (see Fig. 7 in Part 2).

The static pressure differences between the averaging methods of
Traupel and Dzung (not shown here) depend on the velocity fluctuation
and have a value of 0.5% over the entire MS period, while the static
pressure amplitude was of the order of 10%

¢) Annular averaging: j x(r, 2)drdz

_[x( t, 2)drdz 2::&1%1":)% ::’:tl]‘lafél;% ari thmfau'c
Traupel Dzung averaging
stage work 43.68kJ/kg 43.68kl/kg 42.43kl/kg
velocity ¢, 0345¢c/ug[-] | 0.30c/uy [-] | 0.25 ¢ fuy [-]
velocity ¢, 0.59cfur [[] | 0.59¢cfuy [[] | 0.57 cjfuy [-]
static pressure | 1296mbar 1297mbar 1290mbar

Table 3 Annulus averaged flow quantities determined with three
averaging methods. Running conditions: BP.

I. The arithmetically averaged work is lower than the
physical averages because the flow-deficient shroud-
side region, where the work transfer is poor, are more
heavily weighted.

For the comparison of the averaging methods in both scanning
directions (+ and z) the circumferential ensemble averaged data for the
operation point BP at probe position I have been calculated

In Table 3 the velocity components, the static pressure and the stage
work calculated with the averaging methods of Traupel and Dzung and
as simple arithmetic averages are presented for BP running conditions at
position L. The flow quantities are first timewise averaged and then
spanwise. The standard deviation of the ¢, distribution gets a high level

after the first timewise averaging of 56% for the method of Dzung andg A

55% for the method of Traupel. This highly inhomogeneous flow across 3
the traverse leads to differences between the averaging methods,g
especially with respect to the radial velocity component. The differences 5 g
between the two phys:cally founded methods stem from using different >

definitions for €, ’;i

3
SUMMARY AND CONCLUSIONS &
+  The comparisons presented in this paper were made for two8

=]

running conditions of a centrifugal compressor, ,,best point™ and2
+mild surge", with the rig operated in the stable and the unstablej
branch of the operating line, respectively.

Bio awse

¢ The data processing of time-resolved FRAP® signals (:ornpnses
data conversion, data analysis and interpretation usmgg
measurement concepts adapted to the individual goals of the§
measurement campaign.

*  The revolution-based and blade<twin-based ensemble averagmg
methods are discussed. Deterministic pressure fluctuations neam
the hub reach 35% of the averaged dynamic head and 5% near :heg
shroud. The differences between the two ensemble averaging§
methods are negligible across the diffuser channel. The siochastic &
fluctuations are much lower than the deterministic ones.

d-sBuipaa:

VEOLLOON/E!

+ The averaging methods of Traupel, Dzung and anthmeuc
averaging are applied to the time-resolved data. Three averages, 5
namely axial, circumferential, and channel surface, are presented.

0A/¥/9G LZV/S

» Even though the circumferential fluctuations of wvelocity and
pressure in the impeller outlet flow are significant, theg
circurnferential averaging methods yield closely identical ax:al~
distributions. However, the spanwise averaged values dlffero
considerably due to the very low radial through flow existing near $

the shroud. E
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