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ABSTRACT

An important goal in the development of turbine
bladings is to increase the efficiency in order to achieve an
optimized use of energy resources. For that purpose a
detailed understanding of flow phenomena is required. This
paper presents an experimental investigation of the impact of
varying blade loadings on the flow field and leakage flow.

The investigations were conducted on a 2-stage axial
turbine at the Institute of Steam- and Gas Turbines, RWTH
Aachen University. The flow field for different blade
loadings has been determined at the inlet and outlet as well as
between the two stages. Consequently, the inhomogeneity at
the outlet of each stage, depending on the blade loading, may
be investigated. The homogeneity at the outlet has been
evaluated by using the secondary kinetic energy coefficient
and the formation of the passage vortex has therefore been
emphasized. Furthermore, the loading impact on the leakage
mass flow and the leakage main flow interaction has been
estimated. On this account, the pressure loss in each cavity
within the labyrinth seal of the first shrouded rotor blades is
detected. The impact on the efficiency of different loadings
has moreover been determined. The efficiency has been
ascertained by using 5-hole probes and temperature probes
after each stage.

The investigations mentioned above have been
conducted on a 2D-blade profile and serve as a baseline for
future profiled end wall studies. The goal of the endwall
contoured blades shall reduce the passage vortex and with it,
the under- and overturning which ultimately leads to a more
homogeneous outflow from the stage.

NOMENCLATURE
o Yaw angle [°]
Y Pitch angle [°]
p Density [kg/m?]
Y Enthalpy parameter (lth = lzlfh) [-]
ref.
a Distance probe-hole to probe end [mm]
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b Diameter of quasi-3-hole probe [mm]
c Absolute velocity [m/s]
d Diameter of quasi-3-hole probe [mm)]
h Enthalpy [J/kg]
u Peripheral speed [m/s]
W Relative velocity [m/s]
K Calibration coefficient [-]
L Wall thickness of quasi-3-hole probe [mm]
P Pressure [mbar]
Subscripts
t Total
s Static
i Inlet
m Mach number
Superscripts
’ Pitchwise mass-averaged value

Pitchwise averaged value
0 Pressure “zero* of the quasi-3-hole probe
1 Pressure “one* of the quasi-3-hole probe
2 Pressure “two* of the quasi-3-hole probe
Abbreviations
ave Averaged
PS Pressure side
moa Metal outlet angle
meas Measured
MP10  Measurement plane upstream of the first stage
MP12  Measurement plane between the two stage
MP22  Measurement plane downstream of the second

stage
OoP Operating point
SKE Secondary kinetic energy
SS Suction side
DP Design point
INTRODUCTION

The demand for lower pollutant emission in the field of
energy generation requires an improvement of the
aerodynamic performance of the blading of turbines. In order
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to achieve this goal, it is essential to understand the
secondary flows. Especially in terms of blades with smaller
aspect-ratios these secondary flows are of greater importance.
The reinforcement of the passage vortex leads, according to
Harvey et al. [1], [2] and Vogt et al. [3], [4], to an
enlargement of the exit angle on the side wall (overturning)
with a compensating reduction of the downstream flow angle
in distance to the side wall (underturning). In doing so, a
positive and negative incidence at the inlet of the subsequent
stage in the sidewall area is generated and the efficiency is
thereby reduced. The load on the sidewall profile section, that
is, the pressure difference between suction and pressure side
is the major cause of the passage vortex according to Nagel
[5]. Weiss et al. [6] have pointed out on a cascade, that an
aft-loading causes a reduction of the secondary flow and with
it, a loss reduction. In front-loading profiles the passage
vortex already arises at the front of the blading and is
therefore more pronounced.

Further losses are caused by the leakage flow and its
interaction with the main flow. The leakage flow may be
significantly reduced with shrouded blades but the flow
becomes more complex and the large amount of unsteady
flow effects are getting more important. Bohn et al. [7] and
Pfau [8] have investigated the back flow area at the inlet and
the outlet of the cavity. The strength of these areas is
dependent on the incoming mass flow and the latter in turn,
on the relative position between the stator and rotor. The
leakage mass flow has, according to Pfau et al. [9], much
higher entropy than the main flow and generates with reentry
inhomogeneities and consequently losses.

The present paper, which may be useful for further end
wall studies as it may serve as a baseline, evaluates the effect
of different blade loadings on the efficiency of a 2D-blade
profile. The goal is to implement an endwall contouring on
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this blading by using the results obtained. Thus, the

improvements may solely be attributed to the contouring.

TEST TURBINE SET UP

In the experimental setup a 2-stage axial turbine
operates at a low pressure ratio of 1.4 with an inlet pressure
of 3.2%¥10° Pa and a maximum air mass flow of 12.9 kgs.
The existing test turbine is a scaled model of a steam turbine
and operated with air. The air for the test turbine is supplied
by 2 electrically driven radial compressors working in
parallel mode with a maximum electrical power input of
2.4 MW. To hold the experimental setup at Reynolds and
Mach number affinity, the air is pumped in a closed cycle so
that the investigations can be done virtually without influence
of the environment. The temperatures at the compressor and
turbine inlet are controlled by two water driven air coolers.
The pressure level in the closed cycle is adjusted by a
compression load supply and an exhaust valve. The different
loadings are achieved by adjusting the rotation speed by
using the water brake. This water brake is integrated into a
swing frame which runs in hydrostatic bearings. The rotor
power dissipates by means of the water brake which enables
a very accurate torque measurement. With the help of the
measured torque and rotation speed, the power output may be
determined very precisely.

MEASUREMENT SET UP

A broad range of measurement techniques are used in
the test rig to measure all flow parameters which are required
in order to adjust the operating point. The air mass flow
through the turbine is measured upstream at the turbine inlet
by using a mass flow nozzle. The mechanical power of the
turbine is measured with the aid of the torque momentum and
the rotation speed. The torque measurements are realized

Copyright © 2011 by ASME and Alstom Technology Ltd.



using a water brake which is mounted in a momentum
pendulum equipped with a torsion arm with load cell.

The flow field inside the turbine is determined upstream
of the first row of stator vanes (MP10) and downstream of
the second row of rotor blades (MP22) by means of 5-hole
and temperature probes with a small recovery coefficient.
The pressure distribution as well as the temperature
distribution can be measured with the aid of these probes and
by using the recovery factor, the static temperature can be
determined. Measurements of static pressure inside the
casing and at the hub region are also carried out at several
axial and circumferential positions. Inlet and outlet
temperatures are determined by thermocouple measurements
at the inlet honeycomb and the outlet torsion body (see Fig.
1). Table 1 shows the geometric data and operation
conditions of the test turbine. The dimensions are related to
the hub diameter.

Table 1: Geometric data and operating conditions of the
test turbine

Relative average diameter at MP10 [-] 1.17
Relative average diameter at MP22 [-] 1.21
Rel. vane height, stator first stage [-] 0.17
Rel. vane height, stator second stage [-] 0.21
Rotor blades / stator vanes [-] 55/55
Inlet absolute pressure [Pa] 3.2*%10°
Pressure ratio OP1, OP2, OP3, OP4 [-] 1.4
Enthalpy parameter OP1 [-] -4.9
Enthalpy parameter OP2 [-] -3.5
Enthalpy parameter OP3 [-] -2.7
Enthalpy parameter OP4 [-] -2.3
Maximal mass flow [kg/s] 12.9

The two stage stator vanes are fixed in the two inner
casings which are in turn independently embedded in an
outer casing. The probes are mounted on the outer casing. By
traversing the inner turbine casings, the relative position of
the probes to the vanes can be changed more than one pitch.

In the measurement plane 12, a temperature probe and a
quasi-3-hole probe are inserted in order to measure the flow
field. The quasi-3-hole probe has been developed based on
the works of Wuest [10], Livesey [11] and Shaw [12] and is
illustrated in Fig. 2.

The calibration of the probe was conducted at the
institute's own wind tunnel. The wind tunnel, like the test
turbine, is operated in a closed mode of operation. This is
essential for the compliance with the Reynolds and Mach
number affinity.

From the recorded pressure signals, the dimensionless
coefficients are formed according to Bohn [13] as follows:
yaw (K,), Mach number (K,,), total (K,) and static pressure
(Ks). The pressures which are required to determine the
dimensionless calibration coefficients are measured with a
quasi-3-hole probe, in contrast to a conventional 3-hole
probe, at different times. By rotating the probe around its
own axis the three required pressure information may be
obtained (see Fig. 3). Pressure fluctuations are always present
during the experimental operation so that the accuracy of
determination of the dimensionless coefficient cannot be
assured. The pressure values of the probe refer to each

3

simultaneously measured total pressure at the inlet of the
wind tunnel in order to obtain correct identification of the
coefficients. On the basis of these coefficients the physical
parameters are gained in the experimental operation of the
turbine.

[ |

Probe dimensions:

a/d=15
b] d/b=6.67
T f =167

Fig. 2: Quasi-3-hole probe

The pressure values of the probe are, again, based on the
simultaneously determined total pressure due to the
fluctuation of the operating point. The total pressure used for
this purpose is upstream of MP10. The definition of the
dimensionless coefficients relating to the total pressure at the
inlet of the wind tunnel or rather the inlet of the test turbine is
shown in table 2.

Table 2: Dimensionless calibration coefficients

Ly . pe_p°
K. = Pti Pt m p_° K. = Pt Pt
a — 0 t =
p Pti p
K. = Pt Pii where Ap = P° _ P Py
s p Py 2

0 1 Ip2

p
Fig. 3: Measurement concept of a quasi-3-hole probe
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For the analysis of the pressure reduction within the
labyrinth seal of the first shrouded rotor blade, the pressure
has been measured in each cavity on two different peripheral
positions. The measuring points, at the same axial position,
are displaced by a multiple of half a blade pitch. The radial
gap has been measured transiently on two gauges by using an
inductive displacement transducer. Fig. 4 demonstrates the
gauges mentioned above.

Static pressure
measurements

Inductive displacement
> transducer

Shroud of rotor blade 1

Fig. 4: Measuring points for the analysis of the falling
pressure in the cavity and for the determination of the
radial gap of rotor 1

At the outlet plane of the turbine four over the
circumference evenly divided pneumatic probes are used in
order to measure the total pressure. The probes have five
fixed metering points on the radial channel height. Due to the
different exit angles on the channel height the probes have
been constructed with Kiel Heads which are based on Kiel's
work [14]. The angular tolerance is for all four pressure rakes
at least 87°.

MEASUREMENT RESULTS
Analysis of the flow field and efficiency determination

In order to analyze the effect of varying blade loadings,
four different operating points are considered (see Table 1).
On the basis of the flow field measurements in MP10, MP12
and MP22 the efficiency for the individual stages and
additionally, for both stages is determined depending on the
enthalpy parameter. The maximum efficiency is given for
v, =-2.7 (see Fig. 5), this corresponds to the design point.
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Fig. 5: Relative polytropic efficiency
operating points

for different

4

OP2 has a loss of efficiency of 0.9% and OP4 of 1%. In
OP4 the blading operates at low loading and flow rating, so
that the incidence in this case affects the efficiency
negatively.

An important feature of the test rig is that neither the
inlet (MP10) nor the probes at MP12, nor the exit plane
(MP22) are fixed relative to the inner casing. They are rather
fixed respectively to the positions of the blade leading and
trailing edges of the prior and following blade rows. This
enables a consistent definition of the stage control volume
independent of the variable stator-rotor movement. A blade
pitch is subdivided into six parts. To make sure that the
spectra of all phenomena can be detected, a pitchwise overlap
of 120% is added. Due to the reasons of comparability equal
inflow must be provided for all operating points. The
honeycomb of the turbine ensures a swirl-free flow to the
first stage. The pitchwise averaged o' distribution in the
measurement plane 10 shows an angle near 90° for all
operating points. The y'" distribution in the core flow varies
between approx. 1° at the hub (10% channel height) and
approx. 9° on the casing (90% channel height) (see Fig. 6).
This change occurs due to incipient enlargement of the flow
channel (cylindrical hub and conical casing). The relatively
large deviations of the outermost data points are caused by
the probe head-wall-interaction.
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Fig. 6: ™" (above) and y** (below) distribution in MP10

The o distribution against the circumferential position
and the operating points is illustrated in Fig. 7 (a) for MP12
and Fig. 7 (c) for MP22. The yaw angle is defined as follows:
90° is swirl-free and above 90° is counter-swirl.

For operating point one an outflow with a strong
counter-swirl for both measurement planes is given. The out-
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Fig. 7: Results of field measurement in MP12 and MP22

flow, however, becomes steadily smaller due to increasing
rotation speed in the other operating points. For the operating
point four a Co-swirl above 70% is given. From 25% (MP12)
or rather from 30% (MP22) of the relative channel height
discontinuities are noticeable in the absolute outflow which
are caused by the casing-side passage vortex. For operating
points one and two an overturning takes place at 60% (0.9°
related to the leading edge of stator two, located at the
suction side) and 80% (0.4° related to the leading edge of
stator two, located at the pressure side) of the circumferential
position at the hub region which is caused by the potential
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effect of the subsequent stator. This repercussion on the yaw
angle is reduced with increasing operating points and is only
very weakly present in OP4. In accordance with the over
turning, the relative mass flow at these positions is also
reduced.

The relative mass flow is obtained for each operating
point to the respective maximum in the channel, so that the
homogeneity of the operating points can be compared. Due to
the constant pressure ratio and the increasing rotation speed
the absolute mass flow decreases from OP1 to OP4 by 4 %. It
appears, that with decreasing blade loading a more
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homogeneous distribution is achieved which is especially
evident behind rotor 1 on MP12 (see Fig. 7 (b)). The
differences on MP22 (see Fig. 7 (e)) between the operating
points are no longer as pronounced and also the previously
mentioned effect is inexistent as there is no subsequent stator
blade given.

The average Mach number decreases with increasing
rotation speed which is the result of the decreasing amount of
the absolute speed. The Mach number drops off sharply for
MP22 below 23% of the channel height (see Fig. 7 (d)). This
decline is most pronounced at low blade loading and
decreases with increasing blade loading. The decline is also
apparent in MP12 but less pronounced (18% channel height,
which is cannot be seen in Fig. 7). These effects occur due to
the passage vortex. For the detailed analysis of the passage
vortex a determination of the secondary kinetic energy is
useful which allows a qualitative assessment of the losses.
For the SKE, the relative outflow of both rotors of stage one
and two are considered. From the difference of the metal
outlet angle to the measured relative outflow angle, the
secondary velocities with equation (1) may be calculated.

WSKE = Wmeas — Wmet (D

As a gauge of the secondary losses the kinetic energy of
the secondary velocity may be used. In order to allow a
comparison of different operating points, the secondary
energy refers to the kinetic energy of MP10 in the meridonal
section [equations (2) and (3)].

1
SKE = 5 W'y (2)
. SKE 5
W skg = 05 Cl%/lPlo (3)

The SKE coefficient for MP12 and MP22 is illustrated
in Fig. 8. The secondary kinetic energy within the outflow
area of rotor blade 1 is between 30 to 70% very marginal.
From 15 to 30% of the channel height is a slight increase in
the secondary energy, in consequence of a minor
underturning which is caused by the passage vortex. A very
pronounced secondary energy becomes apparent below 20%
for OP1 and OP2 and 15% for OP3 and OP4 of the channel
height as the passage vortex causes this time an overturning.
In both cases, the secondary energy rises up to OP3. The
passage vortex is less pronounced in the casing area.

The secondary energy in the outflow area of the rotor
blade 2 is all in all greater, especially in the casing area but
also in the center of the channel. In this connection, the
inhomogeneous flow has to be considered. In the hub region
is the increase of the secondary energy, caused by the
passage vortex, also evident which goes in this case up to
40%. The maximum intensity however is fading, especially
on OP1 from MP12 to MP22 that results from a smaller
blade loading of the second stage. It is reduced, in
comparison to the first stage, in OP1 by 10% and in OP4 by
6% which leads to a lower cross pressure gradient.
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Fig. 8: Secondary kinetic energy coefficient for MP12
(above) and MP22 (below) in dependency on the
operating point

Analysis of the leakage flow
The pitchwise averaged static pressure rises along with

the decrease of the blade loading. Due to the higher rotation
speed the degree of reaction in the first stage rises, causing a
decrease of the pressure in the first stator at the measuring
point 1. The pressure distribution in the labyrinth and
corresponding to the measurement position in Fig. 4, are
portrayed in Fig. 9. The measured static pressure in the
labyrinth is related to the dynamic pressure in measurement
plane 10 and is called, in the following, relative static
pressure. The relative static pressure in Fig. 9 is pitchwise
averaged.
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Rel. staticpressure p™* [-]

59 — : : : .

Measurement position [-]
Fig. 9: Relative pressure loss in the labyrinth of rotor one

The pressure reduction within the labyrinth seal, from
the metering point two to five differs in all operating points
by 2 mbar and may therefore be assumed to be constant. The
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pressure reduction of the leakage mass flow is an elementary
size and therefore only minimal distinctions of the leakage
mass flow are to be expected. Since the leakage mass flow
depends on the specific volume at the inlet, the leakage mass
flow should rise with increasing blade loading. Since,
however the different blade loadings are generated by an
alteration of the rotation speed, a reduction of the radial gap
due to centrifugal force, is caused. This is to be seen in Fig.
10.
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Fig. 10: Transient determined radial gap and average
value

Measurements were conducted in the two positions as
demonstrated in Fig. 4 for reasons of comparability. By
reference to these information the relative leakage mass flow
may be obtained. To calculate the leakage flow, two different
models of Stodola were used which are summarized in
Traupel [15]. Table 3 shows that the leakage mass flow
changes only marginally from the cavity of stator one.

Table 3: Relative leakage mass flow

OoP 1 2 3 4
Theoretical
and empirical | ) o300 | 05004 | 1.036% | 1.008%
model by
Stodola
Stodola 0.975% | 0.934% | 0.948% | 0.914%

While the pressures in the cavity are independent from
the position of the stator blade, dependencies at the inlet and
outlet become apparent. When entering into cavity, the
pressure fluctuations are approximately equal for all four
operating points and are characterized by a peak behind the
trailing edge of stator blade one and by a minimum in the
channel (see Fig. 11). The average values of the pressures at
the inlet show an increase, due to the rising degree of
reaction (see Fig. 9). The measuring point with the highest
pressure is located in the extension of the blade mean lines of
stator blade one. The increase in pressure at this point
originates from the wake of stator blade one.

At the outlet of the cavity a shift from the maximum
pressure to the pressure side with increasing blade loading
becomes obvious (see Fig. 12). The absolute outlet flow
angle rises with decreasing peripheral speed which leads to a
positive incidence of subsequent stator blades. Thereby the
potential field is shifted.
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Fig. 11: Pressure fluctuations at the inlet of the cavity in
dependence on the stator position

The inhomogeneities on the wall of the blade channel
are more pronounced due to the shift of the potential field
and the positive incidence at high blade loading. Thus, at the
outlet, in opposition to inlet (see Fig. 11), of the cavity of
rotor blade one are the pressure fluctuations in dependence
on the blade loading. The pressure difference however
increases, depending on the stator blade position, from the
last cavity to the outlet of the cavity (see Fig. 4 measuring
point 5 and 6). Therefore it is anticipated that the leakage jet
leaks with more energy in the flow channel and causes higher
losses. Thus, the average pressure is an indication of how
powerful the leakage mass flow enters into the main flow
channel. According to that is the fluctuation of the leakage jet
most pronounced on OP1.

60.7
60.6
60.5
60.4
60.3 -
60.2 -
60.1

PS Si

—+—0OP1

-l QP2

--&--0P3

SRRV
59.9 \ [
59.8 ‘I
n N \V

59.7

—e OPA

Relative static pressure [-]

Fig. 12: Pressure fluctuations at the oulet of the cavity in
dependence on the stator position

CONCLUSION

The effect of varying blade loadings has been
investigated. The outflow from the first stage is, above 20%
of the channel height, homogeneous. Below this 20%, the
secondary energy increases sharply with rising blade loading
and is expanding, within the outflow area of the second rotor
blade, over the entire channel. A reduction of the passage
vortex at the hub of rotor one will improve the flow
conditions in MP22. This reduction may be achieved by an
endwall contouring in the hub- and casing area. The
contouring has to be placed over the entire axial length of the
blade. The aim of the endwall contouring is the guidance of
the side wall boundary layer. For that purpose, the velocity is
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reduced in the front of the blade by a dent on the side wall.
The boundary layer, due to its low momentum, is transported
more to the suction side. By a subsequent increase of the side
wall the side wall boundary layer is accelerated and oriented
according to the channel path. Thus, lesser way for material
exchange with the boundary layer is available and the
passage vortex develops to a lesser extent that consequently
leads to a more homogeneous outflow out of the stage.

For future investigations the inspected bladings will be
extended by an endwall contouring at the shroud as well as
the blade root, which will happen with the help of the
company Alstom. The changes of the flow conditions
therefore result solely from the endwall contouring. Since it
is a 2D profile, the potential of the endwall contouring can be
assessed accurately. This paper may also serve as a guideline
to support further profiled end wall studies.
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