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Abstract A one and a half stage transonic turbine was tested using a two component Laser-DopplerVelocimetry system. The measurements were carried out in order to record rotor phase resolved velocity,
flow angle and turbulence distributions upstream and downstream of the second stator row at several
different angular stator-stator positions (“clocking” positions). Altogether, the measurements downstream of
the second stator were performed for ten different clocking positions and upstream of the second stator for
two different clocking positions. The paper shows that different clocking positions have a significant
influence on the flow field upstream and downstream of the second stator. Furthermore error estimation and
a discussion of the tracer particle response are done.

1. Introduction
For industrial gas turbines the trend is towards higher efficiency at constant and possibly decreasing
costs per kW shaft power. Higher efficiency can be achieved with advanced 3-D aerodynamic
design and higher cycle temperatures. To meet the objective of reduced costs it is advantageous to
reduce the number of stages resulting in high pressure (HP) ratios thus leading to transonic
conditions for these stages.
The demand for efficiency increase and the search for more compactness results in a higher
importance of unsteady flow effects. The flow unsteadiness in turbomachinery is strongly related to
the relative motion between stator and rotor and the wakes generated by the cascades of stator vanes
and rotor blades. Both effects cause a time-varying non-uniform flow field downstream the stage
resulting in temporal variations in velocity, turbulence level and incidence angle.
In multistage turbines this unsteady mixing of stator and rotor wakes from sequent stages results
in a complex situation for numerical flow predictions. A number of researchers investigated these
effects by measurements and numerical simulations to better understand the unsteady flow
phenomena involved (e.g. Huber et al., 1996; Eulitz et al., 1996; Gombert et Höhn, 2001;
Reinmöller et al., 2002; Arnone et al., 2002; Miller et al., 2003; König et al., 2004).
Until now most of the investigations focus on subsonic flows, only a few research teams
concentrate on transonic flow phenomena. With respect to HP stages (operating under transonic
conditions) the problem is even more complicated by the shock waves generated by the stator and
rotor blades impacting on the following cascade of blades (Jennions and Adamczyk, 1997; Gadea et
al., 2004; Haldemann et al., 2004; Billard et al., 2005). Tiedemann and Kost (2001) and Hummel
(2002) performed an investigation behind a transonic single-stage turbine at DLR, Germany,
suggesting two axial positions behind the rotor where the shock strength is reduced and the next
stator blades should be placed.
This basic idea of clocking (also known as indexing) is related to the overall improvement of
efficiency by varying the circumferential and/or the axial position of adjacent stator or rotor blades.
The most common method is to rotate the 1st stator (nozzle ring) with respect to the 2nd downstream
stator, while the largest efficiency increase is achieved with equal stator blade counts in both
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stators.
Due to the strong pressure fluctuations and pressure (acoustic) waves in HP turbines and
compressors a number of authors use laser-optical techniques to investigate unsteady phenomena in
these machines, eg. Particle-Image-Velocimetry (PIV; Wernet, 2000; Lang et al., 2002; Liu et al.,
2006; Göttlich et al., 2006) or Laser-Doppler-Velocimetry (LDV; Zaccaria and Lakshminarayana,
1997; Matsunuma and Tsutsui, 2000; Ibaraki et al., 2003; Göttlich et al., 2004; Göttlich et al.,
2006). These laser-optical techniques avoid flow blockade and are not mechanically influenced by
strong pressure fluctuations. While PIV records the full flow field within a single light sheet, two or
three component LDV provides data on velocity, turbulent kinetic energy and flow angle from
single positions in the flow field. In this publication a two-component LDV system is used to
record unsteady flow data from a 1½ stage cold-flow axial turbine for different stator-stator
positions (clocking positions).

2. Experimental Setup and Data Acquisition
2.1. Transonic Test Turbine
The transonic test turbine of the Institute for Thermal Turbomachinery and Machine Dynamics
is a continuously operating cold-flow open-circuit facility, which allows the testing of turbine
stages with a diameter up to 800 mm in full flow similarity (corrected speed and pressure ratio).
Pressurized air is delivered to a mixing chamber by a separate 3 MW compressor station. A
membrane type coupling directly transmits the turbine shaft power to a three stage radial brake
compressor and measures the torque. This brake compressor delivers additional air to the air flow
from the compressor station into the mixing chamber thus increasing the overall mass flow. The air
temperature at turbine stage inlet can be adjusted by the compressor station coolers in a range
between 40°C to 185°C. The maximum shaft speed of the test rig is limited to 11550 rpm.
Depending on the stage characteristic a maximum coupling power of 2.8 MW at a total mass flow
of 22 kg/s can be reached. Additionally, a suction blower in the exhaust line can be used to lower
the exhaust pressure to 0.82 bar to obtain a higher pressure ratio over the turbine stages. Detailed
information on the design and construction of the facility can be found in Erhard and Gehrer (2000)
and Neumayer et al. (2001).

a

b

Fig. 1 a) meriodional section of the transonic turbine (1½ stage), b) vane and blade profiles at mid-section
for two clocking positions (CP 1 and CP 6). The dots indicate the measurement positions along five lines
between the rotor and the 2nd stator and along one line behind the 2nd stator.
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The meridional section of the 1½ turbine stage is given in Fig. 1. The convergent-divergent flow
path in the 1st stator region accelerates the flow to supersonic velocity. There are 24 stator vanes and
36 rotor blades followed by 24 vanes in the 2nd stator. Detailed flow measurements within the first
stage (1st stator and rotor only) using LDV and PIV can be found in Göttlich et al 2006. The 2nd
stator vane has a simple cylindrical contour and is designed as a low-pressure vane to prevent
condensation. Downstream of the 2nd stator a deswirler takes out the circumferential velocity and
reduces flow velocity and therefore exhaust losses (not shown in Fig.1). Table 1 provides the
geometrical data and the operation conditions of the turbine.
Table 1: Stage geometrical data and operating conditions
1st stator chord (midspan) [mm]
1st stator geometric turning angle nozzle [°]
1st stator aspect ratio (exit height / chord)
blade chord (midspan) [mm]
blade geometric turning angle blade [°]
blade aspect ratio (exit height / chord)
2nd stator chord (midspan) [mm]
2nd stator geometric turning angle 2nd vane [°]
2nd vane aspect ratio (exit height / chord)
rotor tip clearance [mm]
2nd stator hub clearance [mm]
1st stator-blade spacing [% nozzle axial chord (midspan)]
blade-2nd stator spacing [% blade axial chord (midspan)]
pressure ratio ptotal.inlet/pplane C
pressure ratio ptotal,inlet/pplane D
rotational speed [rpm]
inlet total temperature Ttotal,inlet [K]

78.9
70
0.70
55.9
107
1.24
88.3
53
0.88
1
1
47
73
3.30
4.27
10600
413

2.2. Data Recording
The velocity measurement was performed by a two-component LDV-system (DANTEC FiberFlow
with two BSA processors) and by a 6W argon-ion laser (COHERENT) operated at approximately
400 mW in all lines. Details on the optical beam system are given in table 2, with the u component
in axial direction and the v component in circumferential direction. This geometry resulted in a
probe volume of app. 0.12 mm diameter and 2.6 mm radial depth. Optical access upstream of the
2nd stator was realized through a small plane-parallel glass window of 9 mm thickness and 120 × 23
mm surface dimension (HERASIL high-temperature quartz glass), while downstream of the 2nd
stator a convex-concave window of 9 mm thickness and 140 x 90 mm surface dimension was used.
An anti-reflection coating was applied to both windows. Due to limited optical access through the
outer casing, the small plane-parallel glass window was inclined by 12° against the axis of the four
laser beams. This led to a shift of the two probe volumes by 0.15 mm in the direction of the laser
beam axis and 0.002 mm lateral to it and had little influence on the fringe spacing.
Table 2: Optical beam system
velocity component
focal length [mm]
wavelength [nm]
beam spacing [mm]
beam diameter [mm]

u
400
514.5
38
2.2

v
400
488
38
2.2
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The stator blades, the rotor blades and the endwalls were covered with a high-temperature flat
black paint to reduce surface reflections. Droplets of DEHS oil (Di-Ethyl-Hexyl-Sebacin-Esther)
with a nominal diameter of 0.3 µm were added by PALLAS AGF 5.0D seeding generator 30 cm
upstream of the 1st stator row as seeding material for the measurements. The fringe modulation of
the burst signals was used to reduce the influence of too large droplets (BSA quality factor).
Both stators were mounted on a rotateable ring. All circumferential positions traversed with the
LDV probe are shown in Fig. 1b. These measurements were performed for each clocking position
by step-wise turning both stators with the probe head remaining in a fixed position relative to the
casing and the window section. By varying the angular position of the 2nd stator relative to the 1st
stator different clocking positions were realized. Altogether the measurements were performed for
ten different clocking positions downstream of the 2nd stator and two different clocking positions
upstream of the 2nd stator. Each circumferential line in Fig. 1b consists of 20 measurement positions
covering one vane pitch (approximately 3 mm spacing in circumferential direction). To investigate
the upstream influence of the 2nd stator, five circumferential lines were measured in plane C with an
axial spacing of 6 mm. The measurement line 1 was located 3 mm upstream of the leading edge of
the 2nd stator. The positions recorded downstream of the 2nd stator were located along a
circumferential line 10 mm downstream the trailing edge of the 2nd stator.
To allow analysis of the measured velocity bursts relative to the angular position of the rotor for
each point traversed, one key-phasor reference signal and 12 TTL overspeed-tachometer signals per
revolution provided by the monitoring system of the turbine were used to trigger the data sampling
(uncertainty: blade pitch/300, a phase delay depending on speed was accounted for). The sampling
frequency by the BSA processor leads to an angular resolution of 0.01° (record length 8, record
interval 0,17 µs) compared to the 0.3° uncertainty caused by the trigger system as mentioned above.

2.3. Data Reduction
For each position traversed (see Fig. 1b) app. 80000 velocity burst were collected. The trigger
provided by the turbine’s shaft monitoring system was then used to sort the single velocity samples
(bursts) by the actual rotor position. All data recorded over one rotor turn were then mapped into
one 10° section so that these data represent an average value over 36 rotor blade channels. In the
time domain this corresponds to one blade passing period, the time needed for one rotor blade to
move by one rotor pitch. Such a velocity recording for one measurement position is given in Fig.2,
with the black dots indicating single velocity samples (bursts).

a

b

Fig. 2 a) circumferential velocity component and b) axial velocity component for clocking position 6, plane
C, line 5, position 16
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For further data evaluation the blade passing period was divided into 40 evaluation windows,
corresponding to 40 different rotor-stator positions. For each window these instantaneous velocity
data were ensemble averaged using a linear regression method as described by Glas et al., 2000.
This procedure resulted in ensemble averaged velocity components u , v and the unresolved
fluctuating components u ′ , v ′ for each of the 40 rotor-stator positions resolved within one blade
passing period. In Fig. 2 the ensemble averaged velocity components are presented by a line while
the fluctuations within each of the 40 windows are indicated by error bars representing the
turbulence level within each ensemble. The dotted line gives the velocity value when averaged over
the full blade passing period.
Since clocking is mainly attributed to the stator wakes, these wakes have to be identified first,
usually by the increase in turbulent kinetic energy (TKE) within these wakes. The TKE is calculated
by the following equation from the two-component LDV data:
__

__

k = 0.75 ⋅ (u ' 2 + v '2 )
(1)
Eq. 1 is based on the assumption that the third component w’ (not recorded) is of the same
magnitude than the u’ and v’ components (spatial isotropy of turbulence).
At certain time intervals within Fig. 2 the number of velocity samples decreased due to a
decrease of seeding particles at certain rotor-stator positions. Whenever the wake behind a rotor
blade passed by, not only the flow angle changed, but within the wake vortices shedding from the
trailing edges of these blades contain boundary layer fluid with only very little seeding particles
resulting in a decrease of data rate. Especially for these rotor-stator positions a detailed error
analysis is necessary, especially when quantitative information on turbulence is needed. This
uncertainty caused by a finite number of samples can be estimated by confidence intervals. When
ensemble averaging is applied the following equation describes the confidence interval (Glas et al.,
2000):

__
__ 
'2

u
u '2 
 u k − f . t n −1;1− α / 2
, u k + f . t n −1;1− α / 2
)
(2)
n −1
n −1 





With u k the ensemble averaged velocity component (ensemble number k), f factor depended on the
type of regression used (see Glas et al, 2000; when no regression method is applied this factor
equals 1), tn ;α fractile of the Students-t distribution with n degrees of freedoms to the level α. Here
n is given by the number of bursts within one ensemble and α = 0.5 for 95% confidence.

3. Results and Discussion
All together 120 positions in the midspan of the flow channel were investigated, 100 positions
along 5 lines between rotor and 2nd stator and 20 positions along one line behind the 2nd stator.
From the 10 different clocking positions investigated, two clocking positions (CP1 and CP6) will be
discussed herein each along four selected lines. These two clocking positions led to the maximum
(CP6) and minimum (CP1) efficiency. In the following Figs. 3 and 4 the TKE and the velocity
magnitude are discussed. The ensemble averaged velocity magnitude was calculated using the two
orthogonal components u , v .
This discussion uses time-space plots for each of the four lines. As in Fig. 2, in these plots the
abscissa gives the time in terms of the rotor blade passing period. For the single positions traversed
along each line the TKE or total velocity is then plotted as a contour plot with the single positions
arranged along the ordinate related to the stator pitch. Since the blade ratio between rotor and stator
is 3:2 three blade passing periods (x-axis) and two stator pitches (y-axis) gives a recurrent scheme.
-5-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006
paper 1025

Structures caused by the bypassing rotor appear under an inclination of 45°, structures evoked by
the stators are horizontal.
Turbulent kinetic energy: In Fig.3 the level of the TKE is dominated by the vortices shedding
from the rotor blades (lines C1-C5) and from the 2nd stator (line D1). Examination of lines C5 and
C3 shows diagonal structures of discrete spots of higher TKE (position A in Fig.3). These structures
represent the shed vortices from the rotor trailing edge indicating a locking of vortex shedding to
the rotor phase. If the vortex shedding from the rotor blades is not phase locked to the rotor blade
movement, the wake structure in the time-space plot would appear as a continuous stripe of higher
turbulent kinetic energy due to the ensemble averaging. Here, the vortex shedding frequency was
phase-locked to the blade passing frequency (6.37 kHz). In the present case seven vortices shed
from the trailing edge within one blade passing period (see D in Fig.3). The vortex shedding
frequency was calculated with app. 45 kHz (corresponding to a Strouhal number of 0.2). This phase
locking of the vortex shedding is caused by a pronounced shock system behind the 1st stator,
causing a periodic disturbance of the suction side boundary layer on the rotor blades, thus triggering
the shedding process. This can be seen by a longer interval between shedding vortices in Fig. 3,
position D. This effect already occurs in the first transonic stage and is discussed in detail by
Göttlich et al. (2006). A numerical prediction was done by Sondak and Dorney, 1999. Thus, phase
locking of the vortex shedding is mainly caused by the strong pressure fluctuations in the transonic
flow regime, the clocking of the two stators is of minor influence to it.

B

C
D
A

Fig. 3 Time-space plots of the turbulent kinetic energy (TKE) for 3 lines between rotor and 2nd stator and one
line behind the 2nd stator. Two different clocking positions are compared, CP1 and CP6. A, B and C indicate
the rotor wake, the 1st and the 2nd stator wake. D counts the vortices shedding during one blade passing
period. The arrow indicates the direction of rotor movement.
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Using the particle size, the particle density and the frequency, the particle response can be
estimated (Mei, 1996). Assuming acceleration forces and friction a DEHS droplet of 0.3 µm could
follow a fluid velocity oscillation in air with a frequency of approximately 80 kHz at an amplitude
of at least 99% of the fluid oscillation amplitude. Assuming droplet agglomeration during their way
through the flow droplet size may increase. A 0.6 µm droplet could still follow 22 kHz oscillations
with 99% fidelity in amplitude. For the high vortex shedding frequencies observed in this
investigation tracer particles will act as low-pass filter to the recorded velocity field
(Woisetschläger et al., 2003). Therefore, the single vortices recorded by the tracer particles
movement will always be seen as circular structures, although results obtained by computational
fluid dynamics indicate a kidney shaped structure of the vortices. Higher harmonics in the vortex
shedding process were lost by the tracer particles lag.
With the high frequencies involved and a trailing edge thickness of 1.5 mm the single vortical
structures are in the size of a few millimeters when shedding from the rotor blades. Since the
distance between the single measurement positions along a line was approximately 3 mm,
undersampling occurs in line C5 with single vortices apparently having two peaks when passing
between two measurement positions. This sampling effect vanishes along line C3 and C1 due to the
vortex decay.
Additionally to the diagonal structures caused by the rotor blade movement, horizontal
structures with a higher level of turbulence can be observed (positions B and C in Fig. 3). Structures
along line B represent the vortex street from the 1st stator row chopped by the rotor blades, while
line C represents the wake from the 2nd stator.
While the TKE between the rotor exit and the 2nd stator was little influenced by the clocking
position, an adverse superposition of the stator wakes of the downstream of the 2nd stator at CP1
increased the TKE significantly, leading to higher losses. When the wake of the 1st stator passed
close to the pressure side of the 2nd stator vanes a significant lower TKE was found. Then the wake
of the 1st stator had an adverse influence to the suction side boundary layer of the 2nd stator.
Velocity magnitude: The time-space plots of the velocity magnitude shown in Fig. 4 are
dominated by the rotor wakes, the periodic 1st stator wakes and the trailing edge shocks. In Fig. 4 A
indicates the suction side shocks, B the pressure side shock both moving with the blades. The
suction sides of the adjacent rotor blades reflected the pressure side shocks. Periodically, chopped
wake segments and pressure fields from the 1st stator modulated the strength of the shocks. While in
line C5 the influence of the clocking is not significant, this is no longer the case for line C1. Here
the 2nd stator induces a strong static pressure field to the flow, modulating the strength of the shocks
periodically impinging at the leading edge of the 2nd stator vanes. These oscillations in velocity are
more pronounced for CP1 than for CP6.
In Fig. 4 a periodic increase and decrease in the velocity of the rotor wake can also be observed
(line C). The negative jet model discussed by Hummel, 2002, can explain this effect. When the
wake of the 1st stator passes through the rotor blades it interferes with the wake from the rotor
blades. Each wake consists of single pairs of vortices rotating clockwise and counter-clockwise,
resulting in a lower velocity in the centre of the wake. Due to the rotor passage the vortices
shedding from the 1st stator are deformed and then interact with the vortices shedding from the rotor
blades. Depending on the direction of rotation these vortices interfere constructively or
destructively with the vortices shedding from the rotor blades thus increasing or decreasing their
vortex strength. This can be also understood by periodical superposition of a jet negative to the flow
direction. Downstream the 2nd stator the velocity magnitude is strongly influenced by different
stator-stator positions. Particular at CP1 the velocity changed periodically by more than 10% within
the main flow and wake showed pronounced phase locking to the rotor blade passing period. This
indicates a strong influence on the boundary layer of the 2nd stator blades. At CP6, when the wake
of the 1st stator blades passed close to the pressure side these effects smoothed out, the flow was
more uniform and the vortex shedding less phase locked.
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Fig. 4 Time-space plots of the total velocity for 3 lines between rotor and 2nd stator and one line behind the
2nd stator. Two different clocking positions (CP) are compared, CP1 and CP6. A and B highlight the shock
system. Line C marks the rotor wake.

Uncertainty: Finally, Fig. 5 gives the uncertainty for the velocities recorded within the flow
field. This error is related to the number of samples available to the ensemble averaging and was
done using the theory of confidence intervals presented in Eq.2. For each position traversed, these
absolute errors were divided by the velocity magnitude resulting in the relative error in percent.
These plots indicate an error up to 10% in some regions of the wakes, having a significant influence
especially to the accuracy of quantitative values of the TKE in these regions. On the other hand,
boundary layer material shedding at such high frequency is purged from tracer particles, so if higher
accuracy in these regions is needed other techniques have to be used (e.g. Woisetschläger et al.,
2003). Therefore areas with an error in velocity larger than 10% were blanked in Figs. 3 and 4, line
D1. Within the main flow the error in velocity was between 0.4% and 0.7% , the error in TKE
between 3% and 5%.
Due to the low aspect ratio of the turbine under investigation, secondary flow fields with strong
radial migration from the tip or the hub are likely to shift the optimum clocking position compared
to CP6 for other radial heights. This will demand a complete 3D-design of the stator vanes to
benefit from the clocking effect in all radial positions within the flow field. But in a real turbine the
vane’s three-dimensionality is limited due to stresses and manufacturing costs. Therefore the
optimum vane shape must be a tuned balance of many terms.
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Fig. 5 Time-space plots of the error estimation computed from the confidence intervals for 3 lines between
rotor and 2nd stator and one line behind the 2nd stator. Two different clocking positions (CP) are compared,
CP1 and CP6. The absolute error was related to the local velocity in every position traversed and is given in
percent..

4. Summary
A two component Laser-Doppler-Velocimeter was used to investigate the stator-stator clocking in a
1½-stage turbine at transonic flow conditions midspan of the flow channel. It turned out that a
clocking position in which the wake of the 1st stator blades passes the vanes of the 2nd stator close to
the pressure side is favorable in terms of low TKE and little periodic fluctuations within the flow
downstream the 2nd stator. In all other positions a more or less pronounced adverse effects on the
suction side boundary layer of the 2nd stator was observed. Additional to this effect a number of
other effects were observed usually present in HP turbine stages. Locking of the vortex shedding to
the rotor blade passing period occurred due to the influence of shock systems (pressure waves)
moving throughout the flow field, thus influencing the boundary layers and triggering vortex
shedding. Periodical modulation of the shock systems at the rotor by passing vortices and pressure
fields were also studied, as well as, interference of vortices shedding from stator vanes and rotor
blades.
Due to the high frequencies involved, tracer particles acted as low pass filter to the flow
structures. Thus higher order modulations of certain flow phenomena (e.g. vortex shedding) were
not observed. Additionally, boundary layer material shedding at such high frequency is purged from
tracer particles, the uncertainty within these regions was increased due to a lack of samples for the
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ensemble averaging.
The investigations herein focused on the midspan of the flow channel. Further investigations at
different radial heights will show the influence of secondary flow phenomena migrating from the
hub or the tip.
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