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MAIK TIEDEMANN!

Stator wake effects on the total pressure distribution
downstream of a transonic turbine rotor

‘Within a European project which aimed at the investigation of stator wake — rotor blade interac-
tions, measurements were carried out to determine the unsteady pressure distribution downstream of a
transonic high pressure turbine stage.

The experiments were conducted in the wind-tunnel for rotating cascades at the DLR Géottingen
(RGG). The RGG is a closed loop facility, that enabled real engine Mach and Reynolds numbers in the
turbine stage. The stator vanes had coolant ejection slots close to the trailing edge at the pressure side.

A Pitot probe, equipped with a fast response pressure transducer and a common pneumatic pressure
tube was installed downstream of the rotor. The measurement position was 0.5 axial rotor chords do-
wnstream of the rotor trailing edge at midspan. The stator vane passing frequency as seen by the rotor
was 5.6 kHz and the rotor blade passing frequency as seen by the probe was 8.4 kHz. The pneumatic
pressure was used as a reference for the rather inaccurate dc-readings of the fast response transducer.

Measurements were carried out for two different coolant ejection rates. Firstly with no coolant ejected
and secondly with 3% of the main mass flow ejected.

In the mean values of the total pressure downstream of the stage, the stator wake is clearly visible.
The periodic fluctuations of the total pressure downstream of the rotor are about 50% smaller in the
region of the stator wake than in the region of undisturbed inlet flow. Thus, the stator wake damps the
total pressure fluctuations generated by the rotor.

Nomenclature
a —  speed of sound, Re - Reynolds number,
€ — chord, absolute velocity, stp —  Stator-Rotor-Probe relative position,
cm —  coolant ejection rate, t ~ time, ’
M - Mach number, 1 — temperature, period,
N - number of revolutions, w - relative velocity,
rotational speed, @ —  absolute flow angle,

P —  pressure, B — relative flow angle,

b J n — dynamic viscosity,
B pTg s kgK ), K —  specific heat ratio (1.4).

Indexes
0 — total condition, settling 2 —  stator exit, rotor inlet,
chamber condition, 3 —  rotor exit,

1 -  stator inlet, ar — axial component,

'German Aerospace Center (DLR), Institute of Fluid Mechanics, Bunsenstrafie 10, D-37073
Gottingen, Germany
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fl — time-resolved random w,’ relative frame of reference,
fluctuation, & — ensemble-averaged value,
° —  circumferential component, = —  time-averaged value.

1. Introduction

In the past, most investigations of the actual efficiency of turbine blading were
conducted in straight cascade facilities. Even though these tests provide valuable
data, they are limited to two-dimensional flow. Furthermore, it is very difficult to
simulate blade row interactions and other unsteady effects in these facilities. In
order to satisfy the increasing demand for more information on three-dimensional
and unsteady effects, full turbine stage tests have gained more and more impor-
tance in the last years.

The major disadvantage of stage tests is the fact, that the applicable measu-
rement techniques are much more complicated and complex than those utilized
in straight cascade tests. This is mainly due to the limited space between blade
rows and the rotation of the rotor. For this reason it is rather difficult to maintain
the accuracy of data that has been attained in two-dimensional investigations. A
high degree of accuracy is however very important to be able to determine the
source (stator or rotor) of certain effects.

One approach to determine flow quantities in the relative frame of reference
(i.e. the rotor system) is the use of rotating probes. This technique requires howe-
ver complicated mechanical set-ups and calibration procedures. Another approach
is the determination of time-resolved data of the total pressure, the flow angle
and the Mach number in the absolute frame of reference. The total pressure can
be measured by utilizing probes equipped with fast response pressure transdu-
cers, while the Mach number and the flow angle can be determined by means of a
Laser-2-Focus system (L2F). Even though the L2F measures only time-averaged
values, proper triggering enables measurements of average velocities and average
flow angles in fixed stator-rotor relative positions (see Kost, 1993). Thus, rotor
wake ‘traverses’ can be conducted by triggering the system at different rotor posi-
tions. Assuming constant total temperature in the absolute frame, all properties
of interest in the relative frame of reference can be computed from the time re-
solved total pressure, Mach number and flow angle in the absolute frame.

This paper describes time-resolved total pressure measurements downstream
of a transonic high pressure turbine stage. Together with L2F measurements
which will be conducted in the near future, the results will be used to determine
the midspan flow field in the rotor system.

Another point of interest in this investigation was the effect of stator wakes
on the total pressure distribution downstream of the rotor. As shown by many
researchers (e.g. Arndt, 1991, Ladwig and Fottner, 1993 and Schréder, 1991) the
wakes of upstream blade rows interact with downstream rows. In this case it
was attempted to determine qualitative features of stator-rotor interactions in a
high pressure turbine. The actual influence of these effects on the rotor losses can
however not be determined without the above mentioned L2F results.
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2. Experimental apparatus

Figures 1 and 2 show the layout and the circuit diagram of the wind-tunnel
for rotating cascades at the DLR Gottingen (RGG). The RGG is a closed circuit
continuously running wind-tunnel. A four stage radial compressor with a maxi-
mum pressure ratio of six, driven by a 1 MW DC-motor provides a volume flow
rate of up to 15.5 m3/s.

test section

Zﬁgm‘&r exit chamber
motor/break
gl LD - S TP
) cooler P P
| P —— '
e M1
2 LBV ~ motor
1
I = e | radial compressorl;?
7 % % Z

Fig. 1. Sketch of the RGG.

—————><J~=— HP-SYSTEM (>70 BAR)

TEST SECTION
Nmex = 14.500 RPM
P = 500 KW

DRYER
MAIN COMPRESSOR
(4—STAGE RADIAL) X
V = 15.5m7s
w =6,
P = 1000 KW
>< Q VACUUM PUMP

e

Fig. 2. Circuit diagram of the RGG.
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A heat exchanger is located downstream of the compressor, enabling minimum
total temperatures in the settling chamber of about 298 K. All components of
the facility are controlled and monitored by means of a ”Simatic S5” control
system. The system keeps the pressure level in the facility within £100 Pa, the
temperature within £0.3 K, and the rotational speed of the rotor within less than
+1:RPM.

Due to the fact, that the test section Mach numbers are mainly dependent
on the rotational speed of the compressor and the Reynolds numbers are mainly
dependent on the adjustable pressure level, Mach and Reynolds number can be
varied independently within certain limits. This enables real engine conditions in
the facility. Before the start of a test, the facility is filled with dry clean air. The
entire start-up procedure lasts approximately 45 min which leads to adiabatic
conditions in the facility by the time the actual tests are started.

The test section is an annular duct with a tip-to-hub ratio of typically 1.15
and a mean radius of 256 mm resulting in a blade height of approximately 36
mm. The entire contraction of the flow channel from settling chamber to cascade
inlet is about 20. Possible rotational speeds of the rotor are up to 10,000 RPM.
The rotor is coupled to a 500 kW DC-motor/generator which either drives or
brakes it.

The probe carriage systems are mounted in fixed circumferential positions and
allows radial traversing of the probes and rotation about the probe axes. In order
to enable circumferential traverses behind a stator vane the stator can be rotated
by approximately 18°.

Data acquisition system

['he total pressure probe, that was used in this investigation is equipped with
a common pneumatic pressure tube and a fast response pressure transducer. The-
=. the data acquisition system is split into two parts (see Fig. 3). The pressure

ations into voltages. The standard data acquisition system of the
! the calibration of the transducer and the recording of the data.
time of the pneumatic system was 1s.

The second part of the acquisition system was needed to sample the data of
I =miconductor XQC-050-1.7 bar abs’ fast response transducer. The
s connected to a pre-amplifier with a gain of 100. After having
. the signal is divided into the total signal and a pure AC

wwain amplified to improve the resolution during the following 12 bit
ersion. The PC which was used for the unsteady data acquisition sys-
¢ with software which controlled the A/D conversion. A shaft
der (I in ERO 1324) which provided 1 pulse per revolution on its first
chanme! am (024 pulses per revolution on its second channel was mounted on the
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Fig. 3. Data acquisition system.

The software started the A/D conversion at the 1/rev pulse (trigger). After that,
exactly one A/D conversion per channel (AC and total signal) was carried out
for each of the 1024 pulses the encoder delivered per revolution (‘pacer’). This
technique guarantees, that exactly 1024 values per revolution are recorded, in-
dependent of the actual shaft speed. The samples are always taken at the same
relative stator-rotor-probe position in every revolution. For the nominal rotor
speed of 7894 RPM the resulting sampling rate is 134.7 kHz.

Measurement technique

Figure 4 shows a sketch of the probe that was used during this investigation.
As mentioned above, this probe is equipped with a fast response pressure trans-
ducer. This semi-conductor pressure transducer consists of a silicon diaphragm
bonded to a supporting pillar with a sealed cavity between. A Wheatstone resistor
bridge is diffused into the upper surface of this diaphragm. Strain intensifiers are
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etched into the other side, beneath the resistors. When pressure is applied to the
transducer, the diaphragm deflects straining the bridge resistors. These resistors
are positioned such that two are in tension and two are in compression. When
the diaphragm deflects, the resistors experience a change in resistance, due to the
piezo-resistive effect in the doped silicon. This resistance change is proportional
to the strain in the diaphragm at that point. The resistances on the diaphragm
are arranged in such a way, that the output voltage is linearly dependent on the
pressure applied to the chip.

2.5
Silastomer

b

2.7

AL,

7.9
Z

ez

7227,

Kulite Semiconductor
XQC-050-1.7 bar abs, Z1.4 mm

3.2
)o

Pneumatic pressure, & 0.5 mm

18 12

Fig. 4. Fast response total pressure probe with pneumatic reference.

In order to protect the fragile diaphragm against dust particles, the front part
of the transducer was covered with a thin silastomer film. The size of the cavity
in the front of the transducer is the main parameter that determines the cut-off
frequency of the probe. The fastest response would be achieved with no cavity at
all, this would however result in a large sensitivity of the probe to angular mi-
sadjustments. For this reason, the transducer was mounted into the probe with
little recess. The cut-off frequency of this probe is sufficiently above the desired
value of 50 kHz.

Unfortunately, the resistances of doped silicon are temperature dependent.
Due to this fact, the mean value of the total pressure measured with a semi-conductor
transducer tends to be rather inaccurate. In order to have an accurate reference
mean value a standard pneumatic pressure tube was added to the probe.

The probe was mounted 0.5 axial rotor chords downstream of the rotor tra-
iling edge at mid-span. It was turned to face the flow at the mean flow angle
in the absolute frame of reference. This angle was determined with a standard
wedge probe prior to the actual tests. Since Pitot probes are capable of measuring
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the correct total pressure in an angular range of approximately +10° the fixed
position of the probe is not expected to decrease the accuracy of the data.

3. Data evaluation

Prior to the actual data evaluation, the steady signals of the fast response
transducer (mean values of the total signal recorded on channel 2 of the data
acquisition system) were offset corrected and the unsteady signals (channel 1)
were phase shift and attenuation corrected. The according calibration curves were
determined between the pre-amplifier inputs and the A /D convertor outputs. Fur-
thermore, a software post filter was applied to the AC signals (43 kHz low-pass)
before the steady and unsteady signal components were superimposed.

A pressure vs. voltage calibration, was performed prior to each test. The re-
sults were used to convert the corrected output voltages of the transducer to
absolute total pressure values. Since the value of interest in this investigation is
the total pressure in the relative frame of reference, the following transformation
was applied to the data.

e Due to the fact, that time-resolved data was taken for the total pressure
only, the time-averaged values of the static pressure, the absolute flow angle
and the absolute total temperature were used to perform this transforma-
tion. The implicit assumption, that these values are constant around the
circumference (across the rotor wakes) is rather crude, particularly for the
static pressure and the flow angle. Due to the lack of time resolved data it
is however the only possible way to compute the relative total pressure. As
mentioned in the introduction, the data will be re-evaluated when the I.2F
data is available. Time is presented here as the relative stator-rotor-probe
position (srp) that changes with time due to the rotation of the rotor.

e First of all, the mean value of the transducer signal is shifted to the pressure
that was measured with the pneumatic pressure tube. Thus, the typical
DC-shift of fast response pressure transducers is eliminated.

e The downstream Mach number

K—1

2 sr e
Vitsr) o i (1303]()3 P)) i

e and the local speed of sound

( 5 ) K,RTog
as(srp) =
ik e —“glﬂlg(srp)
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lead to the velocity components in the absolute frame of reference:

C3az(87P) = cos ag - Mz(srp) - az(srp);

c3u(sTp) = sinag - M3(srp) - az(srp).

Together with the known circumferential velocity of the rotor ug, the velo-
city components in the relative frame are then given by:

wSam(ST'p) = cSax(‘Srp); wSu(Srp) == 63u(STp) — U3;

with: (c3, < 0).

e The Mach number in the relative frame

Mya(s7p) = ag(s7p) - {/whes(s7p) + w3, (s7p)

finally leads to the relative total pressure

Po3(sTp) = ps - < Mis(STP)) :

The following statistical procedures were then applied to the resulting relative

total pressures:

e Ensemble averaging (EA)
N
Pi(srpi) = Z (srp;); 1=0...1023

The EA procedure produces a signal that consists of 1024 points, corre-
sponding to the encoder pulses which are averaged over N = 448 rotor
revolutions.

e Determination of the EA random unsteadiness

e
pri(srps) = J St > (pij(stpi) — Bi(s7pi))?
=1 ,

This procedure computes the root-mean-square value (RMS) at each of the
1024 rotor-probe positions.

e Time averaging

=z / (T = 448/7894RPM)
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1: 7
random fluctuations = \/ T /0 p}l(t) dt

1 g
periodic fluctuations = \/T / (p(t) — p)2dt
0
(The periodic fluctuations are mainly wake-induced)

Finally, Fast Fourier Transforms of the EA pressure signal were computed.

4. Test parameters

During this investigation two different tests were carried out. The measure-
ments were conducted with and without coolant ejection from the coolant slots
close to the stator trailing edge at the pressure side. In the case with coolant, 3%
of the main mass flow were ejected at the main flow temperature. The stator was
turned during a test to vary the relative stator-probe position. Twelve different
stator positions, covering approximately one stator pitch where investigated du-
ring each test.

The geometry of the stage and the parameters of the two test cases are listed
in Tab. 1.

The terms inlet and exit refer to the rotor inlet and exit planes, respectively.
All angles are given with respect to the axial direction. The cascade configuration
and the probe position are shown in Fig. 5. All measurements were conducted at
mid-span.

Table 1
Cascade geometry and test parameters

| Geometry |  Stator | Rotor |
Chord ¢ 49.92 mm 33.44 mm
Axial chord ¢4z 29.86 mm 27.45 mm
Stagger angle 51.90 ° 32.71°
Number of blades 43 64
Stator / Rotor gap 14.6 mm

[ Operating parameters i =0% [ 6 =3% |
Relative inlet angle B 43.00 ° 43.00 °
Relative exit angle (3 —60.24 ° -60.84 °
Absolute exit angle a3 —14.23 © -15.07 °
M2 (relative inlet) 0.41 0.41
M.,3 (relative exit) 0.93 0.93
M3 (absolute exit) 0.476 0.474
Reyo (relative inlet) 0.24 E6 0.24 E6
M (absolute inlet) 10 1.0
Rotor speed 7894 RPM 7894 RPM
T-T pressure ratio 2.65 2.64
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Fig. 5. Stage configuration.

5. Results and discussion

Time-averaged values

The time-averaged pressure and fluctuation values downstream of the rotor

‘ted in Fig. 6 for the case with no coolant ejection, and the distributions ot

parameters for the 3% coolant ejection case are given in Fig. 7. The top plor

h figures shows the absolute total pressure data of the pneumatic pressure
1be and the fast response transducer (DC reading). The difference between these
5 curves, is mainly due to the above-mentioned offset shift of semi-conductor
= transducers. The center plots show the total pressure data transformec
‘he relative frame of reference. Finally, the periodic fluctuations (periodic
=spect to rotor wake passages) and the random fluctuations (RMS values
in the bottom plots of Fig. 6 and 7. All these time-averaged data sets
1 versus stator pitches, i.e. every data point represents one of the inve-

ed v
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stigated 12 stator positions (the stator was moved, while the probe remained in
a fixed circumferential position).

ee Pneumatic pressure ee Pneumatic pressure
= DC reading = DC reading
56 56
& 52 I 52
=3 = = 15 ) B
- 48 P S~
= == & 5 =
44 44
gutel Relative total pressure it Relative total pressure
E‘ 78 E 78
x 74 ~C x 74 ~ ~—
870 > ‘£70 =
66 66
*= periodic fluctuations e periodic fluctuations
— random fluctuations — random fluctuations
6.0 . % 6.0
. 45 ;_ . 45 T
S 30 e N S 30 Nt
s 1iis
0.0 0.0
0.001 020304 0506070809 1.0 1.1 1.2 0001020304 0506070809 1.0 1.1 1.2
Stator Pitches Stator Pitches
Fig. 6. Time-averaged values, ¢,y = 0%. Fig. 7. Time-averaged values, ¢, = 3%.

The absolute as well as the relative total pressure traces in Fig. 6 clearly
indicate the influence of the stator on the downstream total pressure distribu-
tion. The wake shed by the stator results in a wide flat wake in the downstream
pressure distributions between stator pitch = 0.4 and stator pitch = 1.0. The
resulting parameters that originate from the stator suction side are plotted to the
left of this wake, while the pressure side parameters are plotted to the right. The
periodic fluctuations (mainly due to the amplitude of the relative total pressure
fluctuations of the rotor) in the center of the stator wake effect are decreased
by almost 50 % with respect to the periodic fluctuation level outside the wake
effect. The random fluctuations, which are due to non-periodic effects such as
wake-mixing processes show a similar behaviour. However, these values are only
about half as much influenced by the stator wake as the periodic fluctuations are.
Note, that the turbulent time scale in typical RGG cascades is in the order of 300
kHz. Therefore the probe data which was low-pass filtered at 45 kHz certainly
does not resolve any kind of turbulent fluctuations. Thus the random fluctuations
are solely due to non-periodic non-turbulent effects.

The time averaged values for the test case where 3% of the main mass flow
were ejected from the coolant slots close to the stator trailing edge show a pat-
tern similar to that of the time-averaged data for the no coolant case (see Fig.
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7). The effect of the stator wake on the rotor downstream pressure distribution
is however less pronounced. Taking into account that the simulated coolant ‘fills
up’ the stator wake, it is not surprising that the effect of the resulting flat stator
wake on the rotor wakes is smaller than that of the deeper stator wake in the nc
coolant case.

Time-resolved values

The ensemble-averaged (EA) time-resolved relative total pressure traces for
the 12 investigated stator positions (Pos = % of a stator pitch) are plotted in Fig
8. The thick lines represent the pressures of the no coolant test case and the thir
lines represent the results of the 3% coolant ejection case. The data is plottec
from the suction side (rotor pitch = 0) across the rotor wake to the pressure side
Except for the two positions stator pitch = 0.59 and 0.67 the coolant ejectior
seems to have no influence on the total pressure fluctuations downstream of the
rotor. In these two positions the data traces are shifted vs. each other, which i=
due to the above-mentioned decreased stator wake depth in the 3% coolant case
The unsteady pattern is, however, in all 12 positions very similar. Thus, it car
be concluded, that the coolant ejection does not significantly alter the qualitativ:
features of the effect of stator wakes on the pressure distribution downstream «
the rotor. For this reason, only the no coolant case will be discussed here.

As already mentioned in the discussion of the time-averaged values, the pres-
sure amplitudes of the signals measured in stator-probe relative positions outsic:
the stator wake effect are significantly larger than those measured in positions
where the stator wake effects the rotor pressure distribution. Fig. 8 indicates
continuous decay of the rotor wake depth from position 0.17 (top plot) to po-
sition 0.67. At the same time the width of the relative total pressure maxin
decreases, which means, that the rotor wake width increases. Both effects ar
reversed between position 0.67 and position 1.10. The continuous decay of !
pressure amplitude between position 0.17 and 0.67 and its increase between pos:-
tion 0.67 and 1.10 can also be seen in the amplitude spectra of the relative tot
pressures in Fig. 9.

Since from the plots of the time-averaged data the stator wake effect on
rotor pressure distribution was identified between position 0.4 and 1.0 with
maximum effect being close to position 0.7, it can be concluded, that the st=-
tor wake damps the rotor pressure fluctuations. Due to the fact, that the roto
wake width increases while its depth decreases, this conclusion does not neces-
sarily mean, that the rotor losses are decreased under the influence of the stat
wake. In order to accurately compute the rotor pressure losses in the relati
frame of reference time-resolved static pressure and flow angle signals have to ™
determined. For this reason, the L2F measurements which are described in
introduction will be used to re-evaluate the data presented here.
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As Fig. 10 shows, the minima and maxima of the random fluctuation traces al-
most diminish when the rotor inlet flow is disturbed by the stator wake (around
position 0.7). The fluctuation minimum that was attributed to the calm rotor
passage core flow vanishes probably due to the fact, that the rotor wake becomes
wider under the influence of the stator wake. Thus, the core flow region must
become narrower, which leads to a smaller calm region in the rotor wake traverse.
Furthermore, the stator wake that is chopped by the rotor leading edges extends
over the entire rotor passage. Therefore, the fluctuations of the stator wake flow
appear in the rotor core flow downstream of the rotor. As the rotor wake depth is
decreased when the rotor inlet flow is disturbed by stator wakes, the wake mixing
intensity decreases as well under these conditions. Thus, the two fluctuation ma-
xima which were attributed to these effects must also decrease. This discussion
delivers a possible explanation for the fact that the fluctuations in the wake di-
sturbed region show no distinct minima and maxima. The reason why the mean
values of these fluctuations decrease in the stator wake disturbed region remain
however unexplained.

6. Conclusions

Total pressure measurements downstream of the rotor of a modern high-pressure
turbine stage were conducted with a probe that was equipped with a fast response
transducer. The resulting time-resolved absolute total pressure traces were trans-
formed into the relative frame of reference. The data clearly indicates a significant
influence of the stator wake on the relative total pressure distribution of the rotor.

For those relative stator-probe positions where the rotor flow is affected by
stator wakes, the rotor wake depth decreases while its width increases with re-
spect to undisturbed conditions. As opposed to the conditions when the rotor
flow is undisturbed, the random fluctuations show no distinct peaks and minima
when the flow-field is affected by stator wakes. Furthermore, the mean value of
the random fluctuations decreases in the stator wake disturbed region.

The sampled data will be used to determine the effect of stator wakes on the
rotor pressure losses, when additional Laser-2-Focus data from the same turbine
stage will be available.

Simulated coolant ejection from the stator trailing edge showed no signifi-
cant influence on the qualitative effects of stator wakes on the total pressure field
downstream of the rotor.
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Efekty wplywu §ladu za stojanem na rozktad ci$nienia catkowitego za
wirnikiem turbiny transonicznej

Streszczenie

W ramach projektu europejskiego, nakierowanego na badania oddzialywan oplywu stojana i lopatek
wirnika, przeprowadzono pomiary w celu wyznaczenia nieustalonego rozkladu cisnienia za czeécia wyso-
kociénieniows turbiny transonicznej. Badania przeprowadzono w tunelu powietrznym dla obracajace]j sic
kaskady, w laboratorium DLR w Getyndze (RGG). Jest to stanowisko z zamknieta petla, ktére umoz-
liwia badania w stopniu turbiny dla rzeczywistych liczb Macha i Reynoldsa. Lopatki stojana posiadaly
szczeliny do pozbywania sie chlodziwa, blisko krawedzi splywu na stronie ci$nieniowej. Rurke Pitota
posiadajaca szybki przetwornik cignienia oraz zwykla rurke pneumatyczng zamontowano za wirnikiem
Pomiar odbywal si¢ w odlegloéci 0.5 cieciwy osiowej wirnika, za krawedzia splywu wirnika. Posréd war-
toéci érednich calkowitego ciénienia za stopniem wyraznie widoczny jest $lad za stojanem. Okresowe
fluktuacje calkowitego ciénienia za wirnikiem sg okolo 50% mniejsze w obszarze §ladu stojana, niz w
obszarze niezakléconego przeplywu na wlocie. Dlatego $lad za stojanem tlumi fluktuacje cisnienia cal-
kowitego generowane przez wirnik.



