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This paper describes the measurements and the post-processing procedure adopted for the determination of the 

turbulence intensity in a low pressure turbine (LPT) by means of a single sensor fast response aerodynamic pres-

sure probe. The rig was designed in cooperation with MTU Aero Engines and considerable efforts were put into 

the adjustment of all relevant model parameters. Blade count ratio, airfoil aspect ratio, reduced massflow, reduced 

speed, inlet turbulence intensity and Reynolds numbers were chosen to reproduce the full scale LP turbine. Meas-

urements were performed adopting a phase-locked acquisition technique in order to provide the time resolved 

flow field downstream of the turbine rotor. The total pressure random fluctuations are obtained by selectively fil-

tering, in the frequency domain, the deterministic unsteadiness due to the rotor blades and coherent structures. 

The turbulence intensity is derived from the inverse Fourier transform and the correlations between total pressure 

and velocity fluctuations. The determination of the turbulence intensity allows the discussion of the interaction 

processes between the stator and rotor for engine-representative operating conditions of the turbine. 

Keywords: Turbulence, fast response aerodynamic pressure probe, low pressure turbine. 

Introduction 

The aerodynamic performances of turbine bladings are 
largely affected by the unsteadiness caused by sta-
tor-rotor interaction. In the last decades, since Binder et 
al. [1] and Hodson [2], many studies have been per-
formed in turbine research facilities in order to increase 
the knowledge of the unsteady flow inside a turbine and 
improve the efficiency of highly loaded profiles. The 
sources of unsteadiness are numerous: secondary flows, 
potential flow fields and wakes, they are among the main 
that may be encountered in subsonic turbines. The sec-
ondary flows have a considerable effect on the whole 
flow field of low aspect ratio turbines (e.g. [3–5]) while 
for high aspect ratio ones, like the case of LPT, their ef-
fect is confined in the endwall regions (e.g. [6]). For this 

reason, the behaviour and generation of 2D losses have 
been the subject of a very large amount of studies (see for 
example the review by Hodson and Howell [7]). The 
wakes propagating from upstream are bowed and 
stretched as they convect through the rotor blade pas-
sages and influence considerably the evolution of the 
suction side boundary layer and hence cause turbulence 
generation and losses. 

The measurement of the turbulence intensity in ex-
perimental rigs with realistic inflow conditions is needed 
to understand the mechanisms of loss generation and to 
provide realistic test cases for the validation of CFD 
codes. Since the beginning of the 90s, many studies on 
turbine rig performed turbulence measurement by means 
of hot-wires (e.g. [6] among many others) or Laser- 
Doppler Velocimeter LDV (for example Zaccaria and 
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Nomenclature  

BN number of blades Tu turbulence intensity 

BPF blade passing frequency v velocity 

Cpt total pressure coefficient w relative velocity 

EGV exit guide vane α flow angle 

EO engine order ρ flow density 

IGV inlet guide vane < > purely periodic component 

LPT low pressure turbine Subscripts  

M Mach number AVE 
Circumferentially averaged proper-

ties 
mrd reduced massflow r relative 

nrd reduced rotational speed rms root mean square 

pt total pressure Superscripts  

PLA phase locked average - time average properties 

Re Reynolds number ~ phase average properties 

T blade passing period ‘ stochastic fluctuating component 

 
Lakshminarayana [8]). Whereas, only recently, the use of 
fast-response aerodynamic pressure probes (FRAPP) has 
been extended to turbulence measurements. Porreca et al. 
[9] and Persico et al. [10] have recently shown that tur-
bulence measurements may be performed with a 
two-sensor and one-sensor probe, respectively. In par-
ticular, the methodology proposed by Persico et al. [10] 
may be adopted also for compressible flows, as per-
formed by Paradiso et al. [11] downstream of a transonic 
turbine rotor, where turbulence measurements by means 
of a FRAPP were validated with LDV. 

The work presented in this paper extends the proce-
dure adopted in those previous papers considering the 
method for the determination of turbulence quantities 
proposed by Camp and Shin [12] and Oro et al. [13]. The 
raw data acquired by a miniaturized fast response aero-
dynamic pressure probe in a three-sensor virtual mode 
are transformed in the frequency domain where all the 
deterministic fluctuations are filtered out in order to re-
construct the unsteadiness only due to the stochastic 
fluctuations. 

The results shown in the paper include time-resolved 
aerodynamic traverses performed on a research low 
pressure turbine. The test rig is a scaled model of the last 
1 and 1/2 stage of a commercial engine and it is operated 
at different engine representative conditions, take-off, 
approach, and cruise. The paper describes the unsteady 
flow field downstream of the turbine rotor. The results 
show that, for an unshrouded rotor, the turbulence gen-
eration close to the turbine endwalls, due to the 3D flows, 
may not be neglected, in particular in the tip region. In 
fact, the flow field at the stator exit influences not only 
the behaviour of the rotor suction side boundary layer but 
also the dimension and turbulence characteristics of the 

secondary flows of the rotor endwalls. 

Experimental facility 

The Institute for Thermal Turbomachinery and Ma-
chine Dynamics (ITTM) at Graz University of Technol-
ogy operates a 3 MW compressor station to supply a 
couple of test facilities continuously with pressurized air. 
In the described test facility, the maximum pressure ratio 
is 1.6 and the maximum massflow is 15 kg/s. In order to 
provide well defined and uniform inflow conditions, a 
de-swirler together with a perforated metal plate is 
mounted upstream of the test section inlet. The test tur-
bine consists of the inlet guide vanes (IGV), the stator, 
the rotor and the exit guide vanes (EGV) as depicted in 
Fig. 1. The rig is followed by a 360 deg rotatable meas-
urement section [14]. Finally, the air leaves the rig 
through the exhaust casing of the facility into the exhaust 
stack. A full description of the STTF-test facility is given 
by Moser et al. [14]. 

 

 
 
Fig. 1  Sectional drawing of the test turbine, general arrange-

ment; results described in the paper refer to plane 2.  
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The aerodynamic design of the low pressure turbine 
was performed by MTU Aero Engines. Considerable 
effort was put into the adjustment of all relevant model 
parameters to reproduce the full scale LPT situation. The 
turbine diameter and the rotating speed are approximately 
half of those of a commercial aero engine LPT. A section 
of the rig is shown in Fig. 1 where 0, 1, 2, and 3 indicate 
the probe measurement positions. The 1 and 1/2 stage is 
representative of the last stage of a commercial engine 
with turbine exit casing. Table 1 shows the blade count 
and the main geometrical details of the turbine. 

Operating conditions  

Experiments are carried out in three different flow 
conditions: high Reynolds number and nominal incidence 
(take off), low Reynolds number and nominal incidence 
(cruise) and low Reynolds number and negative inci-
dence (approach). The operating points were defined 
using an aero design point of the last stage of a LP tur-
bine, derived from current LP turbine design practice 
using scaling along reduced speed, massflow and pres-
sure ratio. Table 1 shows the reduced massflow, the re-
duced speed, and the Reynolds and Mach numbers of the 
operating points. The reduced mass flow and speed are 
referred to 288.15 K and 1013.25 mbar. The Reynolds 
and Mach numbers are defined with the midspan condi-
tions at the rotor exit. Take-off and approach operating 
points were designed in order to maintain a full similarity 
with the real engine while the Mach number for the 
cruise operating point is not representative of the real 
value. Nonetheless, it is well known that for LP turbines, 
the Reynolds number is the most crucial flow parameter 
to be respected (see for example Hourmouziadis [15]). 
 
Table 1  Geometry details and flow conditions. 

Geometry details 

Number of blades/vanes IGV/Stator/Rotor/EGV 83/96/72/15 

Stator-rotor axial gap 13 mm 

Chord length (stator at midspan) 19 mm 

Chord length (rotor at midspan) 25 mm 

Chord length (EGV) 100 mm 

Tip gap 0.8 mm 

Tip gap to blade height ratio 1% 

Inner diameter 155 mm 

Outer diameter 235 mm 

Flow parameters 

 Take-off Cruise Approach 

Re 2.4 x·105 1.5 x ·105 1.5·x 105 

Mr 0.53 0.35 0.35 

mrd 8.97 7.0 7.0 

nrd 5206 3090 4070 

Cylindrical high response pressure probe and 
measurements set up 

Unsteady flow measurements were performed by 
means of a cylindrical single-hole fast-response aerody-
namic pressure probe, operated as a virtual three sensor 
probe for 2D aerodynamic measurements. A miniaturized 
pressure sensor (Kulite XCE-062) is mounted inside at 
the axis of the probe head, the outer diameter of which is 
1.85 mm, more details on the probe design may be found 
in Ref.[16].  

The present paper describes the results obtained in 
different circumferential positions in plane 2 downstream 
of the rotor (marked in Fig. 1). The plane is located at 
60% of the rotor axial chord downstream of the blade 
trailing edge. The measurement grid consists of 28 posi-
tions along the blade span and 35 positions over one 
EGV pitch. The probe aerodynamic accuracy was evalu-
ated in a calibrated nozzle, resulting in an extended un-
certainty equal to ±0.5% of the kinetic head for the pres-
sure measurements and ±0.3 deg for the flow angle. De-
tails on the transfer function of the probe are given in 
Ref.[16] where the probe was calibrated in a low-pres- 
sure shock tube. The probe bandwidth is up to 80 kHz, 
after digital compensation.  

The probe measures directly the total pressure within a 
certain flow angle insensitivity (±10 deg in the present 
case). This is a typical characteristic of cylindrical pres-
sure probes and it was verified during the calibration. 
Total pressure fluctuations may be then derived if the 
instantaneous flow angle fluctuation remains inside the 
insensitivity range, where the pressure measured by the 
probe is the instantaneous total pressure [10]. Nonethe-
less, downstream of a turbine rotor the flow angle may 
change considerably during the blade passing period and 
within this period, for a constant position of the probe, 
the flow angle may go beyond the insensitivity of the 
probe. This problem may be overcome by using multiple 
rotations of the probe and by assuming that the flow an-
gle stochastic fluctuations at a certain phase of the rotor 
revolution do not exceed the flow angle insensitivity. For 
the present probe, rotations with a span of 20 deg are 
theoretically sufficient to assure the measurement of the 
instantaneous total pressure at any phase. However, in 
order to extract the flow quantities with a minimum 
number of rotations, a span of 15 deg between the multi-
ple rotations has been chosen. The flow quantities are 
then derived from the 3 rotations with a span of 45 deg, 
according to the calibration coefficients. 

The number of extra-rotations depends on the ampli-
tude of the flow angle deterministic unsteadiness that was 
evaluated through preliminary measurements. The flow 
angle variations in one blade passing period stay within 
the probe insensitivity if the probe is aligned with the  
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mean flow direction for 80% of the blade span from the 
hub. Whereas in the tip region, since the rotor is un-
shrouded, the tip leakage vortex introduces large angle 
fluctuations as shown in Fig. 2. In the figure the 0 deg 
angle corresponds to the mean flow direction, and during 
one blade passing period the angle variations (Δα) varies 
from almost -20 deg. to +20 deg. By means of 9 rotations 
marked in the figure it is possible to measure the instan-
taneous total pressure pt and determine the flow proper-
ties by means of the triplets of rotations indicated. For 
example for the phase corresponding to t/T = 0.4 (light 
grey symbols in the graph) the total pressure is read by 
the rotation at 15 deg and the flow properties may be 
derived from the triplet of rotations -60/-15/30. Similarly 
for the phase t/T = 0.8 and the dark grey triplet and sym-
bols, or for t/T = 0.1 and the black marks. Each phase is 
then associated with a rotation of the probe in order to 
follow, “virtually”, the time-resolved flow angle. The 
instantaneous pressure fluctuations are computed at the 
correct rotation for the corresponding phase and then the 
distribution of the root mean square of the total pressure 
fluctuation p’t,rms may be reconstructed for a whole revo-
lution. The procedure to obtain p’t,rms and consequently 
the turbulence intensity inside the turbine is described in 
the following sections. 

 

 
 

Fig. 2  Time resolved distribution of the flow angle at a fixed 
probe position, close to the turbine tip.  

Data reduction method 

Data are acquired at 500 kHz for 100 revolutions of 
the turbine, the total number of collected samples varies 
according to the turbine rotational speed. The acquisition, 
for any rotation of the probe, lasts around 2 seconds for 
the “cruise” operating point and 1 second for the “take 
off” one. The raw signal is digitally compensated by us-
ing the experimental transfer function. Then, the “adap-
tive resampling” process [17] has been applied to the 
signal: the sampling frequency is adaptively corrected 
with respect to speed variations of the turbine shaft, by 
means of the analysis of the shaft encoder signal. In par-
ticular, each revolution is resampled to a number of 1024 

samples and the sampling frequency after this procedure 
may be easily computed and corresponds to 1024·BPF/Bn. 
The resampled data are then phase averaged and at this 
point the flow properties are derived. The unsteady flow 
quantities, measured in the absolute frame, are extended 
to the relative frame to enhance the comprehension of the 
flow structure of the rotor. The procedure adopted to de-
rive relative quantities is performed according to what 
described by Gaetani et al. [18]. 

Determination of velocity fluctuations 

A classic approach to determine the fluctuating com-
ponent of a variable p is the decomposition according to 
the triple decomposition procedure [19]: 

)(')()( tptpptp             (1) 
where <p(t)> is the purely periodic component associ-
ated with the rotor rotational speed and p′(t) is the ran-
dom fluctuation associated mainly with turbulence. The 
contributions of the time-mean and the purely periodic 
parts give the overall ensemble-averaged pressure: 

 )()(~ tpptp               (2) 
Then, according to Eq. 1, the random fluctuating 

component of the total pressure p′(t) may be computed 
subtracting from the instantaneous total pressure p(t) the 
ensemble average value (t). This procedure is normally 
equivalent to the procedure proposed by Camp and Shin 
[12] and applied by other authors (e.g. [13]) that consists 
of the following steps:  

1) The original signal is transformed into the fre-
quency domain performing a Fourier transformation.  

2) The amplitude of the periodic components related 
to the rotor rotational speed is digitally filtered out set-
ting their amplitude to zero.  

3) The “chopped” spectrum is transformed back into 
the time domain to give the turbulent signal p’(t). 

Furthermore, the fluctuating component p’(t) is com-
monly referred as “unresolved unsteadiness” (see for 
example Suder et al. [20]) since it may contain determi-
nistic (large scale structures) and stochastic unsteadiness. 
An extension of the procedure proposed by Camp and 
Shin [12] is to filter out the deterministic unsteadiness 
due to large coherent structures at frequencies non-corre-
ated to the rotational speed of the rotor. This is the case 
of the present test turbine, due to the low aspect ratio of 
the EGV there are peaks in the amplitude spectrum at 
frequencies non correlated to the rotational speed. 

Figure 3 shows non-dimensional amplitude spectra 
obtained from averaging 175 measurement positions at 
midspan downstream of the rotor (5 radial traverse time 
and 35 circumferential positions). In the abscissa, a di-
mensionless frequency, called engine order (EO), is used. 
It is defined EO = 1 for the frequency of the rotational 
speed, with this definition, the blade passing frequency 
corresponds to the number of blades (72). Two different 
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Fig. 3  Average non-dimensional amplitude spectra at rotor midspan 
 

spectra are shown, the grey one is obtained from 64 
revolutions of the original signal resampled according to 
the “adaptive resampling” process described before. 
While the spectrum in black is obtained from one revolu-
tion, namely the phase locked average over the 100 
revolutions that have been acquired. Due to this kind of 
post processing the spectrum obtained from the resam-
pled signal shows very clear spokes at each engine order. 
In fact, the frequency resolution, after resampling, is 
forced to be a sub-multiple of an EO. This effect may be 
more clearly observed in the zoom performed in the re-
gion close to the BPF and shown at the top of the graph. 
In addition, the average signal (black spectrum) is the 
envelope of the peaks at the integer engine orders. 

A sharp frequency peak, non engine order, may be 
observed in the graph between 55 < EO < 60 (see the 
zoom) that is filtered out by the PLA procedure, black 
spectrum in the zoom. Similar peaks (non engine order) 
with lower amplitude may also be observed at higher 
frequencies. In particular, the peak at EO ≈ 57.25 corre-
sponds to the pressure fluctuation induced by the vortex 
shedding frequency of the EGV and propagating up-
stream. The amplitude of this phenomenon is relevant 
even with respect to the BPF because of the very low 
aspect ratio of the EGV. This characteristic is also proba-
bly causing a very strong interaction between the wake 
and the secondary flows which would increase the am-
plitude of such phenomenon. 

The application of the classic method to determine the 
fluctuation of total pressure (Eq. 1) would consider this 
coherent pressure fluctuation as a part of the unresolved 
unsteadiness. Whereas, the Camp and Shin [12] proce-
dure may be extended filtering also the peak frequencies 
of this coherent structure. This last procedure may be 

considered as a better evaluation of the turbulence struc-
ture since it has the contributions to the unsteadiness as a 
result that large coherent structures are systematically 
removed. 

The extension of the Camp and Shin [12] procedure is 
schematically represented in Fig. 4. One of the most 
critical points of their procedure is the determination of 
the periodic components related to the rotor structures. 
However, the resampling of the signal, as described be-
fore, allows the determination of sharp peaks at each EO, 
namely they represent all the deterministic unsteadiness 
correlated to the rotor rotational speed within one revolu-
tion. Hence, the filtering of each EO removes all the rotor 
periodic components. 

Considering Fig. 4, the fluctuating part of the total 
pressure may be determined with the following steps: 

1) The original signal is resampled and an FFT is per-
formed over a sufficiently large block of samples in order 
to have a high resolution of the FFT (16/32 points be-
tween each EO). 

2) The amplitude of the periodic components (integer 
EO) and peaks, due to large coherent structures, is digi-
tally filtered out setting their amplitude to zero. 

3) The “chopped” spectrum is transformed back into 
the time domain and phase locked averaged to give the 
root mean square of the random unsteady fluctuations. 

As shown in Fig. 4 the final result is expressed in 
terms of fluctuations of velocity that may be obtained  
by considering the link between fluctuations of total 
pressure p’t,rms (measured by the FRAPP) and fluctua-
tions of velocity as proposed by Wallace and Davis [21] 
and Persico et al. [10, 22]. In particular, for an isotropic 
compressible flow the velocity fluctuations v’rms in the 
streamwise direction may be computed from the follow- 
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Fig. 4  Schematic representation of the post-processing procedure 

 
ing formula [10]:  
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Further assumptions, see Persico et al. [22], may allow 
the conversion from the instantaneous pressure fluctua-
tion to the instantaneous turbulent velocity that may be 
used for the computation of the integral length scale.  

It has to be noted that the procedure described here 
may be applied not only to the fast response aerodynamic 
pressure probes. Aside the last point, where total pressure 
fluctuations are converted in velocity fluctuations, the 
procedure may also be applied to the measurement tech-
niques that directly detect the velocity (e.g. hot-wires).  

Results and Discussion 

The time-resolved evolution of the flow downstream 
of the turbine rotor is discussed in this section. The re-
sults are shown in terms of an average-blade passing pe-
riod since the asymmetries of the rotor were negligible. 
In fact, from the spectral analysis of the signal it shows 
that almost the whole signal energy is included at the 
blade-passing frequency and its harmonics. As observed 
from Fig. 3, the amplitude of the peaks at EO different 
from the BPF is much lower than the amplitude at the 
BPF and its harmonics. Thus the average among the 72 
blade passages has been computed. Due to the large num- 

ber of blade passing periods (Bn = 72) it is possible to 
compute an average-representative blade passing period 
with a larger number of samples. While there are around 
14-15 samples per blade passing period in the resampled 
signal (computed as samples per revolution divided 
number of blades), the resolution of the average-repre-
sentative blade passing period is equivalent to 25 points 
that corresponds to a temporal resolution of t/T = 0.04. 

Before discussing the time resolved evolution of the 
flow in the three operating conditions, a time-snapshot of 
the flow field is discussed by analyzing Fig. 5 to provide 
an overview of the basic structures of the flow down-
stream of the rotor. A contour plot of the relative Mach 
number in the absolute (stationary) reference frame for 
the take-off operating condition is shown in the picture 
for one phase of the rotor. The plot is a view in the 
downstream direction of a sector covering one pitch of 
the exit guide vane and consequently 6.4 pitches of the 
stator vane and 4.8 rotor blade passages. 

The flow features that are caused by the rotor blades, 
hub secondary vortex, the tip leakage vortex and the rotor 
wake, may be identified in Fig. 5 where their positions 
are marked for the experimental results. The largest ve-
locity defects occur in the endwall regions. The tip leak-
age vortex, identified in the picture with the symbol TLV 
for one blade passage, shows considerably lower relative 
Mach numbers than the hub secondary vortex (HSV in 
picture). At the tip there is a very strong interaction be- 
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tween the jet-like leakage flow and the mainstream flow 
(e.g. [23, 24]) which generates this vortical structure with 
very low momentum that characterizes around 80% of 
the blade passages in this region (a similar result was 
found in Ref. [25] for an unshrouded high pressure tur-
bine with a moderate high aspect ratio). Furthermore, as 
observed in many other studies (e.g. [6]) the radial pres-
sure gradient causes fluid to migrate toward the hub. This 
effect may be observed in the velocity distribution inside 
the blade passage. The relative Mach number below 
midspan has larger values than above. 

 

 
 

Fig. 5  Time-snapshot of the relative Mach number (take-off 
operating point); the dominant structures of the flow 
are marked over the experimental results.  

 

Due to the high aspect ratio of the rotor blade, the re-
gion between 15% and 80% passage height is character-
ized by velocity defects related to the blade wakes. In 
particular, the flowfield at the stage exit is the result of 
two dimensional interaction mechanisms like vane wake 
blade interaction, which has been largely documented 
since the mid of the 80s [1, 2]. Furthermore, since the 
number of vanes and blades of the turbine is unequal, 
adjacent rotor blades face different flow structures from 
the stator and, then, the outlet flow of adjacent blade 
passages is not uniform along the circumference. These 
circumferential non-uniformities are marked in Fig. 5 as 
vane wake effects since they are due to the different in-
teractions between vane wakes and blades. To allow the 
identification of the stator flow structure positions, an 
isocontour line of the time- averaged total pressure coef-
ficient is superimposed on the plot of Fig. 5. This total 
pressure coefficient is defined as the difference between 
the time averaged total pressure and its circumferential 
average and made non dimensional: 

2

,

5.0 AVE

AVEtt
pt w

pp
C




               (4) 

Time averaging total pressure removes the effect of 
rotor and thus allows the position of the vane structures 
to be determined as performed in Ref. [25]. In fact, the 
number of regions enclosed by the isocontour lines of 
C pt = −0.02 corresponds exactly to the number of the 
upstream stators. These regions at negative pressure co-
efficient are due to the stator structures. In fact, as stated 
by Binder et al. [26], even if the vane wakes are chopped 
and stretched by the rotor viscous and potential effects, 
leaving the rotor along avenues, the vane wakes are al-
ways fixed relative to the upstream vane position. 

The rotor wake is wider in position A (marked in the 
plot) where it is superimposed on the region at low C pt. 
While in positions B and C, the areas at low C pt are 
superimposed on the core flow of the rotor, and the blade 
wake between these two positions presents a very small 
width. A similar distribution may be observed in the hub 
secondary flows while the opposite trend is shown in the 
tip leakage vortex. In position A, its velocity defect is the 
lowest among the others at different circumferential posi-
tions. All these structures, the blade wakes and secondary 
flows, depend on the relative position of the rotor with 
respect to the vane position, and they are changing as the 
rotor moves, the complex unsteady interaction is dis-
cussed in details by Lengani et al. [27]. 

To compare the unsteady evolution of the flow at dif-
ferent flow conditions, results are presented in Figs. 6a 
and 6b as contour plots of the relative Mach number and 
turbulence intensity, for take-off, cruise, and approach 
(shown from top to bottom of the figure). These plots 
represent the temporal evolution of the flow along the 
span of the blade for two different circumferential posi-
tions: maximum and minimum of C pt. Data are post- 
processed in order to show the rotor wake at a fixed 
temporal position, t/T ≈ 0.55. The suction side may be 
identified on the left of the wake position, and the pres-
sure side on the right. It has to be noted that two identical 
blade passing periods are reproduced on each graph just 
to make it more readable. The turbulence intensity is ob-
tained dividing the phase locked averaged velocity fluc-
tuations v~ ’rms by the phase locked averaged modulus of 
the velocity. 

The flow features identified in Fig. 5 may be clearly 
observed also in Fig. 6a. The largest velocity defect may 
be observed in the tip leakage vortex region at the three 
operating points. As observed in Fig. 5, this structure is 
slightly dependent on the circumferential position. For 
the position at maximum C pt the velocity defect in-
volves a larger portion of the blade passing period than 
for the position at minimum C pt, for take off and cruise. 
For approach, because of the incidence variation, the 
trend is different. The penetration of this structure on the 
blade span is larger for all the operating points at the 
minimum C pt. This is the result of a very complex in- 
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Fig. 6  Contour plots of Mach number and turbulence intensity for three operating conditions; from top to bottom: take-off, cruise, 

approach; two probe positions are shown for each condition. 
 
teraction between the stator secondary flows and the tip 
leakage flow. At the same time, at the hub, the effect of 
the stator secondary flows is modifying the hub secon-

dary vortex of the rotor. This is evident for all the oper-
ating points, the hub secondary vortex presents a larger 
velocity defect for the circumferential position at mini-
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mum C pt than for maximum C pt. From 15% to 80% of 
the blade span, the effect of the different circumferential 
positions may be observed for all the operating points in 
the thickening of the wake width and in a slight reduction 
of the average Mach number. 

The turbulence intensity plots (Fig. 6b) provide more 
information on the flow structures and loss generating 
mechanisms. As observed by many other studies on tur-
bine rigs, the decrease of the Reynolds number leads to 
higher turbulence intensity (e.g. [6, 28]). This finding 
may be observed also in the present results comparing 
the different Reynolds numbers at equivalent position of 
the probe (maximum or minimum C pt). In the present 
experiments, the average turbulence intensity measured 
from 15% to 80% of the blade span increases from 5.5% 
at takeoff to 6.5% at cruise while the inlet turbulence was 
keeps constant. Similarly the variation of the inlet flow 
angle (approach) leads to an increase of the turbulence 
intensity. Furthermore the turbulence intensity is always 
higher in the circumferential positions at minimum C pt . 
This position corresponds to the stator wake which is 
seen from the probe at a fixed circumferential position as 
a larger uT

~
. The rotor wake may be identified, as a local 

narrow increase of uT
~

, the maximum of which is 
slightly shifted towards the pressure side of the wake 
width. Such aspect is coherent with what found by Arndt 
[6]. The generation of turbulence on the pressure side 
shear layer of the wake is not a negligible contribution to 
the loss generated downstream of a turbine. In this posi-
tion, in fact, the shear layer is steeper than it on the suc-
tion side and it may generate a stronger mixing between 
the high velocity core flow and the low momentum wake. 
On the other hand, large values of uT

~
 are measured in 

the rotor core flow (between the two wakes shown in the 
diagrams) both on suction side and pressure side accord-
ing to the probe position as effect of the stator wake that 
is chopped and stretched by the rotor potential field. 
Furthermore, according to the flow condition, the traces 
of the stator wake are stretched differently from 15% 
span to 80% span. 

The largest turbulence fluctuations occur in the end-
wall regions. Particularly, in the tip region, uT

~
 is al-

ways larger than 20% and this value is not affected by the 
variation of the Reynolds number. Whereas the penetra-
tion in the midspan region of the area at high uT

~
 due to 

the tip leakage vortex slightly changes between take-off 
and cruise. At low Reynolds numbers, this area is about 
25% of the blade span against 20% for high Re. 

At the hub, the maximum value of uT
~

 is 14%, which 
is a typical value for secondary flows (see for example 
Porreca et al. [9]). A particular interaction between sec-
ondary flows of stator and rotor may be identified in the 
three flow conditions. At maximum C pt the velocity 

defect is very small, as previously observed, while tur-
bulent fluctuations are large for the whole blade passing 
period. Whereas, at minimum C pt there is a large veloc-
ity defect but a smaller extension of the area at high tur-
bulence. Such phenomena may be justified just by a 
positive effect of the stator hub secondary flow on the 
momentum deficit of the rotor hub secondary flow. 

Conclusions 

A post processing procedure for the determination of 
the turbulence intensity in a turbine test rig by means of a 
fast response aerodynamic pressure probe has been pre-
sented in the paper. Parts of the procedure, the identifica-
tion of the periodic unsteadiness related to the rotor and 
the filtering of other sources of deterministic unsteadi-
ness, may also be applied to other measurement tech-
niques in order to distinguish stochastic fluctuations from 
deterministic fluctuations. 

By means of this procedure, the development of the 
unsteady flow downstream of a LP turbine rotor has been 
reported in the paper. The 1 and 1/2 stage is representa-
tive for a modern LP turbine. Thus the data set provided 
may be applied for computational code validation. Fur-
thermore, the time resolved measurements have been 
used to discuss the features that characterize the unsteady 
flow field for different Reynolds numbers and inlet flow 
angles. 

The largest fluctuations of velocity occur in the tip re-
gion, where a large tip leakage vortex is developing for 
the unshrouded rotor. Secondary flows, at hub and tip, 
are strongly modulated by the stator structures. While the 
portion of the blade span not influenced by secondary 
flows presents lower values of the turbulence intensity, 
where the largest fluctuations are generated by the shear 
layers of the rotor wakes. The decrease of the Reynolds 
number increases the turbulence generation and modifies 
the structure of the flow. 

The methodology proposed allows a detailed study of 
the flow downstream of the LP turbine confirming the 
possibility of the use of FRAPP for the analysis of turbu-
lent fluctuations in complex turbine rigs. This procedure 
will be a starting point for the determination of the tur-
bulence generation in a counter rotating two spool tur-
bine rig. In such a facility, the deterministic unsteadiness 
of the two rotors has to be filtered in order to measure the 
stochastic fluctuations of velocity. 
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