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ABSTRACT 

The understanding of the tip clearance flow in axial 
compressors is a key issue for developing new compressors 
with enhanced efficiency and reduced noise for instance. 
However, necessary flow measurements in the blade tip region 
and within the tip clearance are challenging due to the small 
gap width. The application of a novel optical measurement 
technique named Doppler global velocimetry with laser 
frequency modulation is presented, which provides velocity 
field measurements of all three velocity components non-
intrusively in the tip clearance flow of a linear cascade at near 
stall conditions. These array measurements have a high 
temporal resolution enabling turbulence analysis such as the 
evaluation of velocity standard deviations and turbulence 
spectra up to several kilohertz. Conventional pneumatic and 
hot-wire measurements in planes at the inlet and the outlet as 
well as on the blade surface were taken to complete the flow 
pattern and validate the data of the Doppler global velocimetry. 

Wake measurements identified a strong flow separation in 
the rear suction side dominating the transient character of the 
cascade flow. Towards the endwall this high loss region is 
reduced by the clearance flow and the resulting vortex, which is 
obviously  not   affected   by   the   profile  separation   and   the 

 
 
 

pulsating blockage  frequency. Inside the blade passage and the 
tip clearance the Doppler global velocimetry measurements 
allowed a spatial assignment of the origin of the tip leakage 
flow and the downstream developing vortex. In addition, the tip 
clearance vortex could be resolved and identified successfully 
as the most dominant turbulence generating effect in the near 
endwall region at this high loading operating point of the 
blading. 
 
Keywords: compressor cascade, tip leakage flow, velocity field 
measurement, unsteady flow, turbulence analysis  

NOMENCLATURE 
 

Symbols 
α1, α2 [deg] inlet and outlet flow angle 
α [deg] blade turning 
 [deg] stagger angle 
v [m/s] velocity standard deviation (uncertainty) 
 [-] total pressure loss 
c [m/s] flow velocity 
ck,RMS [m/s] standard deviation of velocity component k 
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cx, cy, cz [m/s] flow velocity components 
cL [m/s] light speed 
fc  [Hz] laser centre frequency 
fD [Hz] Doppler frequency 
h [m] blade height 
i


 [-] laser incident direction 
l [m] chord 
lx [m] axial cascade width 
Ma [-] Mach number 
o


 [-] observation direction 
pt [Pa] total pressure  
Ps [W] scattered light power 
Re [-] Reynolds number 
s [m] tip clearance width 
SVO [-] streamwise vorticity 
t [m] pitch 
T [s] temporal resolution 
x, y, z [m] axial, circumferential and radial coordinate 

 
Acronyms 

DGV  Doppler Global Velocimetry 
FM  Frequency Modulation 
HWA  Hot-Wire Anemometry 
LDA  Laser Doppler Anemometry 
PIV  Particle Image Velocimetry 
PS  Pressure Side 
PSD  Power Spectrum Density 
SS  Suction Side 
TCV  Tip Clearance Vortex 
5HP  5-Hole-Probe 

1 INTRODUCTION 
 A primary goal of jet engine development is to increase the 
pressure ratio and to enhance the efficiency, while reducing the 
number of blades and stages. It is one of the design challenges 
to include beneficial unsteady flow effects and to account for 
secondary flows to improve the engine parameters. This 
requires a detailed physical understanding of the time-resolved 
three dimensional flow pattern and the resulting effects on 
performance and aerodynamic stability.  
 In modern compressors with high aerodynamic quality the 
tip leakage flow is of crucial importance for loss production 
and pressure rise due to the blockage effect in the endwall 
region (Wisler [1]). Considering the flow stability, the tip 
leakage flow plays an important role on the rotating stall 
inception process (Hoying et al. [2], Mailach et al. [3], Vo et al. 
[4]) for instance.  

The flow field in the tip region of cantilevered stator vane 
rows and rotor blade rows is dominated by the tip clearance 
vortex (TCV), which is illustrated in fig. 1. The pressure 
difference of the blade drives a balancing out clearance flow 
through this gap from the pressure side (PS) toward the suction 
side (SS). When the jetlike tip leakage flow enters the next 
blade passage, it interacts with the main flow and other 
secondary flow phenomena such as the passage vortex and rolls 
up into a spiral vortex. Chen et al. [5] and Storer and Cumpsty 

[6] considered the leakage flow and the main flow as separate 
mass flows and the vortex trajectory is therefore determined by 
the momentum ratio of the tip leakage flow and the main 
passage flow. At the upstream boundary of the TCV, the tip 
leakage flow interacts with the incoming main flow. As a result, 
a blockage zone is formed near the wall and the incoming flow 
is partly diverted toward the hub or casing.  

 
Figure 1. Flow structure of the tip clearance vortex in an axial 

compressors blade row 
 

The characteristics of the TCV depend on various 
geometrical and aerodynamical parameters. As discussed by 
Lakshminarayana et al. [7] and Tan [8], the tip clearance height, 
Reynolds and Mach number, blade thickness and loading, the 
machine configuration (rotor alone, single or multistage 
compressor…), but also the inlet flow turbulence, the casing 
wall boundary layer and others play an important role on the 
formation of the TCV and the potential interaction among 
adjacent vortices and the passage flow.  
       Numerical simulations are not able to capture all details of 
the complex flow field in the endwall region with sufficient 
accuracy and acceptable computing times yet. Therefore, to 
enhance the physical understanding, measurements in the blade 
tip region and within the tip clearance are necessary. Especially 
the latter is challenging due to the small tip gap dimensions. 
Flow measurements using pressure probes are possible [9], but 
intrusive. The same is true for hot-wire anemometers (HWA), 
which is crucial when measuring in the tip gap. For this reason, 
optical, non-intrusive measurement devices such as Laser 
Doppler Anemometry (LDA) have been applied in the past. 

 A number of studies using this technique have achieved 
additional knowledge on the rotor tip region flow. Murthy and 
Lakshminarayana [10] and Stauter [11] provide information on 
the characteristics of the time-averaged rotor blade tip 
clearance vortex. LDA experiments concerning the convection 
of wakes through blade rows and within the axial gap can 
already be found in Hathaway et al. [12], Lehmann et al. [13], 
and Mailach et al. [14]. LDA analysis in the rotor tip clearance 
found dominant flow in reverse direction at high clearance 
levels named “vortex spillover” by several authors, i. e. 
Mailach [15]. Also Suder and Celestina [16] discussed the 
passage shock - TCV interaction at design speed as well as the 
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TCV features at part speed in the absence of shocks. Recently, 
Michon et al. [17] provide a detailed data base of the 3D flow 
field of the entire compressor stage for off-design conditions. 
Other authors like Ma et al. [18] examined the 3D flow field in 
the rotor blade tip region using a LDA system to characterize 
the periodical unsteadiness of the rotor TCV, which can appear 
due to blade row interactions, especially because of the passing 
wakes.  
     However, LDA is a point-wise technique. Measurements of 
flow fields are time-consuming and require periodicity of the 
flow using phase triggered measurements. Due to this, particle 
image velocimetry (PIV) is demonstrated to be a useful tool for 
flow field investigations in turbomachinery by Tisserant and 
Breugelmann [19] and Balzani et al. [20]. Sanders et al. [21] 
investigated the time-resolved flow field at midspan for both 
subsonic and transonic flow conditions. Further experiments in 
a 1.5-stage large scale compressor using stereoscopic PIV were 
performed by Liu et al. [22]. These authors showed 
instantaneous pictures in several cross sections of the rotor 
blade passage flow field. The time-resolved results indicate the 
inherent unsteadiness of the TCV which finally breaks down. 
Furthermore, concerning the technical aspects also PIV 
measurements were recently conducted by Voges et al. [23] and 
Wernet et al. [24] in a transonic axial compressor. Measurement 
errors of 1.7 m/s for the in-plane components and 5.5 m/s for 
the out-of-plane component were reported. Since multiple 
measurements with phase synchronization were accomplished, 
mean and RMS values were measured for a statistical analysis 
of the flow turbulence. However, velocity spectra are not 
available because of the low measurement rate. For resolving 
the three-dimensional unsteady flow structure of the TCV, 
planar, three componential velocity measurements with high 
temporal resolution are required. Furthermore, high 
measurement rates of several kilohertz are desired for 
calculating turbulence spectra, so that characteristic flow 
oscillations can be discovered. 

The aim of this article is to introduce a novel optical 
measuring technique for the application in turbomachinery 
investigations combining the advantages of the previously 
mentioned non intrusive methods. This Doppler global 
velocimetry with laser frequency modulation (FM-DGV) [25, 
26] provides planar, non-intrusive measurements and high 
measurement rates up to 100 kHz for all three components. For 
this purpose, the analysis of the tip clearance flow in a highly 
loaded linear cascade with an installed clearance width of 5.2 % 
chord (characteristic for rear high pressure stages and choosen 
for high tip clearance activity) is presented. The investigation is 
based on measurement results acquired with FM-DGV and 
conventional HWA and pressure probes in addition. Here, the 
investigation is focused on the transient behavior of the tip 
leakage flow.   

     
2 EXPERIMENTAL METHODS 

The approach to the analysis of the tip clearance flow is 
based on flow measurements in a linear cascade with steady 
state pressure data as well as time resolved techniques. 

2.1 Cascade tunnel and blading 
The cascade wind tunnel, schematically shown in fig. 2, 

operates as a suction channel with a closed measuring section 
and a radial fan arranged behind the outlet. Thus, a compact 
design is feasible with a small inlet turbulence intensity of 
lower than 1%. The pitch t is oriented in a horizontal plane. 
Different inflow conditions can be arranged by stepwise turning 
the inlet housing around the measuring chamber. With 
adjustable tailboards at both inlet and outlet, a homogenous 
inflow is achievable in almost all operating points. The driving 
power of 37 kW allows inflow of Ma = 0.18 at a measuring 
section of 380 x 300 mm2 (plane 0 in fig. 2).  

 

 
    

Figure 2. Scheme of cascade tunnel with reference frame 
 
The inlet and outlet flow data were taken at three different 
positions. The inlet flow reference measurements were obtained 
using a Prandtl probe (head diameter = 6 mm) was positioned 
in plane 0 at midspan approximately 8t upstream the cascade 
entry. 5-hole-probe (5HP) and hot-wire traversing were carried 
out at an inflow plane (axial distance of 0.3 l to the leading 
edge) and an outlet plane (axial distance of 0.05l behind the 
trailing edge). The probe traverses cover one pitch around the 
stagnation streamline of the center vane and the range between 
midspan and the upper endwall (z = h). 

During the present investigations the test conditions were 
characterized by an averaged inlet velocity of 41 m/s which 
results in an inlet total pressure of approx. 101,272 Pa and an 
averaged outlet of Ma = 0.075. 

The linear cascade used in this work consists of seven 
cylindrical high pressure stator profiles of a front stage of a 
modern axial compressor. Blades and cascade parameters are 
scaled from the first stage stator of the four stage low speed 
research compressor at the Technische Universität Dresden. 

The main parameters of the blading and the inflow 
boundary layer are given in table 1. To amplify the TCV and its 
interaction with other secondary phenomena, the vanes were 
not operated at design inflow conditions but with higher 
incidence, means higher aerodynamic loading of the blading. 
These near stall conditions correspond to the operation near the 



 4 Copyright © 2011 by ASME 

stability limit of the research compressor and are characterized 
by a 15 deg higher blade turning (compared to the design 
conditions), high blockage effects at the endwalls and massive 
leakage flow due to the increased pressure gradient between PS 
and SS.  

 
inlet flow velocity at plane 0 c0 41 m/s 
Reynolds number Re 430000 
stagger angle 
inlet flow angle 
outlet flow angle 
blade turning angle 

 
α1 

α2 

α 

116 deg 
22.5 deg 
67.7 deg 

45 deg 

blade height (including gap) 
pitch 
chord 
tip clearance 
distance measuring plane – endwall 
displacement thickness 
momentum thickness 

h 
t 
l 
s 

300 mm 
90.1 mm 

153.5 mm 
8 mm 
4 mm 

7.2 mm 
6.3 mm 

 
 
 

Table 1. Main parameters of the blading 
 

2.2 Measurement technique and data reduction 
Besides the conventional techniques the new DGV is 

described more in detail to assess the systems’ capabilities and 
features regarding the measurement of the tip leakage flow and 
its application to the linear cascade.  

 
Pressure Probes and HWA 
The steady state flow pattern in front and behind the cascade 
was carried out by traversing a 5HP (head diameter = 2 mm and 
hole diameter = 0.25 mm) in the y-z planes. The potential 
measurement error related to the calibrated sensors for this 
conventional technique is approximately 0.4 K and 2 Pa for 
temperature and pressure, respectively. Depending on the 
technique of adjusting the 5HP the uncertainty for the planar 
flow angle is of approx. 0.2 deg decreasing with higher Re. 
Beyond that, profile pressure distributions on the vanes’ surface 
were taken. For this purpose the center vane was instrumented 
at six spanwise positions with 9 pressure tappings at PS and 14 
at SS. All measured pressure values are converted to the 
reference pref = 101,325 Pa to become independent from 
ambient conditions. Besides the velocity components and total 
pressure losses (related to the reference measurement at 
plane 0) 
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several secondary flow parameters like helicity, secondary 
vectors and streamwise vorticity 

inlet
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c

l
SVO



     (2) 

were analysed to indentify the vortex activity. The proportion 
xy of the local vorticity vector into the direction of the 
corresponding velocity vector at midspan is a result only of 

flow components perpendicular to the 2D main flow field 
(made dimensionless with chord and inflow velocity to 
compare with other configurations). Therefore it is appropriate 
to visualize secondary flow related to the almost invariant flow 
of an infinite cascade without endwall effects. 

For measuring the transient flow character a single sensor 
hot-wire probe was traversed in that planes as well. The system 
from Dantec Ltd. was used in combination with a probe of a 
5 μm platinum-plated tungsten wire and a thermistor based 
temperature probe to correct the anemometry data. The 
sampling rate of 15 kHz and the measurement time of 8.7 s 
allow a frequency resolution of 0.11 Hz for each measuring 
point. Selected points were measured over a 35 s period in 
order to detect possible low frequency disturbances. With the 
common Fast-Fourier-Transformation one-sided Power 
Spectral Densities (PSD) of the velocity were determined.  
 
FM-DGV 
The Doppler global velocimetry with laser frequency 
modulation (FM-DGV) was applied to measure the flow in the 
tip clearance region, because it is an optical, non-intrusive 
measurement technique [27]. The measurement plane is parallel 
to the blade tips at the height of 0.987h (0.5s from the blade 
tips). The measurement principle relies on measuring the 
Doppler frequency shift of laser light, which is scattered on 
tracer particles in the flow. The general FM-DGV setup is 
illustrated in fig. 3. The illuminated flow region is observed by 
a detector array through a molecular absorption cell, which 
serves as a light frequency to light intensity converter. Since the 
transmission curve of the absorption cell is non-linear and a 
sinusoidal laser frequency modulation is applied, the frequency 
shift information can be mapped by evaluating the ratio of the 
first and the second harmonic amplitude of the detector signals. 
Due to the evaluation of the amplitude ratio, the unknown 
scattered light power is implicitly canceled, which is contrary 
to conventional DGV systems. For a detailed description of the 
FM-DGV measurement principle and the system components, it 
is referred to [25,26,27]. 

    

 
 

Figure 3. Schematic set-up of the FM-DGV technique for 
measuring one velocity component (fc laser centre frequency, fD 

Doppler frequency, cL light velocity) 
 

It is important to remark, that the Doppler frequency shift 
is directly proportional to the velocity component along the 
bisecting line of the laser incident direction and the observation 
direction (see the Doppler frequency fD in fig. 3). Hence, three 
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different laser incident (or observation) directions are required 
for three component measurements.  
For this reason, the three illumination directions 1i


, 2i


 and 

3i


were operated sequentially as is depicted in fig. 4. The laser 

light was always guided perpendicular through the transparent 
cover plate (made of 30 mm thick acrylic glass) and then 
deflected 90 deg by mirrors to reach the measurement plane, 
which is at the middle of the tip gap. To avoid influence on the 
flow field, the mirrors were installed at the outer passages 
(outside of upper and lower profile in fig. 4) whereby the 
measurements were conducted at the center blade. Qualitative 
flow investigations with a yarn probe proved that these mirrors 
have no significant influence to the investigated flow field. 

 

 
Figure 4. FM-DGV measurement arrangement in the linear 

cascade using three illumination directions 1i


, 2i


, 3i


and one 

observation direction o


for three component measurements 
 

The observation direction o


always remained the same 
being perpendicular to the cover plate of the cascade tunnel, 
which means that the scattered light was observed from outside 
the cascade tunnel through the acrylic glass cover plate. The 
FM-DGV system has 25 measurement channels [27], that are 
25 fiber-coupled avalanche photo diodes, arranged in linear 
array configuration for maximizing the laser intensity and 
maximizing the scattered light power enabling low 
measurement uncertainties. The spatial resolution of one 
measurement point is about 1 mm [27]. 

The incident laser power in the measurement volume was 
about 35 mW. The FM-DGV light source is a distributed 
feedback diode laser with narrow linewidth (< 3 MHz) emitting 
at 852 nm. A fast laser frequency modulation with 100 kHz is 
achieved by modulating the laser diode current. The laser center 
frequency is stabilized to the molecular resonance frequency of 
cesium gas at 852 nm as is explained in [25]. Consequently, a 
molecular absorption cell filled with cesium gas is used for the 
required frequency-to-intensity conversion of the scattered light 
(see fig. 3). The laser and the detector unit were traversed for 

measuring the field in and around the tip clearance of the center 
blade (see fig. 4). At each position, two subsequent acquisition 
cycles with a measurement duration of 1 s each were 
conducted. Actually, the memory of the data acquisition system 
allows measurements for 8 s at a stretch yielding a frequency 
resolution of 0.125 Hz. However, since a frequency resolution 
of 1 Hz was considered to be sufficient here (see section 3.1), a 
measurement duration of 1 s was chosen. In order to merge the 
measurement results of all three velocity components, the 
measured velocity field of each component was resampled 
applying linear interpolation. As a result, all three components 
are available at equal measurement points. 

The measurement uncertainty v (standard deviation of 
stochastic errors) depends on the scattered light power Ps 
(typically here about 0.5 nW) and the temporal resolution T 
(averaging time). As a result of signal independent noise 
sources such as thermal noise and in addition shot noise 
occurring during photo detection, the measurement uncertainty 
can be estimated by 

 

nWP

sm

nWP

sm

sT ss
v /

)/0051.0(

)/(

)/0084.0(

/

1 2

2

2

 .                   (3) 

 

The underlying theory of this relation is described in [28]. The 
numerical values were obtained from measurements at a 
calibration object. 

Assuming a temporal resolution T = 1 ms (corresponding 
to 1 kHz measurement rate) and a scattered light power 
Ps = 0.5 nW, the velocity uncertainty v amounts to 0.58 m/s for 
instance. The temporal resolution (which is the reciprocal of the 
measurement rate here) can be adjusted by setting the averaging 
time. The maximum temporal resolution equals the period of 
one frequency modulation cycle, which is currently 10 µs.  

As a result, if sufficient tracer particles are available, high 
measurement rates up to 100 kHz can be achieved allowing the 
acquisition of turbulence spectra [27, 29]. Since this requires a 
high seeding concentration, tiny liquid particles of DEHS with 
about 1 µm diameter were introduced locally into the incoming 
flow through a hole at the top of the inlet in front of plane (0) 
(cp. fig. 2). The particle generation rate of the particle generator 
with 14 Laskin nozzles amounts to 14108 particles per second. 
The exact particle concentration is not known, because the 
seeded air is mixed with non-seeded air and, thus, the seeding 
concentration becomes lower downwards the flow. However, 
measurement rates up to about 10 kHz were achieved in the 
front section of the measurement region. 

 
3 RESULTS AND DISCUSSION 

The investigated cascade configuration is characterized by 
a high blade loading due to an increased incidence and turning. 
At this off design operation a high profile total pressure loss of 
about 60 % occurs (compared to 2 % at design point). To 
approach the account for that significant declined cascade flow 
first, the flow pattern measurements upstream and downstream 
the cascade are described followed by the discussion of the 
analysis of the tip clearance flow.  

1i


2i


o


3i


PS 

SS 

l 
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3.1 Inflow conditions and outlet flow pattern 
Steady state pressure measurements 0.3l upstream the 

cascade showed a homogenous inflow distribution with an 
averaged inflow angle α1 = 22.53 deg compared to 44 deg at the 
design point of the blading. The averaged velocity c = 41 m/s 
results in an estimated “virtual” inflow boundary layer 
thickness of 7.5s related to tip clearance height caused by large 
blockage zones inside the cascade.  

With the unsteady flow analysis by means of HWA a 
typical spectrum of the axial velocity component was found 
which is shown in fig. 5. A dominating frequency of 13 Hz 
appears around midspan of the blades (fig. 5a). This peak is 
increasingly damped inside the boundary layer until it 
completely disappeared 0.03h off the wall (fig. 5b). Since the 
investigation of the inlet conditions upstream of the measuring 
plane did not indicate any incoming disturbances why the 
source of the oscillating flow behavior has to be the cascade 
itself.  
 

 
a) 

 
b) 

Figure 5. Power Spectrum Density (one-sided) of inflow axial 
velocity at a) midspan and b) near the endwall (HWA Data 

acquired at 0.3l in front of cascade) 
 

Further analysis of the temporal velocity signal showed 
also a variation of the mean value of about 1-2 m/s, when the 
data is averaged over a period of 2 s. This is of interest when 
discussing the FM-DGV results in section 3.2.  

The steady state wake measurements taken 0.05l behind 
the trailing edge provide the data shown in fig. 6 for the axial 
velocity cx and the outflow angle α2. This close axial distance 
does not allow intensive mixing out processes and a significant 
alteration of the cascade flow pattern. Hence, these data are 
appropriate to verfify the spatial flow field idea based on the 
FM-DGV data inside the cascade 

The averaged outflow angle α2 defers to 67.7 deg compared 
to 74 deg at design point. At the upper boundary of the travers-  

 
 

Figure 6. Outlet steady state local axial velocity and flow angle 
distribution (upstream view, 5HP Data acquired at 0.05l behind 

the cascade) 
 

ing area at z = 0.98h (comparable with the FM-DGV 
measurement plane) the angle differs between 75 deg in the 
passage and 30 deg inside the high loss area near the SS. The 
axial velocity plot shows a strong separation and therefore a 
large blockage zone at the SS around midspan. It can be clearly 
seen, that the tip leakage flow reduces this separation towards 
the endwall up to 0.2h off the wall. This “energizing effect” to 
the separated boundary layer in the blade tip corner was found 
in several publications i. e. [30, 31], particularly for such high 
loss configurations at higher loading conditions, i. e. [32].  

The high loss area in the TCV core (see fig. 7) extends up 
to 0.9h with a pitchwise extension of 0.5t near the SS. The 
blockage regions of adjacent passages caused by the leakage 
flow begin to combine near the endwall. 

An evaluation of the streamwise vorticity behind the 
blading in fig. 7 shows massive activity in the separated SS 
profile boundary layer with a maximum value of about -18,000. 
Compared with that, the TCV mixing area between 0.92t and 
1.42t has a more chaotic character with not clearly identifiable 
discrete vortex cores. This is a result of the high energy leakage 
jet which injects into the high turbulent separated profile flow. 
 

   
 

Figure 7. Total pressure loss and streamwise vorticity 
distribution at outlet (upstream view, 5HP Data acquired at 

0.05 l behind the cascade) 
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In order to identify the turbulent activity of this area the RMS 
values of the axial velocity taken by the HWA are shown in 
fig. 8 (left). Again, like the streamwise vorticity the RMS 
values reach the highest magnitude of about 12 m/s in the 
separated profile boundary layer near the midspan.  Contrarily, 
the area of the TCV core near the endwall shows the lowest 
oscillations where the highest values are much lower than at the 
profile separation. Surely, this is caused by the very low mean 
values of the axial velocity in the inside of the vortex core. 
 

 
 

Figure 8. RMS values of the local axial velocity and subtraction 
from mean values (upstream view, HWA Data acquired at 0.05 l 

behind the cascade) 
 

A method to find possible reversed flow in that region near 
the endwall caused by the TCV interaction (i. e. a “vortex 
spillover”, compare [33]) is to subtract the RMS values from 
the mean value of the axial velocity. However, in the present 
configuration the illustration in fig. 8 (right) does not show an 
outstanding area with values near 0. The only regions that 
nearly fulfill this condition are the separated zones of the 
profile and the TCV mixing area. There, the mean values are of 
the same magnitude like the RMS values. The lowest value of 
about -0.3 m/s occurred near the endwall where the probe 
insertion leads to additional measurement errors. 

It should be remarked that the non periodicity, especially 
visible in the velocity plots, is caused by a small pitchwise 
velocity gradient at the cascade inlet plane due to the high 
inflow angle and the finite cascade dimensions. It is tolerated in 
the present work as this does not affect the qualitative TCV 
development and flow interaction in the occurring Re range.     

The axial velocity spectra in fig. 9 were determined at 
characteristic points of the flow pattern. At midspan (fig. 9a), a 
connection between the wake of the blades (black) and the 
passage flow (red) far away from the surface occurs: A massive 
oscillation of the axial velocity with a frequency of approx. 
13 Hz was found. From that it can be assumed that the profile 
separation pulsates with this rate. Due to the related large 
blockage zone around the separation the oscillation impacts the 
whole cascade flow. The dominating frequency is even 
detectable in the not effected area in the free passage, of course 
with much lower amplitudes in the PSD spectra. The 
distribution and the different amplitudes of the passage curve 

also demonstrate that the wake plot peak is not caused by the 
inflow pattern but by the separation itself. 

When considering a channel height which is cutting the 
vortex core at 0.93h, the distributions in fig. 9b can be obtained 
at two characteristic pitchwise positions. The passage flow 
outside the TCV (black) oscillates with the found dominating 
frequency of the profile separation.  

Interestingly, the vortex core (red) does not show this 
behaviour. The pronounced peak decreases when traversing into 
the vortex until it is nearly disappeared in the vortex core. The 
high momentum tip leakage flow (high blade loading) damps 
the oscillating character in that region. The uprolling vortex 
does not pulsate with the passage flow around it. From the 
recorded data it can be assumed that the transient behaviour of 
the TCV is not affected by the dominating characteristic inside 
the cascade. Also the expected dominating frequency of approx. 
200 Hz caused by the interaction of the adjacent TCV [3] could 
not be detected. The resulting phenomenon of an unsteady 
reversed axial velocity in the tip region, which was also 
justified in a comparable cascade [15], was not found here 
probably due to the much higher incidence and the outstanding 
profile separation. 

  

 
a) 
 

 
b) 

Figure 9. Power Spectrum Density (one-sided) of outlet axial 
velocity at a) midspan and b) near the endwall (HWA Data 

acquired at 0.05 l behind the cascade) 
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Furthermore, due to the high turbulence and therefore the high 
noise level the estimated blade wake shedding frequency of 
approx. 4 kHz could not be verified in the outlet velocity 
spectra. A coupling with the profile separation frequency seems 
to be unlikely because of the much different amplitude scales.    
 
3.2 Passage and Tip Clearance Flow 
Steady state profile pressure distribution 

The conventional measuring techniques data is completed 
by the profile pressure distributions shown in fig. 10. Here, the 
vanes surface pressure is refered to the inlet plane 
measurements. The typical characteristic for highly loaded 
profiles due to high incidences was found at midspan. The 
highest loaded blade area is the first 10 % of chord. From there, 
the decreasing pressure gradient along the SS indicates 
separated flow caused by the large pressure gradient in front. 
An exact zero gradient which is characteristic for profile 
separation was not found due to the oscillating separation 
behavior along the surface in chordwise direction. From the 
shown pressure distribution the profile separation point can be 
estimated to 40 % chord.  
 

 
 

Figure 10. Steady state profile pressure distributions (pressure 
tappings on blade surface) 

 
Towards the tip clearance, the TCV interaction with the 

profile boundary layer is detected first at the last blade height at 
0.96h. Yet, the next pressure distribution towards midspan at 
0.94h does not show this clearly altered distribution compared 
to that at midspan. From these data, the estimated radial 
dimension of the TCV interaction up to 0.9h from the wake 
measurements behind the cascade can not be verified inside the 
passage. 

 
Mean velocity field 
 Regarding the FM-DGV measurement results, the velocity 
mean values are evaluated at first. The averaging is done over 
2 s and the average scattered light power amounted to 0.5 nW, 
so that according eq. (3) the measurement uncertainty equals 
approximately 0.013 m/s of each measured velocity component. 
Hence, the stochastic errors of the velocity mean values are 

negligibly small, because the velocity values are in the order of 
several or several ten meters per second. 
 The merged velocity mean values after a coordinate 
transform are shown in fig. 11. The velocity z-component cz is 
color-coded. It clearly indicates that cz is directed upwards into 
the gap at the PS and downwards to the passage at the SS. Due 
to the uprolling TCV, the flow is also turned upwards at the rear 
part of the SS. Despite the high incidence of the inflow, the 
cascade flow continues along the passage formed by the 
profiles, shown by the in-plane velocity components. This 
applies notably at the PS whilst the forming TCV deviates the 
SS flow. The measured outflow angle α2 is approximately 
75 deg at the PS and decreases to minimum 35 deg at the SS. 
This is in very good agreement with the results of the 5HP 
measurements presented in section 3.1 (see fig. 6). 
 With assistance of the FM-DGV measurements (see fig. 11) 
the dimensions of the TCV inside the clearance can be 
estimated by negative values of cz. The spanwise massflow at 
SS is caused by the uprolling leakage jet. In axial directions the 
origin seems to be at 0.05l - 0.1l and the end of the vortex core 
at 0.9l. Despite of the high incidence, the pitchwise position is 
near the SS with the highest intensity at 0.45l.   
 With respect to the measuring uncertainty, another 
phenomenon shall be mentioned that was detected at the 
present configuration. It was found by the yarn probes at the 
inlet, that stochastic velocity fluctuations in pitchwise direction 
at the tip region occurred, as well as in the passage flow 
mentioned above. With time scales between 3 and 10 s they are 
a result of the chosen cascade configuration. The fluctuations 
could not be found by the HWA measurements with 35 s 
measurement time. A potential connection with the profile 
separation is ambiguous and content of further investigations. 
Hence, the assumption of a stationary flow is not fulfilled and 
can lead to measurement errors here.  
 

 
Figure 11. Mean velocity field of all three components of 

the tip leakage flow  

SS 

PS 
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Velocity standard deviation 
Due to the high temporal resolution of the measurement, 

the velocity standard deviations could be measured also. Setting 
a temporal resolution of 1 ms (corresponding to a measurement 
rate of 1 kHz), the standard deviations 1, 2 and 3 of the three 
measured velocity components as shown in fig. 12a, 12b and 
12c are obtained. Because the measurement time for each 
measurement point was 2 s, the standard deviation of one 
measurement point is calculated from 2000 velocity values. 
Since the different components were measured sequentially, a 
coordinate transform is not possible. In x,y,z coordinates (see 
fig. 4), the three components are directed towards (0,-1,1), 
(0,1,1) and (-1,0,1) (cp. section 2.2).  

According eq. (3), the measurement uncertainty is 
estimated to 0.6 m/s. Comparing with the results in fig. 11, the 
estimated value is smaller than the measured velocity standard 
deviation, which is due to the flow turbulence.  

Generally, the measured flow turbulence is lower at the PS 
than at the SS, which holds for all velocity components. 
Regarding 1, the flow turbulence increases sharply in the 
middle of the left half of the tip clearance. Furthermore, two 
maxima occur indicated by the arrows A1 and A2. The global 
maximum A1 of about 7 m/s exists at the tail of the TCV. This 
clearly indicates the turbulence generation of the TCV.  

Concerning 2, the flow turbulence structure is less 
significant. However, the highest flow turbulence of about 
4.5 m/s occurs again in the region of the tail of the TCV 
indicated by the arrow B1. The structure at the arrow B2 is an 
artifact due to a bad signal-to-noise ratio there. 

When 3 is considered, the flow turbulence on the left of 
the pressure side (arrow C2) appears to be less homogeneous 
than the other velocity components and is higher than on the 
right. On the one hand, the achieved scattered light powers is 
low (about 0.25 nW), so that the measurement uncertainty is 
increased. On the other hand, so far unknown flow phenomena 
can be the reason of it. However, the maximum turbulence is 
again at the tail of the TCV at the position C1. 

Altogether, the turbulence in the tip leakage flow is 
significantly produced by the TCV. This shows the importance 
of a detailed understanding of the TCV, when designing new 
efficient compressors.  

 
Velocity spectra 

Finally, the velocity spectra inside the clearance are 
discussed, which can be calculated from the velocity time series 
simply by a harmonic analysis, because the FM-DGV system 
provides continuous measurements with temporally equidistant 
samples. This calculation method is exact for high seeding 
concentrations, when at least one seeding particle is present in 
the measurement volume of a measurement point (neglecting 
spatial averaging effects). Otherwise, the measurement 
principle is similar to a slotting technique commonly used with 
LDA incorporating the random arrival times of seeding 
particles. The considered velocity spectra were calculated from 
a 1 s long measurement and a chosen temporal  

a)  

b)  

 c)     
 

Figure 12. Velocity standard deviations 1, 2, 3 of the three 

measured velocity components c1, c2, c3 along ( o


- 1i


), ( o


- 2i


),   

( o


- 3i


) in the tip leakage flow (cp. fig. 4) 

A2 

A1 

B1 

B2 
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resolution of 0.5 ms (corresponding to a measurement rate of 
2 kHz) yielding 2000 velocity values, a Nyquist frequency of 
1 kHz and a frequency resolution of 1 Hz.  

As an example, the PSD of the velocity from two positions 
of the first velocity component are presented in fig. 13. The 
first position at x = 0.56lx, y = 0.526t is located in the center of 
the tip clearance, whereas the second position at x = 0.56lx, 
y = 0.738t is at the tail of the TCV. From eq. (3), the noise 
power spectral density of the shown one-sided PSDs can be 
derived by dividing the standard deviation squared through the 
Nyquist frequency, which yields here about 0.710-3 m2/s. This 
estimated noise level coincides well with the measurement 
results, because the spectra converge towards approximately 
210-3 m2/s for high frequencies. Regarding the position in the 
tip clearance (fig. 13a), the velocity component shows almost 
no oscillations.  At the second position in the tail of the TCV 
(fig. 13b), faster flow oscillations up to about 500 Hz occur. 
Generally, a low-pass characteristic is apparent in the spectra 
near the TCV, which means the oscillation amplitude is 
decreasing with increasing frequency. A dominating mode 
occurring permanently in subsequent spectra could not be 
detected.  

As a result, the measured flow velocity spectra revealed 
detailed information about the flow turbulence. 
 

a)    
 

 b)   
 

Figure 13. Velocity power spectral density (PSD, one-
sided) of the first measured velocity component at two sample 

positions a) in the tip clearance, b) in the tail of the TCV 
 

4 CONCLUSIONS 
This article describes the application of a new optical 

measuring technique (Doppler global velocimetry with laser 
frequency modulation: FM-DGV) to a tip clearance flow in a 
linear compressor cascade. Supported by conventional hot-wire 
anemometry and pressure probes the unsteady flow pattern and 
the interaction between the clearance vortex and the passage 

flow was determined at a high loading operating point and a 
clearance level of 5.2 % chord. From that experimental 
campaign the following conclusions can be drawn:  
 

 This off-design operating point of the vanes near the 
stability limit is characterized by a 15 deg higher 
turning and a strong flow separation at the suction side 
near the trailing edge even at midspan. Additionally, a 
large blockage zone near the tip endwall was found 
caused by the TCV and its interaction with the passage 
flow. 
 

 The separation and the wake total pressure losses are 
reduced by the leakage flow near the endwall. This 
decreasing impact extends up to 20 % blade height. 
 

 Transient analysis showed the massive profile 
separation to be the dominating unsteady effect in the 
wake of the cascade with an axial velocity oscillating 
frequency of about 13 Hz. Due to the high blockage of 
this separation the complete passage flow pulsates 
with the same frequency. This effect is even detectable 
at the inflow and is damped towards the endwall.  
 

 The tip clearance vortex constitutes the dominating 
flow effect near the endwall and generates turbulence. 
The highest turbulence intensity was measured at the 
tail of the vortex. 

 

 Investigating the measured velocity spectra in the tip 
clearance zone, no dominant oscillation frequency 
could be determined. The turbulence appears to be 
mainly chaotic with low frequency parts having higher 
amplitudes than the high frequency parts. Therefore 
the tip clearance vortex seems not to interact with the 
oscillating passage flow in its unsteady behavior.  

 

 The expected dominating frequency of approx. 200 Hz 
for the interaction of adjacent tip clearance vortices as 
well as a vortex spillover were not detected. The 
applied near stall conditions and the resulting profile 
flow impeded the development of the mentioned 
phenomena. 

 
Finally the applied FM-DGV technique was proven to be a 

valuable tool for the turbulence analysis of a complex, three 
dimensional flow in turbomachines. In addition to its 
demonstrated capability for measuring time-varying flow 
effects, two-point correlations can be also evaluated in future. 
Furthermore, the presented planar measurement can be 
conducted for multiple planes at different heights. This will 
provide investigations of the three-dimensional structure of a 
tip clearance flow.  
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