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Abstract: - An experimental investigation of the suction side boundary layer of a large scale turbine cascade has 
been performed to study the effect of Reynolds number on the boundary layer transition process at large 
(1.6x106) and moderate (5.9x105) Reynolds numbers. 
The boundary layer development has been investigated by means of a two-component laser Doppler 
velocimeter. Time traces of the instantaneous velocities and boundary layer velocity and turbulence fields 
provide a physical insight of the different transition processes for the two Reynolds numbers. 
Surface mounted hot-film gauges were used to measure the quantity qτw, which is proportional to the wall shear 
stress. Statistical analysis of the instantaneous qτw data, including statistical moments, probability density 
function and intermittency function distributions, provides quantitative information on the state of advancement 
of the transition process at the two different Reynolds numbers. 
 
Key-Words: - Boundary layer transition, Turbine profile, Hot-film probes, Wall shear stress, Intermittency 
detection technique, LDV measurements. 
 
 
 
1 Introduction 
Accurate numerical prediction of the transitional 
boundary layer on turbomachines blades is still a not 
completely resolved issue. Therefore, detailed 
experimental data specially produced for turbulence 
model assessment purpose are of primary 
importance for improving transition model 
predictive capabilities. 

With this view an extensive database concerning 
the transitional boundary layer development at high 
Reynolds number (Re2c =1.6x106) on the suction 
side of a gas turbine vane was experimentally 
produced by the authors [1]. The database, adopted 
as official test case by the ERCOFTAC Transition 
Modelling SIG10 and TRANSPRETURB 
(European Thematic Network on Implementation 
and Further Application of Refined Transition 
Prediction Methods for Turbomachinery), has been 
widely employed by research groups operating in 
turbulence and transition modelling [2-5]. 

With the aim of investigating the effect of 
Reynolds number on the blade boundary layer 
transition, new experiments have been recently 
performed on the same geometry at a lower 
Reynolds number Re2c =5.9x105. Direct information 

on the boundary layer local state and its time-
varying characteristics has been obtained from 
surface mounted hot-film gauges located in 29 
measuring points distributed all along the profile 
suction side. The instantaneous hot-film outputs 
have been processed in order to determine a quantity 
qτw which is proportional to the wall shear stress. 

The Reynolds number effects on boundary layer 
transition have been analysed in term of spatial 
distributions of the qτw statistical moments along the 
profile suction side The intermittency function, 
which describes in a quantitative way the transition 
process, has also been evaluated by means of a 
turbulent event detection technique based on the 
analysis of the probability density function of the 
instantaneous qτw data. 

The suction side boundary layer at the two 
Reynolds numbers has been investigated in detail by 
means of a two-component Laser Doppler 
Velocimeter (LDV). Time traces of the 
instantaneous velocities, boundary layer velocity 
and turbulence fields illustrate the effects of the 
Reynolds number on the transition process. 
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2 Experimental Setup 
 
2.1 Test facility and test conditions 
The blade boundary layer development was 
surveyed on the blade suction side of a large-scale 
linear turbine cascade installed in the low-speed 
wind tunnel of DIMSET. The facility is a 
continuously operating variable speed wind tunnel 
with an open test section of 500x300 mm2. A three-
blade cascade with the largest possible blade chord 
was used so as to maximise measurement spatial 
resolution. 

The blade profile is representative of a coolable 
hp gas turbine nozzle blade and is the same tested 
during an European project on time-varying wake 
flow characteristics on flat plates and turbine 
cascades [6-8]. The relevant geometrical 
characteristics of the cascade are: chord length c = 
300 mm, pitch-to-chord ratio g/c = 0.7, blade aspect 
ratio h/c = 1, gauging angle β2’ = 19.2°. The profile 
velocity distribution is shown in Fig. 1. 

The upstream turbulence level based on the 
streamwise velocity fluctuations and inlet velocity 
was 3.0 %. The integral length scale evaluated from 
the power density spectrum of the streamwise 
velocity [9] was 3.7% of the cascade chord length. 
These parameters were found nearly constant in the 
range of the Reynolds number of the present 
experiments (Re2c= 5.9x105 to 1.6x106). 
 
 
2.2  Hot-film instrumentation 
The single-sensor hot-film element (Dantec 55R47) 
consists of a 0.1x0.9 mm thin nickel film applied by 
vapour deposition on a 50 µm thick polyimide 
substrate. 

Due to analogy between heat and momentum 
transfer in boundary layers, the local instantaneous 
wall shear stress is related to the rate of heat transfer 
from the hot sensor to the fluid [10]: 
 

( )[ ] 322 / TAekw ∆−=τ     (1) 
 
where e is the instantaneous voltage and ∆T is the 
temperature difference between sensor and fluid. As 
pointed out by several authors [11-15], useful 
information on the boundary layer transition and 
separation phenomena, as well as on its unsteady 
properties, can be obtained by a semi-quantitative 
analysis avoiding probe calibration. According to 
[12], eq. (1) can be approximated by  
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The quantity ( )[ ] 32
0

2
0

2 / eee −  is referred as 
instantaneous quasi wall shear stress wqτ . 
 
 
2.3  Laser Doppler Instrumentation 
A two-colour fibre optic LDV system with 
backscatter collection optics (Dantec Fiber Flow) 
was used for the present investigation. The light 
source is a 300 mW argon ion laser operating at 488 
nm (blue) and 514.5 nm (green). 

The probe consists of an optical transducer head 
of 60 mm diameter connected to the emitting optics 
and to the photomultipliers by means of optic fibres. 
The probe volume of 47 µm diameter and 0.4 mm 
length contains two sets of blue and green fringes 
(with spacing of 2.1 µm and 2.2 µm, respectively), 
which allow the simultaneous measurement of two 
velocity components in the plane perpendicular to 
the probe optical axis. A Bragg cell is used to apply 
a frequency shift (40 MHz) to one of each pair of 
beams, providing directional sensitivity and 
reducing angle bias for all velocity measurements. 
The signals from the photomultipliers are processed 
by two Enhanced Burst Spectrum Analysers. 
 
 
2.4  Experiment Organisation 
The location of the measuring points and their 
corresponding reference numbers are shown in Fig. 
2. 
 
2.4.1 Hot-film measurements  
The gauge was glued on a 25 µm thick strip of 
acetate of length appropriate to avoid any surface 
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Figure 1. Profile velocity distribution 
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discontinuity near the sensor. The strip was fixed on 
the blade surface by means of a thin bi-adhesive 
tape and easily repositioned to investigate the whole 
blade surface. Measurements were performed for 
seven different Reynolds numbers ranging from 
Re2c= 1.5x105 to 1.6x106. 

The film element was connected to a constant-
temperature hot-wire unit (Dantec 55M10, 55M17), 
which maintains the film at the selected temperature 
difference with respect to the fluid (60 °C). The 
system frequency response, deduced by a square 
wave test performed with the probe exposed to the 
flow, exceeds 20 kHz. An antialiasing low-pass 
filter with a cut-off frequency of 20 kHz was 
applied to the anemometer signal before it was 
sampled at a frequency of 50 kHz by means of a 12 
bit A/D converter board. 

For each measuring position, a total of 172032 
data was taken. Probability density functions of the 
instantaneous quasi wall shear stress and statistical 
moments, including intermittency parameter, were 
evaluated for each measuring point.  
 
2.4.2 LDV measurements 
The probe volume was oriented with the larger 
dimension along the spanwise direction in order to 
have better spatial resolution in the wall normal 
direction. In order to measure simultaneously 
streamwise and normal velocities close to the blade 
surface, the optical axis was tilted towards the wall 
of about half the angle of the intersecting beams. 
The LDV probe was traversed using a three-axis 
computer controlled probe traversing system with a 
minimum linear translation step of 8 µm. 

The boundary layer was surveyed by means of 
31 traverses normal to the blade surface at midspan. 
The location of the boundary layer traverses and 
their corresponding reference numbers are shown in 
Fig. 2. Each boundary layer traverse is constituted 

by 34 measuring points. The distance between 
adjacent points was set at 25 µm in the region of the 
boundary layer close to the wall and was 
progressively increased in the outer part.  

The measurements of the two velocity 
components were made in coincidence mode. 
Typical data rate was 10 kHz falling off to few kHz 
in the inner part of the boundary layer. For each 
measuring point 30000 samples were collected to 
obtain accurate statistical analysis. LDV data 
processing procedures are described in detail in 
[16].  
 
 
2.5 Intermittency evaluation procedure 
The hot-film signal presents a high sensitivity to the 
turbulent spots and one can try to discriminate 
turbulent and non-turbulent states by analyzing the 
power density function (pdf) of the qτw signal [17]. 

The objective of the method is to evaluate the 
intermittency Γ, defined as the portion of time 
during which the boundary layer is in turbulent state 
compared to the complete period of observation. It 
means that Γ is equal to 0 when the boundary layer 
is laminar and becomes 1 when the boundary layer 
is turbulent. The advancement of the transition 
process is therefore quantitatively represented by the 
variation  of Γ along the profile.  

The method has been implemented in the present 
work by means of a least squares fitting of the 
turbulent portion of the pdf: 
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where A1 amplitude, A2 centre and A3 width of the 
Gaussian fit are obtained using a non-linear least 
squares routine based on Levenberg-Marquardt 
method. The minimum value of qτw for the turbulent 
portion of the data record pdf, located in the valley 
between high and low shear portions, is defined 
iteratively in order to obtain the best fit.  

The intermittency is calculated as 

∫ ==Γ π31)( AAdxxP    (4) 

 
 
3 Results and Discussion 
 
3.1 Hot-film measurements 
In the present section the analysis of the effect of 
Reynolds number variation on transition, based on 
the wqτ  data, is presented. 
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Figure 2. Blade profile and measuring positions 
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3.1.1 wqτ  time traces and probability density 
functions 
Figure 3 shows the evolution of the transition 
process at the largest Reynolds number (Re2c= 
1.6x106). The time trace at position 12 indicates a 
laminar condition with low wqτ  mean values and 
absence of fluctuations (laminar state). The 
corresponding probability density function (pdf) is a 
very sharp nearly gaussian distribution, typical of a 
laminar state. 

At station 14 the transition starts to take place. 
The pdf assumes a double peak structure typical of 
the transition process. At this stage the boundary 
layer is prevalently laminar as shown by the 
stronger peak in pdf at lower wqτ  and a small but 
clearly visible turbulent contribution at larger wqτ . 

Station 15 is exactly at the transition point 
(turbulent state for 50% of time). The boundary 
layer switches between laminar and turbulent states. 
The wqτ  oscillates between low (laminar) and large 
(turbulent) values.  

At station 15.5 the transition process is advanced 
(turbulent state for more than 50% of the time). The 
probability density function presents a tail on the 
left side due to the negative spikes associated with 

the still existing but more rare laminar conditions. 
Finally at station 18, the boundary layer is in a 

fully turbulent state characterized by turbulent 
fluctuations. Turbulent fluctuations have a larger 
frequency and a lower amplitude compared to the 

wqτ  fluctuations associated with the change of state 
of the boundary layer during transition. In the 
turbulent condition the pdf is a large frequency 
range gaussian distribution. 

At the lower Reynolds number Re2c= 5.9x105 
(Fig. 4) the transition process takes place in a 
different way. At station 14 the boundary layer is in 
a laminar, near separation condition characterized 
by very low values of wqτ .  

At station 16 the transition process, probably 
triggered by the incipient separation condition, takes 
place very rapidly with extended turbulent spots. At 
station 16.5 the transition is well advanced with a 
nearly 50% of the time of turbulent state. 

At station 18 the boundary layer is already 
become turbulent. Compared with the case at largest 
Reynolds number (Re2c= 1.6x105), here (Re2c= 
5.9x105) the transition process initiates later, but it is 
more rapid and terminates approximately at the 
same position of the large Reynolds number 
condition. 
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Figure 3. wqτ  time traces and probability density functions Re2c =1.6 x 106 
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3.1.2 wqτ  statistical moments 
Figure 5 shows the distributions along the blade 
suction side surface of the time averaged wqτ  

together with the variance and skewness coefficients 
of the wqτ  fluctuations for the two Reynolds 
numbers investigated Re2c = 590000 and 1600000. 
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Figure 4. wqτ  time traces and probability density functions Re2c =5.9 x 105 
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Figure 5. Distributions of wqτ statistical moments for Re2c= 1.5x105 to 1.6x106 
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transition process can be identified from these 
distributions. The start of transition can be located at 
the point where the variance starts to increase and 
the skewness moves from zero to positive values. 
This point is in the region where wqτ  is low but has 
not yet reached its relative minimum. The transition 
point can be defined by the maximum of the 
variance distribution, which corresponds to a region 
of large positive gradient of wqτ  and to the position 
where the skewness coefficient is changing sign 
decreasing from the positive region to the negative 
one. Finally the end of transition can be identified 
by the variance return to a nearly constant value and 
the skewness return to zero.  

At Re2c=590000 wqτ  presents a clear relative 
minimum which attains the null value at 

max/ ss =0.5, exactly where variance moves steeply 
from zero and skewness becomes suddenly positive. 
Probably this is a critical condition where both 
laminar separation and transition conditions occur at 
the same time. 

The acceleration of the transition process is the 
most important effect of the Reynolds number 
increase. 

A more quantitative information on the transition 
onset and completion is given by the intermittency 
parameter that has been evaluated from the 
instantaneous hot-film signals by means of the pdf 
based detection algorithm briefly described in the 
subsection 2.5.  

 
3.1.3 Intermittency function 
The intermittency function Γ has been evaluated 
using eq. (4) for all the measuring points. The 

intermittency function distribution is reported in 
Fig. 6 for Re2c = 590000 and Re2c = 1600000. 

Figure 6 clearly shows that the start of transition 
is located at max/ ss =0.3 for Re2c = 1600000 and at 

max/ ss = 0.5 for Re2c = 590000. The end of 
transition is located at about max/ ss =0.6 and 

max/ ss =0.65, respectively. This confirms a longer 
and smooth transition process for the higher 
Reynolds number and a sudden and rapid transition 
process, probably triggered by an incipient 
boundary layer separation, for the lower Reynolds 
number. 
 
 
3.2 LDV measurements 
 
3.2.1 Instantaneous velocities within the 
boundary layer 
To gain information on the flow time structure, the 
time traces of instantaneous velocity within the 
boundary layer have been investigated. The 
maximum obtainable data density, defined as the 
ratio between the turbulence integral time scale iT  
and the mean valid data interarrival time st∆ , is in 
the present investigation of the order of 20, a value 
large enough to reveal the general features of the 
time structure of the flow. Figure 7 reports the time 
traces of the velocity detected in 3 locations: St14 
s/smax=0.46, St16 s/smax=0.57, St19 s/smax=0.77, 
characteristic of laminar, transitional and turbulent 
conditions, respectively. For each station the 
distributions are given for three values of the non 
dimensional normal distance y+. 

At station 14 the boundary layer is still in 
laminar state, as shown by the very low velocity 
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Figure 6. Distributions of the intermittency function 
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variations of the time traces at the different 
distances from the wall. 

The most striking feature of the velocity traces of 
station 16 is the presence of not so frequent one-side 
velocity fluctuations, which determines the 
intermittent switching of the velocity from laminar 
to turbulent conditions. At y+= 4.6 time trace shows 
also some negative velocity values, clearly 
indicating the tendency of the boundary layer to 
separate. At station 19, the turbulence structure is 
characterised by higher frequency, large two-side 
velocity fluctuations, typical of a turbulent boundary 
layer. 

 
3.2.2 Boundary layer velocity and turbulence 
fields  
The LDV instantaneous data have been weighted 
averaged to obtain boundary layer velocity and 
turbulence profiles and, considering all the profiles 
together, also the boundary layer velocity and 
turbulence fields. 

The colour plots of Figs. 8 an 9 provide an 
overall view of the boundary layer development and 

the associated turbulence from laminar to turbulent 
state. 

Figure 8 refers to case of higher Reynolds 
number (Re2c =5.9x105)and Figure 9 reports the 
results at lower Reynolds number (Re2c =1.6x106): 
on the top of both figures the colour plot of the 
streamwise velocity with the vector plots 
superimposed, on the bottom the rms of the 
streamwise velocity. 

Starting from Fig. 8 and from the steamwise 
velocity fields, one can observe the free stream flow 
acceleration up to the region of maximum velocity 
and the subsequent region of diffusion. The 
boundary layer is thin in the accelerated region, the 
transition takes place in the decelerated region and 
finally the velocity field shows the increase of the 
turbulent boundary layer after s/smax=0.6.  

Low rms values in the forward part of the rms 
field (left hand side) confirm the laminar boundary 
layer nature at the beginning. However, before the 
transition process takes place, the rms starts to 
increase in the near wall region indicating an early 
beginning of instability at largest Reynolds number, 
which precedes the transition process. The transition 

 

Figure 7. Instantaneous velocities within the boundary layer Re2c =5.9 x 105 
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process takes place approximately from s/smax=0.3 to 
0.6 with a significant increase of the rms of the 
velocity in the region near the wall, due to the 
intermittent nature of the phenomenon with 
alternation of laminar and turbulent states. 

Finally the rear part of the rms field shows a 
streamwise turbulence distributions which is typical 
of the turbulent boundary layer state. 

In the case of lower Reynolds number the 
velocity and rms fields (Fig. 9) indicate a different 
development of the transition process. 

In the forward part of the profile the boundary 
layer thickens significantly, because the start of 
transition is delayed due to the effect of reduced 
Reynolds number. The laminar boundary layer 
develops up to about s/smax=0.53 with a progressive 
reduction of the friction velocity and consequent 
risk increase of separation. The occurrence of 
separation before transition is correlated to the 
profile Reynolfd number and flow freestream 
turbulence intensity (e.i.[18]). The phenomenon has 
been recently investigated also with numerical 
simulations [19].  

At s/smax= 0.53 the laminar boundary layer stays 
simultaneously in an incipient state of separation 
and on the verge of transition (Reynolds number 
based on momentum thickness Reϑ =390). 
Therefore the transition takes place vigorously in a 
short spatial extension (from s/smax= 0.55 to s/smax= 
0.65) as shown by the strong peak of rms values 
located separately from the wall. From s/smax= 0.65 
onwards the plots show a typical boundary layer 
development in terms of velocity and turbulence 
fields, as expected much extended compared to the 
case at larger Reynolds number. 
 
 
4 Conclusions 
Surface mounted hot-film instrumentation was 
employed to investigate the effect of Reynolds 
number on the boundary layer transition process in a 
large scale turbine cascade. Hot-film investigation 
was complemented with local boundary layer LDV 
measurements. 

The most relevant conclusions of the present 
investigation are as follows: 
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Figure 8. Boundary layer velocity and turbulence fields  Re2c =1.6 x 106 
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• Both distributions of wqτ  and intermittency 
function show that at Reynolds number Re2c = 
1600000 the transition process is long and 
gradually takes place from max/ ss =0.30 until 

max/ ss =0.6. At a moderate Reynolds number 
Re2c=590000 the transition starts suddenly at 

max/ ss =0.5, probably triggered by an incipient 
boundary layer separation, and it is rapidly 
completed at max/ ss =0.65.  

• Velocity and turbulence colour plots document 
the boundary layer development down to the 
near wall region. During transition the 
streamwise velocity fluctuations are strongly 
amplified especially in the near wall region were 
rms(u') attains values which are much larger than 
in the turbulent regime.  

• Time traces of the instantaneous velocity taken at 
different distances from the blade surface show 
clearly the intermittent switches of the velocity 
from laminar to turbulent conditions taking place 
in the near wall regions and indicate that at 
moderate Reynolds number the boundary layer 
has a tendency to separate before transition. 

• Accuracy and spatial resolution of 
measurements, and completeness of results make 
the present data a test case suitable for turbulence 
and transition models used in numerical 
prediction of boundary layer transition.  

 
 
Nomenclature 
c blade chord length 
e hot-film voltage 
e0 hot-film voltage at zero flow condition 

wqτ  quasi wall shear stress 

c2Re  Reynolds number based on cascade outlet 
velocity and chord length = ν/2cu  

Sk skewness coefficient 
s surface distance measured from leading 

edge 
maxs  surface length from leading to trailing edge 

u instantaneous velocity components in 
streamwise direction 

u’ velocity fluctuations in streamwise 
directions 

eu  local free-stream velocity 
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Figure 9. Boundary layer velocity and turbulence fields   Re2c =5.9 x 105 
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1u  cascade inlet velocity 

2u  cascade outlet velocity 
+y  dimensionless distance from the blade 

surface = ντ /yu  
Γ intermittency 
ν kinematic viscosity 
ρ fluid density 

wτ  wall shear stress 
 
Overbar 
____ time averaged 
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