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ABSTRACT 
The contribution describes experimental and 

numerical investigation of the laminar-turbulent 

boundary layer transition on a prismatic blade in a 

linear blade cascade. Experiments were performed 

using infrared thermography (IRT), while 

numerical simulations were based on the different 

transition models implemented into the in-house 

numerical codes. Both approaches are then 

compared.  

NOMENCLATURE 

Symbol Name Dimension 

c Blade pitch m 

cf Skin friction coefficient 1 

E Emissive power W/m
2
 

h Heat transfer coefficient W/(m
2
K) 

l Characteristic length m 

R Radiation reflection  W 

t  Blade chord m 

T 
Thermodynamic 

temperature 
K 

u Velocity m/s 

   

Nu Nusselt number 1 

Re Reynolds number 1 

   

ε Emissivity 1 

η Spectral range nm 

λ Thermal conductivity W/(mK) 

ν Kinematic viscosity m
2
/s 

σ 
Stefan-Boltzmann 

constant 
W/m

2
K

4
 

φ Surface curvature m
-1

 

 

INTRODUCTION 
Kinetic energy is dissipated due to the viscous 

forces that are connected with the presence of the 

turbine blades in the flow field. This energy 

dissipation is strongly dependent on the boundary 

layer (BL) character on the blade surface and also 

on the BL separation in subsonic flow. Intensive 

experimental and numerical research is being 

carried out because of dependency between turbine 

efficiency and energy dissipation of the flow. 

BL transition is commonly described by 

similarity criteria such as Mach and Reynolds 

numbers, which describe effects of compressibility 

and viscous forces. BL transitions is also 

influenced by free stream turbulence and pressure 

gradients, see e.g. Narasimha [1] or Mayle [2].  

Many experimental techniques can be used for 

the detection of BL transition. Hot-film 

anemometry (HFA) (Gomes et al. [3]), pressure 

sensitive paint (Balla [4]) or oil flow visualization 

(Cattafesta et al. [5]), can be mentioned. Infrared 

thermography (IRT) is also commonly used for the 

detection of the BL transition, see e.g. [6].  

Principle of this method is based on different 

convective heat transfer in laminar and turbulent 

flow. The laminar BL can be considered as an 

insulator due to its low heat exchange between the 

model surface and free stream.  

Key elements for obtaining the meaningful 

experimental results are: 

 Different temperatures between the model 

surface and free stream (some kind of heating 

or cooling of the models are often used, see e.g. 

[7]).  

 Low thermal conductivity of material used for 

model manufacturing.  

 

EXPERIMENTAL APPARATUS, METHODS 
AND SETUP 

Wind tunnel 
Experiments were performed in the low-

pressure closed loop wind tunnel (WT). Scheme of 

the WT is shown in Figure 1. Mach number can be 

set by changing the rotational speed of the 

compressor, while the change of the Reynolds 

number can be achieved by reduction of the 

pressure in the WT by set of vacuum pumps, so 

each of these numbers can be set separately. 

Incidence angle of the flow can be adjusted using 

pair of shaped semi-nozzles placed in front of the 

fixed blade cascade. Incidence angle was set at 

 = 85° in presented experiments, see Figure 2.      
Linear blade cascade was ensembled of 9 

blades that were placed between two walls of the 

WT test section. Pitch-to-chord ratio of the cascade 

was t/c = 0.9. For the presented experiments one 

blade in the cascade was manufactured of 

CibaTool (artificial wood). As was mentioned 
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above thanks to the low thermal conductivity of 

this material the blade could have been used for 

detection of the BL transition using IRT.   

 

Figure 1: Scheme of the wind tunnel. 

Infrared thermography 
Principle of IRT is based on measurement of 

thermal radiation of the body under investigation. 

Relation between the temperature and surface 

emissive power is described by well-known Stefan-

Boltzmann law: 

E = T
4
, (1) 

where  is the emissivity of the body (for black 

body  = 1),   = 5.6810
-8

 W/m
2
K

4
 is Stefan-

Boltzmann constant and T is thermodynamic 

temperature. Camera must be carefully calibrated 

for an accurate temperature measurement. 

Emissivity of the body  is dependent on many 

variables
1
. In this case  was mainly function of: 

  = f (T, , R), (2) 

where  is the direction of radiation and R is the 

reflection of the radiation from the body. 

Main advantage of this method compared to 

others (e.g. hot-films) in the fluid dynamics 

investigation is, that camera does not influence the 

flow field, and also whole 2D temperature field can 

be measured. Disadvantage is that many parameters 

can influence temperature measurement and 

already mentioned calibration with high precision 

must be performed before measurement. 

 

Infrared camera setup 
FLIR A655sc infrared camera with resolution 

of 640 × 480 pixels and maximum frame rate of 

50 Hz was used for the experiments. View angle of 

the camera was 15°. Camera can clearly detect  

30  10
-3

°C differences in temperature. Spectral 

range of the camera is η = 7.5 ÷ 14 μm. Standard 

temperature range for the FLIR A655sc is  

T = (-40 ÷ 150) °C and it can operate in the 

temperature range of T = (-10 ÷ 50) °C. Best 

accuracy of the camera is ± 2 °C or ± 2% rdg. The 

original calibration made by producer was used 

during the experiments..  

                                                      
1
 Another variable can be roughness of the surface, 

spectral range η… 

Camera was placed 260 mm behind the trailing 

edges of the blades. Two blades were in the view 

angle of the camera as can be seen in Figure 2. 

From the figure it is also obvious, that because of 

the cascade geometry IR camera could not measure 

temperature on the leading edge of the blade. 

Temperature was measured by the IR camera in the 

range of s/smax ϵ (0.2 – 1.0).   

 

 
Figure 2: Blade cascade with IR camera. 

Detection of the boundary layer transition 
As was mentioned above, heat transfer 

between the free stream and the body surface is 

dependent on the BL type on its surface, on its 

thickness δ and also on BL separation, if occurs. 

This is caused by the increase of skin friction 

coefficient cf = w/(2u
2
), that is usually one order 

higher in turbulent BL compared to laminar one. 

According to Reynolds analogy, heat transfer is a 

function of skin friction coefficient in the form: 

Nu = ½ cf (x) Re, (3) 

where Nu = hl/ is Nusselt number (h is the heat 

transfer coefficient, l is the characteristic length and 

 is the thermal conductivity), Re = ul/ is 

Reynolds number (u is the flow velocity and  is 

the kinematic viscosity). Air was used as a medium 

for the experiments, so the Prandtl number was 

approximately 1 and the condition for Reynolds 

analogy was satisfied.  

Experimental setup 
During the experiments several flow regimes 

defined by outlet isentropic Mach (M2is) and 

Reynolds (Re2is) numbers were investigated. 

Regimes were chosen with respect to the WT 

operation conditions and also with respect to the 

earlier experiments performed in our laboratory, 

where the transition of the BL was proven by HFA, 

see [15], [16]. All tested regimes are summarized 

in Table 1, where temperatures of the free stream 

(Ta) and blade temperature (Tsref) are also listed. As 
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can be seen the free stream temperature was higher 

compare to blade surface (approximately about 

1°C) and so the blade was heated by the oncoming 

flow during the experiments. Blade was not forced 

heated nor cooled by any external source. 

Experiments performed with heated blade were 

already published in [15]. 

Table 1: Tested flow regime. 

M2is  

[1] 

Re2is  

[1] 

Tsref  

[°C] 

Ta 

 [°C] 

0.8 5.010
5
 12.7 14.1 

0.6 7.510
5
 12.7 13.5 

0.6 5.010
5
 13.2 14.0 

0.6 2.510
5
 13.1 14.0 

0.4 5.010
5
 12.7 13.3 

0.4 2.510
5
 16.1 16.5 

The pressure distribution on the blade surface 

was measured during the previous experiments. 

Thirteen pressure taps were equally distributed on 

the pressure and suction side of the blade.   

 

NUMERICAL APPROACH 
Flow in linear blade cascade is modeled as 

compressible viscous turbulent flow of the perfect 

gas. Model is described by system of Favre 

averaged Navier-Stokes equation: 
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where  is the density, U is the velocity vector, p is 

the pressure,  is the stress tensor, E is the specific 

total energy,  is the thermal conductivity and T is 

the temperature. The system is closed by the 

equation of state for the perfect gas p /  = r T and 

constant specific heat capacity cp and by two 

equation nonlinear EARSM k– turbulence model 

of Hellsten [17]: 
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where k is the turbulent energy,  is the specific 

dissipation rate of the turbulent energy, Pk and P 

are the production terms, Dk and D are the 

destruction terms, CD is the cross-diffusion term, 

 is the molecular viscosity, t is the turbulent 

viscosity and k and  are the model constants. In 

eq. (7)  is the intermittency coefficient which will 

be discussed later. 

The in-house numerical code [18] based on the 

finite volumes method is used for the solution of 

the system of governing equations (4) – (8). 

 

Boundary layer transition modelling 
Two different algebraic models of the BL 

transition are used in this work. The first model of 

Straka and Příhoda [19] is based on Narasimhas 

algebraic relation [1] for the intermittency 

coefficient: 

γ = 1 – exp [-nσ (Res – Rest)
2
],   (9) 

where Res is the Reynolds number based on free-

stream velocity and on the surface distance from 

the leading edge, Rest = f1(U, Tu, , ) is the 

transition onset criterion depending on the free-

stream velocity U, on the free-stream turbulence 

intensity Tu, on the momentum BL thickness  and 

on the pressure gradient . Parameters  

-nσ = f2(U, Tu, θ, λ) describe turbulent spots 

generation rate and spots propagation and depend 

also on the free-stream velocity and turbulence 

intensity, on the momentum thickness of the BL 

and on the pressure gradient. Correlations f1(U, Tu, 

, ) and f2(U, Tu, , ) were proposed for both 

bypass and separation-induced transition 

mechanism (see [19]). 

The intermittency coefficient  is used in 

equation (7) for modification of the turbulent 

energy production and destruction terms and in 

equations (5) and (6) for evaluation of the effective 

viscosity eff =  + t . 

This transition model is nonlocal because it 

needs to integrate the boundary layer, to measure 

the surface distance from the leading edge and to 

evaluate the free-stream parameters. Therefore, this 

model is suitable for simple geometries only. In this 

work it is used for simulation of 2D flow in linear 

blade cascade. 

Very interesting area for modelling of the BL 

transition is the peripheral part of the blade span 

near the sidewall due to presence of the secondary 

vortices. Because above mentioned nonlocal 

transition model is unusable in this case second 

model, strictly local formulated, proposed by 

Kubacki and Dick [20] is used in this work for 

simulation of 3D flow with an influence of the 

sidewall. 

Model of Kubacki and Dick [20] is also 

algebraic (it does not need additional transport 

equation) and is based partially on concept of the 

intermittency coefficient  and partially on concept 

of splitting the turbulent energy k (introduced by 

Walters and Cokljat [21]) into laminar-fluctuation 

kinetic energy kl and the small-scale part ks as 

follows: ks = fssk, kl = k – ks, where fss is the 

splitting factor. The algebraic transition model of 

Kubacki and Dick [20] is applied on the production 

term in transport equation for the turbulent kinetic 

energy only: 
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where sepkk PPP )1(
~

  . The first difference 

from eq. (7) is that only the small-scale component 

of the turbulent kinetic energy ks is used for 

evaluation of the production term Pk. The second 

difference is the addition of the production term 

Psep to start the turbulence production due to 

instability and breakdown of laminar free shear 

layer. 

 

RESULTS AND DISCUSSION 

Determination of the blade emissivity, 
effects which influence the IRT measure-
ment 

 Emissivity of the blade under investigation 

was set according to preparatory experiment. 

Moreover this experiment was also used for a 

demonstration of some effects that influence the 

temperature measurement with IR camera.  

For this purpose first part of the blade surface 

was cleared and served as a reference surface for 

the blade emissivity determination (right side of the 

blade in Figure 3). Roughness surface effect on the 

temperature measurement with IRT was 

demonstrated by sand paper (middle part of Figure 

3) and emissivity together with radiation reflection 

effect on temperature measurement was 

demonstrated by aluminum foil (left part of 

Figure 3).   

Reference temperature in the laboratory was 

measured at steady condition by thermocouple and 

was T = 22 °C. According to this reference 

temperature, emissivity of the blade surface in the 

IR camera control software was set as   = 0.93.  

Surface roughness caused that measured 

temperature was approximately 1°C lower 

compared to the reference part of the blade; see 

middle part of Figure 3. Temperature measured on 

the aluminum foil, which emissivity was  ≈ 0.03, 

was about 5 °C lower compared to the uncovered 

surface. Reflection of the radiation on the 

aluminum foil can be clearly seen. Here reflection 

from the finger was captured by the IR camera in 

the left part of Figure 3.  

Near the leading edge of the blade  

(s/ smax  ≈ 0.2), effect of the surface curvature was 

observed as a decrease in the measured 

temperature. According to Carlomagno and 

Cardone [22], curvature of the surface starts play 

important role, when the direction between the 

radiation and IR camera is higher than 60°, it can 

be  seen on both Figures 3 and 4 at the coordinate 

(s/ smax  ≈ 0.2). 

 

 

 

 

Wind tunnel testing  

Picture without the air flow, when the tunnel 

was turned off, is shown in Figure 4. In the figure 

reflection from both sidewalls of the WT test 

section can be seen. Near the leading edge  

(s/ smax  ≈ 0.2) of the blade was a region, where the 

reflected radiation from another blade in the 

cascade can be recognized. Surface curvature effect 

described above, was also observed here.  

Visualization of the BL transition is shown in 

Figure 5. Transition of the BL can be observed as a 

large temperature gradient on the blade surface. 

 

 

Figure 3: Visualization of the effects influencing the 
temperature measurement using IRT (scale in the 
figure is in °C). 

 
 
Figure 4: Initial conditions of the experiments. 

 

Effect of Reynolds number can be observed in 

Figure 5. The highest Reynolds number was 

Re2is  = 7.5 × 10
5
 (Figure 5 b), where the BL 

transition occurred in the s/smax = 0.6. With 

decreasing Reynolds number (Figures 5b and c) 

position of the BL transition moved downstream 

toward the trailing edge of the blade. Positions of 

the BL transition were then s/smax = 0.7 for 

Re2is  = 5.0 × 10
5
 and s/smax = 0.8 for 

Re2is  = 2.5 × 10
5
, respectively.  The effect of Mach 

number is visible by comparison of Figure 5 a, c 

and e and Figure 5d and f.  It shows that the effect 

of Mach number on the position of the BL 

transition was not significant, because position of 

the BL transition did not change with Mach 

number.  
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a) M2is = 0.8; Re2is = 5×10
5
 

 

b) M2is = 0.6; Re2is = 7.5×10
5
 

 

c) M2is = 0.6; Re2is = 5×10
5
 

 

d) M2is = 0.6; Re2is = 2.5×10
5
 

 

e) M2is = 0.4; Re2is = 5×10
5
 

 

f) M2is = 0.4; Re2is = 2.5×10
5
 

Figure 5: Visualization of the BL transition using 
IRT.  

Structures in the BL transition zones (Figure 

5a and c – f), where the blade surface had lower 

temperature, are visible. These structures were 

formed by small separation “bubbles” and by 

longitudinal vortices, which can be connected with 

the BL transition. In these “bubbles” heat transfer 

between the free stream and blade surface was 

decreased. It corresponds with theory of heat 

transfer in separated flow; see e.g. Baehr and 

Stephan [23].  

 
Figure 6: Normalized temperature distributions 
along the s coordinate of the blade: a) Re2,is = 
2.5×10

5
, b) Re2,is = 5.0×10

5
, c) Re2,is = 7.5×10

5
.  

In all Figures 5a – f, corner vortices on both 

sides of the test section can be clearly seen as 

wedge regions with lower temperature. These 

vortices are generated as interaction of the inlet 

BLs on the WT walls and leading edge of the 
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blade. In these regions enhanced cooling of the 

blade surface was observed. That was caused by 

the cooler fluid, which temperature was reduced in 

the BLs on the WT walls that had lower 

temperature compared to the free stream and also 

blade. Cooling effect is caused also as a 

consequence of the fluid leakage from the pressure 

side of the blade to the suction side through the 

gaps between the blade and the WT walls. 

Normalized temperature distribution T/Tmax 

along the blade coordinate s is shown in Figure 6 

(Tmax is the maximal temperature from the 

measured profile). Transition of BL on the blade 

surface is highlighted by doted ellipse in the 

figures.    

Pressure distribution on the blade surface is 

shown in Figure 7. Ratio of the local static pressure 

and inlet total pressure is plotted in the figure. 

Pressure distribution was measured during the 

work of Kladrubský [24], and only relevant 

unpublished data are shown here. 

 

 
Figure 7: Pressure distributions on the blade 
surface. 

 
NUMERICAL RESULTS 

In Figure 8 field of the intermittency 

coefficient  for 2D simulation using the transition 

model of Straka and Příhoda [19] in location near 

the trailing edge, is shown. The intermittency 

coefficient takes value  = 0 in domain of laminar 

flow (blue color in Figure 8), value  = 1 in domain 

of turbulent flow (red color in Figure 8) and values 

in range 0 <  < 1 in transition region. Figure 8 

shows the effect of the Reynolds number on the 

transition onset for case of M2is = 0.6. 

Figure 9 shows distribution of the pressure 

coefficient cp = (psf - pS)/(pT - pS) along the blade 

surface for 2D simulation. psf is the pressure on the 

blade surface, pS and pT are the static and total 

pressure of the inlet stream. Curvilinear coordinate 

s has origin at the leading edge, smax is the 

curvilinear length of the suction or pressure surface 

respectively. 

In Figure 10 there is shown distribution of 

normalized temperature Tsf/TT along the blade 

surface for 2D simulation. Tsf is the temperature on 

the blade surface and TT is the total temperature of 

the inlet stream. 

 
Figure 8: Field of intermittency coefficient  for 2D 
simulation; M2is = 0.6. 

Figure 9: Pressure coefficient distributions along the 
blade surface for 2D simulation. 

 
Figure 10: Normalized temperature distributions 
along the blade surface for 2D simulation. 

In Figure 11 the surface temperature on suction 

side of blade for 3D simulation using transition 

model of Kubacki and Dick [20] is shown. 

Direction of view is the same as in Figure 5. Black 

line shows position of the transition onset. Figure 

11 illustrates the effect of the Reynolds number as 

well as the effect of the side walls on the transition 
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onset. It should be noted that both the blade surface 

as well as the side wall are modeled as adiabatic 

walls without any heat transfer, which is in contrary 

with reality in test section of the wind-tunnel where 

the side walls have a cooling effect. 

 

 

Figure 11: Field of normalized surface temperature 
for 3D simulation; M2is = 0.6. 

 
Figure 12: Comparison of normalized surface 
temperature distribution of 2D and 3D simulation; 
M2is = 0.6. 

Figure 12 shows comparison of the surface 

temperature distribution along the axial chord for 

2D and 3D simulation in the middle of the blade 

span. 

 

COMPARISON OF THE USED METHODS 
Comparison of used methods is based on the 

evaluations of the positions of the BL transitions 

made of both approach. These comparisons are 

listed in Table 2. As can be seen, the CFD 

prediction is in good agreement with experimental 

results.  

Comparison of dimensionless pressure 

distribution p/p0 on the blade surface obtained from 

pressure measurement and CFD is shown in 

Figure 13. Good agreement between both used 

approaches can be seen from the mentioned figure. 

 
Table 2: Position of the BL transition - comparison 
of used methods. 

M2,is[1] Re2,is[1] s/smax [1] 

  IRT 2D CFD 

0.4 

2.5×10
5
 0.80 0.82 

5.0×10
5
 0.75 0.78 

7.5×10
5
 - 0.74 

0.6 

2.5×10
5
 0.80 0.82 

5.0×10
5
 0.75 0.78 

7.5×10
5
 0.70 0.74 

0.8 

2.5×10
5
 - 0.82 

5.0×10
5
 0.75 0.78 

7.5×10
5
 - 0.74 

 
Figure 13: Comparison of normalized surface 
pressure distribution p/p0 on the blade surface 
obtained from experiments and CFD. 
 

CONCLUSION 
Experimental and numerical investigation of 

the BL transition on the prismatic blade in the 

linear blade cascade was topic of this contribution. 

For the experimental detection of the BL transition 

the method of Infrared thermography was used. 

Numerical calculations were performed by in-

house numerical codes based on the finite volume 

methods. Two different algebraic models of the BL 

transition were applied during the calculations.  

Influences of Reynolds and Mach numbers on 

the BL transition were studied. With increasing 

T
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Reynolds number position of the BL transition 

moves upstream toward the leading edge of the 

blade, while no significant influence of the Mach 

number on the position of BL transition was 

observed. 

Comparison of the temperature distribution on 

the blade surface (Figures 6, 10 and 12) shows 

good agreement between the experimental and 

numerical approach.  

The 3D numerical simulation (Figure 11) 

shows the similar surface temperature distribution 

as was detected by experiment (Figure 5). The 

adiabatic side wall condition used in computations 

gave the only differences in temperature in the side 

wall vortices.    
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