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Abstract 

This paper continues the series of experimental studies conducted in interchangeable test sections of T-128 

TsAGI transonic wind tunnel. The results of measuring boundary layer longitudinal velocity profiles on the 

nozzle (solid) wall, on the upper and side walls of test sections #1, 2 (perforated walls) and #3 (slotted walls) 

are presented. The shape factor and friction coefficient were also obtained. Investigations were carried out in 

the Mach number range M = 0.2÷1.4 and Reynolds number range Reθ ≈ (1.0÷2.3) ∙ 105. Reynolds number was 

related to momentum thickness — θ.  
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1. Introduction 

Studies of turbulent boundary layers (TBL) on solid surfaces at high Reynolds numbers cause both 

practical and fundamental interest [1]: 

• useful for large aircraft and ships designers; 

• there is still no answer what would happen to the TBL at 𝑅𝑒 → ∞? 

Investigations of TBL on perforated walls are equally interesting. Perforated surfaces are often used 

in the jet engines intakes and as the walls of test sections of transonic wind tunnels. Considering TBL 

on the wind tunnel test section perforated wall, its parameters could help to: 

• find out how test section perforated walls influence on aircraft models aerodynamic characteristics. 

TBL parameters could be used to set boundary conditions in this class of problems [2];   

• estimate the test section drag, which is important to design new wind tunnels; 

• optimize moving test section elements position in existing facilities to improve the quality of the flow 

and minimize the drag of test section [3]. 

 

In its entirety, investigations of boundary layers on nozzles and test sections walls help to provide 

high flow field uniformity due to the optimal configuration of movable test section elements 

determining [4] and facility power consumption decreases [3]. This paper continues the series of 

experimental studies of turbulent boundary layers conducted in interchangeable test sections of T-

128 TsAGI transonic wind tunnel. 

 

In this report the turbulent boundary layer parameters (Clauser equilibrium parameter, skin friction 

coefficient, shape factor) were achieved by measuring longitudinal velocity profiles in TBL on the 

nozzle (solid) wall, on the upper and side walls of test sections #1, 2 (perforated walls) and #3 (slotted 

walls) are presented. Due to the lack of experimental data obtained on the permeable surfaces the 

aim of this work was to provide novel data on slotted and perforated surfaces at very high Reynolds 

numbers related to momentum thickness (up to 2.3 ∙105) and to supplement the existing database on 
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the smooth surfaces. 

2. Experimental set-up 

The experiments were conducted in T-128 TsAGI facility. It is a closed-circuit wind tunnel with a four 
staged compressor of a 100 MW power (Fig.1). 

 

Figure 1 – T-128 wind tunnel scheme. 1 – cooler. 2 – flooding and vacuum-pumping system valves. 
3 – compressor. 4 – deturbulising screens. 5 – variable nozzle. 6 – test section. 7 – mixing chamber 
flaps. 8 – turning blades. 9 – honeycomb. 10 – settling chamber. 11 – hatch for test section change. 

12 – suction inlet in plenum chamber. 13 – suction outlet. 14 – diffuser. 15 – protecting screens. 

T-128 circuit includes 4 interchangeable test sections with unique walls of adaptive permeability. The 
facility was described more thoroughly in [5]. In this investigation test sections #1, 2 with perforated 
walls and #3 — with slotted walls were used. Rakes of total pressure probes were mounted: 

• on the nozzle upper wall (Fig.2): 23 probes, 0.17 m long; 

• on the side wall of test section #1: 26 probes, 0.2 m long; 

• on the upper wall of test section #2 (Fig.3) 22 probes, 0.29 m long; 

• twice on the side wall of test section #3 (Fig.4): 22 probes, 0.13 m long and 24 probes, 0.29 m 
long. 

 

Figure 2 – Rake mounted on the nozzle upper wall. 
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Figure 3 – Rake mounted on the upper wall of test section #2. Similar rake was mounted on the side 
wall of test section #1.  

 

Figure 4 – Two rakes mounted on the side wall of test section #3. 

During testing the parameters were varied as follows: 

• Mach number in the range M = 0.2÷0.8;  

• Reynolds number in the range Reθ ≈ (1.0÷2.3) ∙ 105. It was changed by setting the total 
pressure values. Momentum thickness θ of the boundary layer was chosen as the 
characteristic scale;  

• test sections #1, 2 walls perforation ratio (𝑓 = 0÷10%) (Fig.5) and test section #3 slotted walls 
openness ratio (𝑓 = 0÷3%); 

• test sections #1, 2 panels divergence angle (αpanel = 0.5÷1°) (Fig.6). 
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Figure 5 – Scheme of variable perforation on test sections #1 and #2. 

 

Figure 6 – Scheme of test section (TS) #1. Test section #2 has the same construction, except for the 
pitch sector: TS #2 is equipped with a strip suspension. 

Were measured: 

• main flow parameters (P0, Pst, T0); 

• total pressure profiles in the boundary layer on the walls of nozzle and test sections #1, 2 and 
3 (via total pressure probes); 

• static pressure in the section where the rakes were located. 

3. Results and discussion 
3.1 Influence of Mach number on boundary layer parameters 

TBL parameters obtained on the solid nozzle wall are in the Mach number range M = 0.2÷1.4. TBL 
parameters on the perforated walls of test section #1 and #2 were obtained at M = 0.7 and M = 0.8 
respectively. TBL parameters on the slotted walls of test section #3 were obtained at M = 0.7 and M 
= 0.8. To investigate the compressibility effects when comparing our data with other researchers’ 
results we related each parameter to its incompressible value, achieved at M = 0.2 at flow regime with 
the same perforation ratio f. We compared our data with the experimental results by Coles [6], Ozerov 
[7], Winter & Gaudet [8], Kornilov [9], Gordeyev [10], Hakkinen [11]; numerical results mentioned in 
the Wenzel et al. review [12]: by Alizard, Pirozoli, Li&Xi-Yun, Duan et al., Maeder et al., Mayer et al. 
and Wenzel et al. and some semi-empirical dependencies. 

Firstly, to verify whether the boundary layer was equilibrium, we evaluated the Clauser equilibrium 
parameter 𝐺 (Fig.7).  

Data obtained in the T-128 nozzle, lie close to the experimental data by Ozerov and Winter & Gaudet 
in the range of Mach number M = 0.4÷0.8 and at M = 1.4 and matches the curve by Prandtl-Karman 
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(when cf = 0.007) [13] in the range of Mach number M = 0.7÷1.0.  

Data obtained on permeable walls of T-128 test sections #2 (perforated) and #3 (slotted) lie between 
the curves by Prandtl-Karman with cf = 0.004 and cf = 0.003. However, the value of G/G0 for test 
section #1 lies approximately 20% higher than the other data obtained in T-128 and needs further 
thorough investigations. 

 

Figure 7 – G/G0 as a function of M 

Skin friction coefficient Cf was calculated by Clauser chart method. Constants in the classical 
logarithmic velocity profile were used as recommended by [14]: 𝑘 = 0.384 and 𝐵 = 4.17. The same 𝑘 

and 𝐵 were used for smooth, perforated and slotted walls.  

Fig. 8 shows the cf/cf0 value obtained on the smooth nozzle wall of T-128 wind tunnel in comparison 
with the other researchers data. According to the semi-empirical dependencies of Reshotko  
𝑐𝑓 

𝑐𝑓0
= (1 + 0.144𝑀2)−0.578 [15], Stratford & Beathers 

с𝑓

𝑐𝑓0
=  (1 + 0.16𝑀2)−0.6 [16], Prandtl-

Schlichting  
с𝑓

𝑐𝑓0
= 0.46 ∙ (lg(𝑅𝑒𝐿 ∙

𝑇𝑤

𝑇
))−2.6 [17], Karman 

с𝑓

𝑐𝑓0
=

1−0.2∙𝑀2

0.2∙𝑀2∙(arcsin(0.2
𝑀

2⁄ ))2
 [13], 

Loitsyanskiy (case (A) –  
с𝑓

𝑐𝑓0
= (

2

2+
𝛾−1

2
𝑀2
)
5
7⁄ – when boundary layer temperature is equal to mean 

value of flow and wall temperatures, μ~T1; case (B) –  
с𝑓

𝑐𝑓0
= (

1

1+
𝛾−1

2
𝑀2
)
5
7⁄ – when boundary layer 

temperature is set as the wall temperature; 𝛾 =
𝜅−1

2
𝑀2 𝑇

𝑇𝑤
, 𝜿 = 𝟏. 𝟒) [13], cf/cf0 value tends to reduce 

with the growth of Mach number.  

In the range of Mach number M = 0.4÷0.8 data obtained in T-128 lies between the curves by 
Loitsyanskiy (case (B)) and Reshotko; when M ≥ 0.9 up to 1.4 – between the curves offered by 
Loitsyanskiy (case (A)) and Prandtl-Schlichting. At M = 1.1 and 1.2 data obtained in T-128 matches 
the Loitsyanskiy (case (A)) curve. However, further investigations are need to make other conclusions 
about the influence of Mach number on cf/cf0 value. 

Fig. 9 displays that shape factor ratio H/H0 value smoothly increase with a growth of Mach number for 
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TBL on the all types of T-128 walls except for the test section #1: shape factor relation lies 
approximately 5.5% higher than the other obtained in T-128 data and needs further investigation.  

 

Figure 8 – cf/cf0 as a function of M 

 

Figure 9 – H/H0 as a function of M 

H/H0 obtained in T-128 wind tunnel agrees with other researchers numerically simulated, experimental 

data and semi-empirical dependencies by Karman [13], Monaghan 
𝐻
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(especially when H0 = 1.5). 

3.2 Influence of perforation ratio on the boundary layer parameters 

To investigate how perforation and openness ratios influence on the boundary layer parameters we 
grouped the data obtained on perforated and slotted walls of T-128 with close values of Reynolds number 
Reθ: Reθ = (120±15) ∙ 103 and Reθ = (210±15) ∙ 103 for the perforated walls both of test sections #1 and #2, 
Reθ = (170±15) ∙ 103 for the slotted walls of test section #3.  

Fig. 10 shows how the perforation ratio f influences on the Clauser equilibrium parameter G. For the 
perforated walls value of G tends to smoothly decrease with the growth of perforation ratio f in the 
range f = 0÷10%. The linear trends for both groups of data on the perforated wall at Reθ = (120±15) ∙ 103 
and Reθ = (210±15) ∙ 103 has close tilt (-0.2432 and -0.227 respectively) and shift (16.023 and 17.854 
respectively) coefficients. The Reθ = (210±15) ∙ 103 curve lies higher than the Reθ = (120±15) ∙ 103 curve. 

As for the slotted walls, Clauser equilibrium parameter has no visible dependence on openness ratio f in 
the range f = 0÷3%. However, further investigations in the wider openness ratio are needed to spread 
these conclusions. 

 

Figure 10 – Clauser equilibrium parameter G as a function of perforation ratio f 

Fig.11 displays the influence of perforation ratio f on skin friction coefficient cf.. For the perforated walls 

value of Cf tends to smoothly increase with the growth of perforation ratio f in the range f = 0÷10%. 
The linear trends for both groups of data on the perforated wall at Reθ = (120±15) ∙ 103 and 

Reθ = (210±15) ∙ 103 has close tilt and shift (0,0011 and 0,001 respectively) coefficients. The 
Reθ = (210±15) ∙ 103 curve lies lower than the Reθ = (120±15) ∙ 103 curve. 

At f = 0% skin friction coefficient cf of TBL on the slotted walls is more than 40% bigger than cf of TBL on 
the perforated walls. According to the obtained data it is hard to make any conclusion about cf dependence 
on openness ratio f in the range f = 0÷3%. Further investigations are needed to discover any trends. 
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Figure 11 – Skin friction coefficient cf as a function of perforation ratio f 

Fig.12 shows the influence of perforation ratio f on shape factor H. For the perforated walls value of H 

has no significant dependence on perforation ratio f in the range f = 0÷10%. The linear trends for both 
groups of data on the perforated wall at Reθ = (120±15) ∙ 103 and Reθ = (210±15) ∙ 103 are similar. The 
Reθ = (210±15) ∙ 103 curve lies higher than the Reθ = (120±15) ∙ 103 curve. The difference between the 
values of H at the similar flow regimes with the same perforation ratio values does not exceed ∆H ≈ 0,09 
(≈ 6%). 

As for the slotted walls, shape factor H has no visible dependence on openness ratio f in the range f = 
0÷3%. However, further investigations in the wider openness ratio are needed to spread these 
conclusions.  

 

Figure 12 – Shape factor H as a function of perforation ratio f 
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4. Conclusions  

The turbulent boundary layer parameters (Clauser equilibrium parameter, skin friction coefficient, 
shape factor) achieved by measuring longitudinal velocity profiles on the nozzle (solid) wall, on the 
upper and side walls of test sections #1, 2 (perforated walls) and #3 (slotted walls) are presented.  

Novel data on slotted and perforated surfaces at very high Reynolds numbers related to momentum 
thickness (up to 2.3 ∙ 105) are presented and the existing database on the smooth surfaces is 
supplemented. 

The results of measurements of the boundary layer parameters on the smooth nozzle of T-128 wind 
tunnel were compared to the experimental data by Coles [6], Ozerov [7], Winter and Gaudet [8], 
Kornilov [9], Gordeyev [10], Hakkinen [11], numerically simulated results from the Wenzel et al. 
review [12] and semi-empirical dependencies by Reshotko [15], Stratford & Beathers [16], Prandtl-
Schlichting [17], Karman [13], Loitsyanskiy [13], Monaghan [18], Prandtl-Karman [13]. Due to the 
lack of data on perforated and slotted surfaces it wasn’t possible to compare data obtained in T-128 
test sections #1, #2 and #3 with any experimental or numerical results. 

First attempts to find out the trends of perforation ratio influence on the Clauser equilibrium 
parameter, skin friction coefficient and shape factor are made. However, further investigations in the 
wider perforation ratio are needed to verify and spread these conclusions. 
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