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We completed the development of a sublayer plate to measure both 

the wall shear stress in boundary layer and vector of the wall shear stress. 

We established design characteristics of the sublayer plate capable of 

measuring shear stresses in two and three-dimensional boundary layers, 

and also determines the calibration characteristics for various flow 

regimes by using experimental. These plates were then used to determine 

the flow characteristic in two and three-dimensional boundary layer. 

A local wall shear stress measurement technique has been developed 

using a thin plate, referred to as a sublayer plate which is attached to the 

wall in the sublayer of a near-wall turbulent flow. The pressure difference 

between the leading and trailing edges of the plate is correlated to the 

known wall shear stress obtained in the fully developed turbulent channel 

flow. The universal calibration curve can be well represented in 

dimensionless form, and the sensitivity of the proposed method is as high 

as that of the sublayer fence, even if the sublayer fence is enveloped by 

the linear sublayer. The results of additional experiments prove that the 

sublayer plate has fairly good angular resolution in detecting the direction 

of the local wall shear stress vector. 



A local wall shear stress vector measurement technique has been 

developed using a thin circular plate, referred to as a sublayer plate, 

which is attached to the wall in the sublayer of a near-wall turbulent flow. 

The pressure difference between the leading and trailing edges of the 

plate is correlated to the known wall shear stress obtained in the fully 

developed turbulent channel flow. A circular sublayer plate surrounded 

by eight pressure taps is designed to measure the wall shear stress vector. 

The curvature of the round edge of the circular plate slightly reduces the 

sensitivity to the wall shear stress magnitude in comparison with a 

rectangular plate. The circular plate can successfully detect the flow 

direction over a wide range flow angle. The circular plate with eight 

pressure taps has a higher resolution in the measurement of the wall shear 

vector using the ratio of the pressure differences at two taps adjacent to 

the tap showing the maximum stagnation pressure. 
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The local wall shear stress is the most fundamental quantity when 

discussing the similarity of the turbulence in the wall layer of boundary 

layer, pipe, and channel flows. 

-  The wall shear stress is caused by the viscosity 

of the fluid, which generates a thin boundary layer along the surface of the 

object. Due to adhesion at the wall surface, the local velocity within this 

boundary layer gradually increases from zero at the surface to a finite value 

of the edge and corresponds to an external flow where the viscous effect 

can be ignored. The magnitude of the shear stress depends on the velocity 

gradient and the viscosity of the fluid. An important process occurring in 

most fluid flows affecting momentum, heat and mass transport is 

turbulence. In this way, it plays a role in the generation of fluid friction 



losses. The logarithmic mean velocity profile or similarity of the near wall 

turbulence is often used to determine the local wall shear stress for 

wall-bounded shear flows, provided that the similarities are independent of 

factors such as external forces or secondary currents. In engineering 

applications, the wall law and the defect law can be extended to more 

complicated situations, such as flows subjected to pressure gradients or 

three-dimensional flows. Shear stress near the wall acting in the direction 

of flow is commonly used as a design parameter for selecting and sizing 

countermeasures. The law of the wall must be validated in terms of the 

local wall shear stress as determined by a method independent of any 

similarity assumptions regarding the statistical properties. From a 

scientific and engineering point of view, wall shear stress is an essential 

quantity to calculate, measure, or estimate turbulence surrounded by walls. 

One of the most important results of the boundary layer theory is that the 

stress which was the determination of wall shear greatly determines the 

energy required to move the flow of liquid and gas over the solid wall. 

Therefore, knowledge of the magnitude and direction of the skin-friction 

vector and its distribution over a surface would be useful.



-

Classical surveys for measuring the local wall shear stress have been 

proposed and used in several experimental studies on wall turbulence (e.g., 

Goldstein, 1983 and Winter, 1977), and, more recently, Hanratty and 

Campbell (1983) and Haritonidis (1989) presented review papers. 

Measurement techniques for the wall shear stress may be divided into a 

small group of direct methods (the floating element method and oil film 



interferometry) and a larger group of indirect methods, which require 

calibration in well-known flows such as pipe flows or two-dimensional 

channel flows. In principle, direct measurement of the shear stress by 

force-sensitive surface elements is preferred as the calibration does not 

depend on the characteristics of the external flow. The floating element 

balance, which considers a large area and is very sensitive (allowing small 

forces to be determined), is probably the oldest method for measuring wall 

shear stress. This technology implies a large area and a very sensitive 

technique to determine small forces. It allows a very accurate measurement 

of the steady wall shear-stress values, about ±2%. The system frequency 

response is limited by the floating element size. The main drawback of the 

floating-element sensors is that they have poor spatial and temporal 

resolution for low-magnitude shear stress measurement, offers a 

shear-stress value, integrated over a larger or a smaller area and fails in 

providing exact pointwise measurements. To obtain a measurable output 

signal in a low-shear environment, a large sensing element is required, 

leading to a loss of spatial resolution. Hence it is not possible to 

simultaneously achieve a high sensitivity and high bandwidth. The drag 

balance technique can be applied to strictly limited situations and requires 

extremely sophisticated treatment (Allen, 1976 and Osaka, et al. 1997). 

The recently proposed oil film technique has been used in a boundary layer 

experiment at higher Reynolds numbers (Bandyopadhyay and Weinstein, 



1

deformation, which is deposed on the test facility flow. The oil film is 

measurement of the mean wall shear-stress is acquired using this technique, 

being capable, in the same time, to measure reverse flow. The accuracy of 

the oil film method can be better, than within ±4%. Meanwhile, it is easy to 

apply and needs little instrumentation. Thus, a precise knowledge of the 

his technique requires careful 

arrangement of optical devices and considerably accurate oil viscosity 

values in the experimental setup. However, in practice, the direct 

measurement can be difficult to implement and is potentially subject to 

large errors under general flow conditions. Therefore, indirect shear stress 

measurement techniques have been developed.  

Fig.1-2 Main direct method of wall shear stress measurement: the left 
figure is the floating element method, the other one is the oil film 
interferometry 



The Preston tube and the razor blade are simple and easily accessible 

devices that are applicable to many cases involving a flow over a smooth 

surface (Preston, 1954 and Patel, 1965). Preston tubes provide a 

convenient means of measuring the wall shear stress of two-dimensional 

turbulent flows because they are easy to make and use and are applicable 

over a fairly wide range of pressure gradients (Ghassem Zarbi and A. J. 

Reynolds). However, for cases in which the Preston tube is enveloped by a 

linear sublayer, the stagnation pressure is too low for accurate 

measurements at relatively low Reynolds numbers. Nowadays, there are 

some pressure measurement semiconductor devices that can detect small 

variations in the order of micro-pascal. However, most of these devices 

require impractical conditions such as small temperature variation in 

applications to experiment for aircraft or moving vehicles. The Preston 

tube is only one wall shear stress component, it is not a 

directional-sensitive.

-



-



Fig.1-4 
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The experimental work was performed in the Yamaguchi University 

Fluid Mechanics Laboratory wind tunnel which is shown in Figure 2-1. 

The calibration wind tunnel used in this study is a balloon type 

two-dimensional channel wind tunnel composed of a blower part, an 

enlarged part, a collecting part and a throttle part. For blower, the model 

SC-3 made by Nikui blower Co., Ltd. was used, and the maximum 

blowing volume is 198 m3 / min, the maximum static pressure is 50 mm 

Aq, the rotation speed is 935 rpm, the output is 3.7 kW. Also, in order to 

purify the inflowing air, a filter is attached to the intake port. Guide 

feathers were attached to the outlet part as a countermeasure against flow 

deflection and fixed on the frame of the wood for noise and vibration of 

the blower. The enlarged portion contracts 3.1° in the flow direction and 

is enlarged at 18.5° in the span direction. The area ratio of enlarged part 

is 1.7. Four sets of stainless steel rectifying wire gauzes with mesh 10, 

linear 0.605 mm, opening ratio of 0.58 were installed in the gathering 



section to regulate flow. The throttle part is a two-dimensional throttle 

with a throttling ratio of 10, securing flow uniformity, and a parallel part 

is set at 40 mm nozzle outlet to reduce turbulence. The dimensions of the 

measurement part are the measurement part total length L = 6000 mm, 

the height 2H = 40 mm, the width D = 700 mm, the aspect ratio is 17.5 

and satisfy the condition ARc> 7 for securing the channel flow 

two-dimensional nature by Dean (1978). In addition, the dimensions of 

the lower surface of the measuring part are 15 mm in thickness and 500 

mm in width, and four Bakelite plates (2000 mm × 2, 1760 mm × 1,240 

mm × 1) and six acrylic plates with a thickness of 15 mm, a width of 100 

mm, and a length of 2000 mm, and the seams are shaped smoothly using 

clay. Details of the top of the measuring part (roof part) are shown in 

Figure 2-2. Nine acrylic sheets (2000 mm × 1, 1000 mm × 3, 335 mm × 1, 

250 mm × 1, 150 mm × 2, 95 mm × 1) with a thickness of 10 mm and a 

width of 720 mm and different in length were installed. In order to make 

the cross section of the flow path even, the deflection preventing rib (10 

mm × 30 mm × 720 mm) was attached at regular intervals, and the 

deflection preventing hook and the weight to which the load was applied 

were set in place. At the exit of the measuring part, the diffuser with an 

area ratio of 2.63 was provided to reduce the loss and to avoid 

disturbance. 
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The sublayer plate has approximately the same dependence on the 

stagnation pressure as the semi-empirical relation proposed for the 

sublayer fence at angles of attack of less than 60 degrees. The experimental 

data for AR = 3 and AR = 6 agree well with the sublayer fence up to attack 

angles of less than 60º (the percentage error less than ±4%).
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At first, we want to propose the measurement procedure of sublayer 

plate using circular sublayer plate. Once the circular sublayer plate is 

calibrated, the following procedure can be used for a measurement within  

an unknown, three dimensional boundary layer: first, the sublayer plate is 

placed on the test wall surface.(as shown in Fig. 4-10) The pressure 

 (as shown in Fig.5-9) and the pressure difference 

around the edge (as shown in Fig.5-14) is recorded. The direction of wall 

shear stress, -14. Finally, from Fig.5-10, the 

magnitude of the wall shear stress is determined.  

In the sublayer plate method, a simple thin rectangular plate is 

attached to a wall with two wall static pressure taps. The plate can easily be 

fabricated to have the exact same size and shape, and can be used to 

calculate the wall shear stress using a universal calibration curve. The 

sublayer plate also has the ability to detect the flow direction, namely, the 

direction of limited streamlines on the wall. In the present experimental 

study, the feasibility of using a sublayer plate to detect the flow direction 

with higher accuracy will be examined in a canonical two-dimensional 

turbulent channel flow. Considering the ratios of the static wall pressure 



measurement values, a circular sublayer plate with multiple static pressure 

taps will be used as the sublayer plate. The round edge of the plate could 

reduce the absolute values of the stagnation pressure at the upstream edge 

of the plate and the negative pressure at the downstream edge of the plate. 

The influence of the curvature of the round edge on static pressure 

measurement will be discussed, and, based on experimental results, we 

propose an arrangement of the plate and pressure taps that enables the flow 

direction to be determined with much higher accuracy. 

In a previous x = 0.15 mm was confirmed to be the best 

gap size for the rectangular sublayer plate. In the present study, the first 

step was to optimize the gap size for the circular plate. At Re = 16,000, the 

gap size was varied from 0.03 to 0.3 mm, with an accuracy of ±0.005 mm. 

The influence of round edge of the plate on the pressure measurement was 

0) and behind the plate 

0). Figure 5-9 shows the static pressure at the leading and trailing 

edges of the circular plate, and includes the data for the rectangular plate 

for comparison. The vertical axis is the relative pressure difference with 

respect to the wall pressure without the plate. For both the circular and 

rectangular plates, this value is positive due to flow stagnation at the 



0) and is negative due to flow separation at trailing edge 

0). The circular plates produce smaller relative differences 

compared to the rectangular plates. The round edge of the circular plate 

reduces the magnitude of the pressure difference and the sensitivity for the 

wall shear stress measurement.  
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The solid line represents the semi-empirical relation proposed for the 

circular sublayer plate: 
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