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In recent years, the reduction of CO; emissions have been required in the world as a point of view of environmental problems. In turbul
boundary layers over smooth surfaces, the existence of the wall law between wall shear stress and velocity distribution is well known and is widel
used to understand turbulent boundary layers, to predict and control flows, and to provide empirical resistance laws. Wall shear stresses, oftel
hysically very small, are often measured using indirect methods that assume the universality of the wall law. However, no consensus has bee
btained on whether the wall law is valid or not on riblets surfaces, and the use of indirect measurement methods is still open question. Therefore, i
all shear stresses can be measured independent of the wall law, the argument for the universality of a wall law on the riblets surfaces will be possibl
d the wall shear stress can be determined from the measured velocity profiles, leading to improved simulation techniques and a furthe
understanding of the drag reduction mechanism.
The aim of this study is to develop a direct measurement device for wall shear stress independent of flow field assumptions. Using this device, wal
hear stress is measured, and by comparing smooth and riblet surfaces at an appropriate virtual origin, the drag reduction mechanisms of riblets
aluated in relation to the wall law.

Chapter 1:
Previous studies are reviewed, the associated issues are summarized, and the objectives of this study are addressed clearly.

Chapter 2:

The direct wall shear stress measurement device has been developed, which can measure the wall shear stress on the riblets surface. The ability tof

imeasure shear stress being independent of the flow field offers significant advantages over conventional methods. The key features are as below:

1. The force sensor adopts an elastic hinge mechanism and a lever-type magnifying mechanism, limiting displacement due to shear stress to|
2.53 um/N. This allowed for a smaller gap size G, eliminating the need for a damping device and successfully reducing sources of]
uncertainty.

2. By using a square measurement surface, the effect of riblets is uniform in the flow direction, enabling accurate measurement of wall
shear stress.

3 A Super Invar force sensor minimizes measurement errors due to temperature changes, reducing them to 1/10 of conventional sensors.

4. the gapsize G' < 6.3 and the misalignment h* = 0 nullified their influence. The influence of h* > 0 is 3.7 times greater than that|
of At < 0.

5. This direct measurement device achieves a relative standard uncertainty of ug(F) = 0.65%.

Chapter 3:

The wall shear stress was directly measured over smooth surfaces in turbulent boundary layer under zero pressure gradients at 1553 < Ry < 6823

|And then, parameters of mean velocity profiles and the velocity defect law were investigated. The key features are as below:

1. At low Reynolds numbers, viscous effects are not negligible for turbulent motion and momentum transport. These effects weaken thej
connection between the wake function W(y/6) and the log-law, while thickening the viscous sublayer.

2. Key parameters such as the Karmén constant «, the log-law additive constant C,, the velocity defect law additive constant Dy, e, and|
wake parameter T are viscosity-dependent at low Reynolds numbers but remain interaction each other.

Chapter 4

To cpl'arify the effect of the riblets under zero pressure gradients, local wall shear stresses on smooth surfaces and riblets surfaces were measured

directly. Mean velocity and turbulence intensity profiles were also measured using a single hot-wire probe and a constant-temperature anemometer.

1.  Trapezoidal groove riblets (8.7 < s* < 19.4) reduce the local wall shear stress by 4.4% -7.2%.

2. The downward shift from the riblet top to the virtual origin of the wall shear stress h,,  matches the shift to the virtual origin of thel
longitudinal mean velocity h,,, for similarity argument. The estimated distance from riblet top to the virtual origin of cross flow hy, is
slightly further away from the wall than h;,;. By comparing the smooth and riblets surfaces at the appropriate virtual origin, it was found
that the Kdrmén constant x remains unchanged, while the additive constant C,, increases due to the reduction of the wall shear stres
over the riblets surfaces. ]

3. The maximum value of the turbulence intensity nondimensionalized by the friction velocity of the smooth surface is certainly decrease
over riblets, but the maximum value nondimensionalized by each friction velocity almost agrees over smooth and riblets surfaces.

Chapter 5:

To verify the effectiveness of the riblets in reducing drag under adverse pressure gradients, which account for approximately 50% of the boundary

layer of the aircraft surface, local wall shear stresses were measured with the direct measuring device, while the mean velocity and turbulence

lintensity profiles were measured with a single hot-wire probe and a constant-temperature anemometer. The key features are as below:

1. Ermrors in wall shear stress measurements caused by pressure gradients are successfully eliminated by analyzing the pressure distributio
on the lip of the floating element,

2. Under adverse pressure gradients of the order of § = 0.4, the wall shear stress reduction rate of the trapezoidal grooves riblets wi
dimensions 9.5 < s* < 11.6 agrees with the reduction rate under zero pressure gradients.

3. The logarithmic mean velocity profile can be recognized over riblets and Kérmén constant x keeps almost the same value for smoo
and riblets surface. However, the additive constant C,, is increased by the wall shear stress reduction over riblets. When normalized b
friction velocity, streamwise turbulence intensity profiles show similar maximum values for both smooth and riblets surfaces. though th
maximum position y* shifts slightly away from the wall for riblets.
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