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General introduction 

Chapter 1. General introduction 

1.1. Historical review 

Turbulence has fascinated people throughout the centuries. The seeming appearance 
of order in the chaos is one of the main attractions. The first pictures of turbulence 
were made by Leonardo da Vinci in ±1507 (fig. 1.1). This picture shows clearly how 
the flow is organized in eddies of different length scales. The chaotic effect is realized 
by the enormous variety of length scales in this flow. 

Turbulence is a well-known phenomena in our daily life. However, the detailed 
knowledge about its mechanisms is still fairly limited. There are several ways to 
investigate these mechanisms, e.g. by describing turbulence with the time-dependent 
Navier-Stokes equations. 

8u Ft + u ·'Vu= (l.l) 

where u = (u, v, w) represents the velocity vector, P the pressure and p the density 
which is constant. These equations are extremely difficult to solve, because of their 
three-dimensional structure, their time dependence and, most important of all, their 
non-linear terms. 

Until the mid fifties turbulence was treated as a statistical phenomena. A change in 
the approach of investigating turbulence started when Theodorsen ( 1952) proposed a 
conceptual model. This model (fig. 1.2) consists of a bent vortex line which is tilted 
in the streamwise direction. This model was developed to explain the production of 
the shear stress throughout the turbulent boundary layer in order to satisfy the vortex 
transport in the Navier-Stokes equations. At this time this structure was not directly 
supported by experimental work. During the decennia that followed this model was the 

,-"'f 
1 r 

I 

Fig. l.l: Water falling into a container, sketched by Leonardo da Vinci (± 1507) 
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Fig. 1.2: Primary structure of wall turbulence by Theodorsen (1952). 

base of many experimental and theoretical research of coherent motions in turbulent 
boundary layers (chapter 4). 

Turbulence is regarded to contain a certain amount of coherent behftviour and a 
certain amount of chaotic behaviour (Kailas, 1992). This hypothesi~ can be rephrased 
into a new one. A flow can be divided into three groups; laminar, transition and 
turbulent. The coherent motions in a laminar flow are dominant over the chaotic 
behaviour of the flow. In the transitional flow the chaotic and coherent behaviour 
are equally dominant. When the chaotic behaviour becomes dominant to the coherent 
behaviour the flow is turbulent. Hypothetically speaking, a fourth flow can be added 
to these three types of flow, namely a chaotic flow. In this type of flow only chaotic 
behaviour is present. 

It is assumed that the effectiveness of the drag-reducing riblet surfaces lies in their 
manipulation of the coherent structures in the lower part of the turbulent boundary 
layer, but a direct proof of this explanation is still lacking. 

Approximately a decennium ago, the effect of drag reduction was discovered. There 
are many ways to obtain drag reduction, e.g. adding polymers, compliant walls and 
drag-reducing surfaces. The latter will be the topic of this thesis. As so many other 
things, the effect of drag reducing riblet surfaces was discovered almost simultaneously 
in two different disciplines. The first and most spectacular of the two was found in 
nature. Reif and Dinkelacker (1982) reported that the skin of fast swimming sharks 
did not have a smooth skin like the slower species, but that their skin has ridges in 
the direction of the body axis (fig. 1.3). Reif (1985) reported later that these skin 
geometries were also found in shark fossils more than a l 00 million years old. Reif and 
Dinkelacker ( 1982) noticed that the valley width between the ridges varied among the 
different species of the fast swimming sharks. For the faster species the valley width 
is smaller than for the slower ones. This implies that the dimensions of the ridges 
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Fig. 1.3: Direction of the ridges. Dots: Smooth scales without ridges. (Reif and Dinkelacker, 
1982) 

are inversely proportional to the main stream velocity, or better, the friction velocity. 
Combining these results with the energy consumption of these species, they suggested 
that the ridges manipulated the coherent structures in the turbulent boundary layer, 
resulting in a drag reducing effect. 

The second discipline where drag reduction was found was physics. Initially, Walsh 
(1978) investigated the heat conduction of surfaces with small longitudinal fins. During 
these experiments he noticed that these type of surfaces have drag reducing effects, 
which initiated further research. The main goal of these investigations was to analyse 
the shape and size of the riblets that would give the optimum drag reduction. Walsh 
and Lindemann ( 1984) reported that the maximum drag reduction of V-type riblets 
was dependent on the height and the spacing of these riblets in viscous length-scale 
units, /* = 11 ju* (fig. 1.4 ), and that the top angle of the riblets must be sharp. 
Furthermore, they investigated different angles of alignment of the riblets with the 
main flow direction and concluded that for angles larger than 30° no drag reduction 
was found. Their overall conclusion was that over a flat surface a maximum drag 
reduction of 7% to 8% could be found. 

From a environmental and technical point of view, the application of rib let surfaces 
to obtain drag reduction is the most preferable of all drag-reduction techniques to 
apply in practice. Note, that for 3-D objects several items contribute to the total drag, 
e.g. the shape of the object, when the object is half in water there is a wave drag and 
skin friction. The drag-reducing riblets only effect the skin friction. 

Some examples of successful application at full-scale are; the row boats in the 1984 
Olympics, the 1987 University Boat Race and the 1987 Americas Cup winning yacht, 
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Fig. 1.4: The relative drag versus the dimensionless riblet spacing. Walsh and Lindemann (1984) 

Stars and Stripes. The commercial aircraft industry, e.g .. Airbus Industry, Boeing, 
Britsh Aerospace and NASA, started test flights with riblets. Possibilities to apply 
riblets comtp.ercially on the ship's plating are being investigated as well. Here there are 
additional problems of wave drag and keeping the ship's plating clean from shell-fish 
and algae. 

Given this situation the investigations, reported in this thesis, were divided into 
three separate parts. The first and major part of this research was to investigate the 
effectiveness of the riblet surfaces on the coherent motions in the near-wall turbulent 
boundary layer (0 ~ y+ ~ 300). Secondly, we investigate the effectiveness of drag
reducing flat riblet surfaces during adverse pressure gradient flows. Finally, we studied 
some problems which are relevant for applications, like the angle between the flow and 
the riblets, the partial covering of a flat plate by riblets and a ships model covered 
with riblets. 

1.2. General description of a smooth wall turbulent boundary layer 

In this section a short description is given of a fully developed turbulent boundary 
layer with zero pressure gradient over a smooth surface. This serves as a background 
for the terminology used in this thesis. Most of this information was derived from 
Hinze (1959) and Tennekes and Lumley (1972) and for further details we refer to 
these publications. 

The friction velocity, u., is one of the most important characteristic quantities of 
this thesis. The u* is used as an indicator for the skin friction reduction, since it is 
related to the wall shear stress ( u); 

U*=~· ( 1.2) 

Most of the presented results are, therefore, non-dimensionalized with the so-called 
viscous length- and time-scale, I* = vI u* and t* = vI u;, respectively. 

A turbulent boundary layer can be divided into four main regions. The location 
of these regions is given in viscous length-scales. Each of these regions has its own 
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specific characteristics, but the division is mainly based on the average streamwise 
velocity component. In figure 1.5 a schematic view is given of the turbulent boundary 
layer. 

Viscous layer (0 ~ y+ ~ 5). This layer is a very thin layer where the viscous forces 
dominate the shear stresses. The mean streamwise velocity in this layer is linear with 
height, while the fluctuating velocity components in the vertical and spanwise direction 
(turbulent intensities) and the shear stresses are very small. All the velocities in this 
region become zero at y+ = 0. 

Buffer layer (5 ~ y+ ~ 30). In this layer the flow is neither completely viscous 
nor is it completely turbulent. It is a transition area between the viscous layer and 
the logarithmic region. Most of the coherent structures can be observed in this region 
(section 4.1 ). 

Logarithmic region (30 ~ y+ ~ 800). This region is characteristic because of the 
logarithmic behaviour of the mean streamwise velocity component. The turbulent 
intensities, in this region, all slowly decrease with increasing height. The extension of 
this region depends on the fact how far the turbulent boundary layer has developed. 
Another rule of thumb is that the logarithmic region extends up to 0.8 of the free 
stream velocity, Uo. 

Wake region (y+ ~ 800). In this region the flow is intermittently turbulent and 
laminar. Here the pressure gradient and the upstream history of the turbulent boundary 
determine the behaviour of the flow. The streamwise velocity in this region tend to 
become unity when scaled with the free stream velocity. 

30 .-~---.~~----~--~~----~· viscous buffer logarithmic , wake 
layer layer layer • 

20 . 

• ::J 

10 

0 -~~~~~~~~~~--~~~~ 

10° i 0' 

Fig. 1.5: A main streamwise velocity profile of a turbulent boundary layer. 
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When the flow is subjected to extreme pressure gradients the turbulent boundary 
layer either relaminarizes ({)PI fJ x « 0) or it separates ( fJ PI fJ x » 0). 

The shape factor, H, is an indicator whether there exists a pressure gradient in the 
flow. For a zero pressure gradient H rv 1.3. This quantity can be obtained after the 
displacement thickness, ~*, and the momentum-loss thickness, (), are estimated from 
the mean stream velocity profile, 

00 

~* = I (•- ~) fJy, (1.3) 

0 
00 

() = I~ (• ~) fJy, (1.4) 

0 

H 
<)* 

(1.5) = 

1.3. The outline of this thesis 

The work presented here are the results of a joint venture between the laboratory of 
Aero- and Hydro-dynamics of the Delft University of Technology and the laboratory of 
Fluid Dynamics and Heat Transfer of the faculty of Technical Physics at the Eindhoven 
University of Technology. The investigations were divided into two subjects: (i) a 
fundamental research of the effects of the drag-reducing riblets on the behaviour 
of coherent motions in the near-wall turbulent boundary layer; and (ii) an applied 
research for possible technical application of drag-reducing riblets. The first item was 
performed at the Eindhoven University of Technology and the second item at the 
Delft University of Technology. Therefore, the investigation reported here is divided 
into two parts. Part 1 contains the investigation of the coherent motions above drag 
reducing surfaces (chapters 2-6) and Part 2 contains the results of the applied research 
(chapters 7 and 8). 

The work presented in Part 1 of this thesis has been the primary responsibility of 
the author. The participation of the author in the work done at the Delft University 
of Technology has resulted in Part 2 of this thesis. 

Coherent motions. Drag reduction by means of longitudinal riblets has been inves
tigated for more than a decade. However, the reason for this effect is still not clear. 
At the moment there exist two hypotheses. One hypothesis is that the viscous-sublayer 
thickness increases in the presence of longitudinal riblets. The second hypothesis is 
that the grooves manipulate the behaviour of the coherent structures in the near-wall 
region in such a manner that this results in drag reduction. 

Each of these hypotheses have their own limitations. For the first hypothesis there 
are two limitations. Firstly, it is difficult to correlate the protrusion height of the riblets 
(nomenclature of Bechert & Bartenwerfer, 1989) with the measured drag-reduction. 
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Secondly, the increase of the viscous-sublayer thickness is essentially caused by the 
penetration of the streamlines into the grooves rather than by the penetration of the 
viscous sublayer into the buffer layer. The limitations for the second hypothesis are of 
a different kind. Let us start here by listing a few questions. Do the grooves influence 
a group of selected coherent motions? If so, what is the process of this selection? Do 
the riblets influence the dynamics of coherent motions in a turbulent boundary layer? 
To be able to answer these questions the dynamics of a turbulent boundary layer must 
be fully understood. Looking at the work of Robin son ( 1991 ) , one gets the feeling that 
the dynamics of the latter problem are not yet completely understood. Therefore, at 
the present stage of understanding it is useful to restrict oneself to a comparison of the 
behaviour of a few coherent motions over smooth and drag-reducing surfaces. 

The methods most often used to investigate the coherent motions in a turbulent 
boundary layer are velocity measurements and flow visualization experiments. During 
the flow-visualization measurements a global impression of the flow structure and/or 
the velocity is obtained over a relatively large area. The velocity measurements, on the 
other hand, only provide very detailed information about the velocity at a single point. 

During this investigation both types of experiments were performed. For the flow
visualization experiments, the hydrogen-bubble line technique was used to investigate 
the spanwise width of the coherent motions. As these experiments (Sparidans, 1991) 
were a side-line investigation and essentially confirmed the results presented in liter
ature, they will not be mentioned any further. The experiments presented in the first 
three sections are velocity measurements. These measurements were carried out in a 
low-speed water channel with a laser Doppler anemometer (chapter 2). In contrast 
to the hot-wire or the bot-film techniques, the laser Doppler anemometer does not 
disturb the flow. The advantage of experiments in a low-speed water channel is that 
the thickness of the turbulent boundary layer (.50.99 ~ 10 cm) become relatively large 
compared to e.g. wind-tunnel experiments (.50.99 ~ 4 cm). This is quite important since 
the main interest of this investigation concerns the coherent motions which occur in 
the lower part of the logarithmic layer, the buffer layer and the viscous layer. These 
represent about 30% of the thickness of a turbulent boundary layer. 

The velocity measurements were divided into two groups; the so-called profile mea
surements (chapter 3) and single-point measurements (chapters 4-6). The profile 
measurements estimate the profiles of the. mean velocities and turbulent intensities of 
the stream wise and vertical velocity components. The main aim of these measurements 
was to estimate the friction velocity, the virtual origin of the streamwise velocity 
profiles and the reproducibility of the measurements. These values are required for 
comparing the results of the investigated surfaces. The single-point measurements were 
performed in order to obtain a detailed instantaneous velocity signal in the streamwise 
and vertical directions. These signals are used to investigate the behaviour of those 
coherent structures in the near-wall turbulent boundary layer that contribute most to 
the Reynolds stress. Before these measurements are discussed a description of the 
experimental set-up of these experiments will be given in chapter 2. 
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Pressure gradient measurements {chapter 7) To investigate the effect of pressure gra
dients on drag-reducing riblet surfaces a wind tunnel was used of which the cross 
section could be adjusted in order to create different pressure gradients. Two types of 
techniques were used to estimate the skin friction; firstly, direct skin-friction measure
ments were performed with a drag balance. Secondly, hot-wire velocity measurements 
were performed to estimate the momentum integral balance. 

Applications {chapter 8). In this section the application of riblets on a ship's plating 
will be considered. These experiments were all performed in a towing tank. At first 
the experiments were performed using a flat plate to obtain a zero pressure gradient 
boundary layer. For this particular configuration the effects of roughness elements, 
partial covering with riblets, and the angle between the riblets and the mean flow were 
investigated. Finally, some experiments were performed with a one-tenth scale model 
of an inland passenger vessel, concluding with some economical consequences of riblets 
for ship operation. 
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Chapter 2. Experiments 

The measurements reported in chapters 3-6 of this thesis have been performed in the 
low-speed water channel in the Laboratory for Fluid Dynamics and Heat Transfer of 
the faculty of Physics at the Eindhoven University of Technology in The Netherlands. 
This channel has a test section which is 7 m long, 30 cm wide and 30 cm high (fig. 2.1 ). 
In the test section a false surface, with a length of 6 m, was mounted 123 mm above the 
bottom wall of the water channel. The false surface consists of several parts. The first 
part, which is closest to the contraction of the water channel, is a 2250 mm fixed glass 
surface. The following parts are removable pieces with different lengths and different 
kinds of surface geometries. A tripping wire was placed 600 mm downstream of the 
nose of the glass surface to ensure that all measurements were performed in a fully 
developed, two dimensional, turbulent boundary layer. The mean-stream velocity of the 
water channel can be adjusted between 0 and 400 mm/s, while the water temperature 
is kept at 20.00 ± 0.05 oc. 

The primary element of the measurement system is the two-component HeNe laser 
Doppler anemometer (LDA). The measurements were performed with two different 
control systems. In the earlier stage of this investigation the measurements were con
trolled by a PDP-11/23 computer, which was replaced by a PHYDAS system (physics 
data acquisition system) using a M68030 processor. This system has been developed 
by the faculty of Physics at the Eindhoven University of Technology. Detailed de
scriptions of the measurement system are given by Pulles (1988) and Kern (1985 ). 

A two-component LDA system uses three beams, two reference beams and one 
main beam. The two reference beams are parallel to the surface, while the main 
beam makes an angle with the surface (see fig. 2.2). The beams are positioned in 

a 

b tripping :wire 
tY: 
4-x: 

0 

/I 

free surface 

plate 1.16 
1.12 

1---

Fig. 2.1: The low-speed water channel, where (a) is the top view and (b) the side view. 
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Fig. 2.2: The position of the laser beams, where (a) is a side view and (b) a front view. The 
latter indicates also the velocity vectors that are measured (arrows). R indicates the reference 

beams and M the mean beam. 

such a way that alternately the u v component and the u + v component is mea
sured. The time interval between two successive samples is very small ( ~ 0.002 s), 
thus allowing to obtain the u- and v-components at the same time by adding and 
subtracting two successive samples. The size of the measurement volume determined 
by the three laser beams was ±0.5 mm in the spanwise direction and ±0.1 mm in 
the streamwise and vertical directions. A detailed description of this set-up is given 
by Schwarz-van Manen & Stouthart (1990). This configuration of the laser beams 
can lead to two side-effects which appear when measurements are performed very 
close to the surface. Firstly, due to reflection at the surface, the main laser beam 
scatters back into the measurement volume. A second effect is that the horizon
tal reference beams will touch the surface when the measurement volume is posi
tioned too close to the surface, due to the converging and diverging of the laser 
beams. 

It is important to mention that for all the investigated surfaces the top of the 
roughness was chosen to be y = 0. Special jigs were used to calibrate the vertical 
and spanwise position of the measurement volume with respect to the peak of the 
grooved surface (Van Geloven 1992). The present LDA system has not only a vertical 
traversing mechanism but also a calibrated spanwise traversing system which permits 
the measurement volume to be located at different spanwise positions above the 
grooves. For safety reasons the measurement volume could not be located lower than 
100 ttm from the surface. 

Guided by publications ofWalsh & Lindemann (1984 ), figure 1.4, Pulles (1988) and 
others, the dimensions of the riblets were chosen such that drag-reduction would occur 
at the chosen free-stream velocity. The measurements were performed over the four 
different surface geometries shown in figure 2.3. A smooth surface (U); a triangle-riblet 
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surface ('R) with s = 2.0 mm, h/s = 0.75 and tano: = 0.67; a triangle-riblet surface 
('P) with s = 2.0 mm, h/s = 0.9 and tano: = 0.5; and finally a triangled surface (S) 
which has the same dimensions as the 'P-surface with every other triangle skipped, for 
which s = 2.0 mm, h 1 s = 0.45 and tan o: = 0.5. Here o: represents half the top angle 
of the grooves, s the spacing between the top of the grooves and h the depth of the 
grooves. 

Above each surface two types of experiments were performed. Firstly, the so-called 
profile measurements (chapter 3), during which the vertical profiles of the mean-stream 
velocities, the turbulent intensities and the Reynolds-stress correlation were measured. 
These measurements are used to obtain the friction velocity and the virtual origin 
of the streamwise velocity profile. Due to the long averaging time (±10 minutes) 
caused by the much larger time scales of these water-channel experiments compared 
with wind-tunnel experiments it was possible to measure the earlier mentioned quan
tities at approximately forty heights during a one-day experiment. Typical values 
for the viscosity v and the friction velocity u* for the water-channel measurements 
presented here are 1 . w-6 m2 /s and rv 0.01 m/s, respectively, leading to a dimen
sionless time scale of approximately O.Ols. However, for a wind tunnel typical values 
for v and u* are 15 · w-6 m2 /s and 0.5 m/s, respectively, leading to a dimen
sionless time scale of 6 · w-5 s, which is roughly two orders of magnitude smaller 
than the time scale for the water-channel measurements. Due to this long averaging 
time, each complete profile measurement took three days. The first day was used to 
measure the outer layer (10-100 mm). On the second day the logarithmic region 
(l-10 mm) was measured and the third day was used to measure the very-near-wall 
layer (0.1-1 mm). 

The second type of experiments are the so-called single-point measurements (chap
ters 4-6). These measurements take at least 900 s and the data are sampled with a 
frequency of at least 500 Hz. The data are used to investigate the behaviour of certain 
coherent motions in the turbulent boundary layer. As has been explained, the durations 
of these experiments have to be long enough to make sure that a relevant number of 
phenomena, in which we are interested, can be detected. 

For all the performed experiments the water level above the mounted surface, at 
zero mean-stream velocity, was kept at 158 mm. The measurements were performed 
404.5±0.5 cm downstream the nose of the mounted surface and 344.0±0.5 cm down
stream the tripping wire with a streamwise pressure gradient 8Pf8x < 1.8 Pa/m 
and a mean-stream velocity ( Uo) of 20.0 ± 0.3 cm/s. Further experimental con
ditions are given in tables 2.1 and 2.2. In table 2.1 the value for the boundary 
layer thickness is based on the relation that o0.99 ~ So*. Using the empirical relation 
Oo.99 ~ 0.36xRe;0

·
2

, t5o.99 would be approximately 10 cm for all the investigated sur
faces. The errors in table 2.1 indicate here the maximum deviation from the average 
values. 
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u R 'P s 

Uo [cm/s] 20.0 ±0.3 20.0 ±0.3 20.0 ±0.3 20.0 ±0.3 

bo.99 [cm] 11.7 ±0.6 10.5 ±1.2 11.6 ±0.7 9.6 ±l.l 

6* [mm} 14.6 ±0.8 13.1 ±1.5 14.5 ±0.9 12.0 ±1.3 

8 [mm] 10.4 ±0.5 9.4 ±1.2 10.4 ±0.8 8.6 ±1.3 

H 1.41±0.04 1.40±0.06 1.40±0.04 1.40±0.05 

Rex 8-105 8·105 8·105 8·105 

Re0 2080 1880 2080 1720 
T [OC] 20.0 ±0.05 20.0 ±0.05 20.0 ±0.05 20.0 ±0.05 

sampling freq. [Hz] 512 512 512 500 

duration exp. (s] 900 900 900 1024 

TABLE 2.1 
Experimental conditions 

Heights [mm] u 'P R s Heights [mm 1 u 'P R s 
(±0.005 mm) (±0.005 mm) 

0.448 X 5.600 X X X X 

0.784 X X X X 6.160 X X X X 

1.120 X X X X 6.720 X X X X 

1.680 X X X X 7.280 X X X X 

2.464 X X X X 7.840 X X X X 

2.800 X X X X 8.960 X X 

3.024 X X X X 10.080 X X 

3.360 X X X X 11.200 X X X X 

3.696 X X X X 16.800 X X X 

3.920 X X X X 22.400 X X X X 

4.480 X X X 33.600 X X X X 

5.040 X X X 

TABLE 2.2 
The heights at which the single-point measurements were performed, with 

y = 0 at the top of the grooves. 
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Chapter 3. Profile measurements* 

3.1. Introduction 

It is well known that riblet surfaces influence only the region close to the wall 
(Hooshmand et al. 1983). The appropriate velocity scaling for this region is the friction 
velocity (u. ). Thus it is important to determine u. very accurately. For situations where 
no drag balance is available, various methods have been developed to estimate u. from 
the mean streamwise velocity profile. Generally, the logarithmic friction law (Tennekes 
& Lumley, 1972) is used, better known as the log-law or the law of the wall method. 
Most of these methods which estimate u. can only be used for surfaces where the 
y = 0 position is exactly known, i.e. for smooth surfaces. Choi ( 1989) developed 
a method for riblet surfaces which allowed for a determination of both the friction 
velocity and the virtual origin from the mean streamwise velocity profile. The virtual 
origin is defined as the position above a rough surface where the mean streamwise 
velocity appears to be zero after extrapolating the mean streamwise velocity profile 
downwards. In that same year, Bechert & Bartenwerfer (1989) published a theoretical 
model, developed for riblet surfaces to calculate the distance between the apparent 
origin and the top of the riblets referred to as "the protrusion height". 

During the investigation presented here, it was discovered that the log-law method 
could not be used; the error in the friction velocity was of the same order as the 
amount of drag reduction of the investigated riblet surfaces. The two main sources 
for this error are: (i) the estimation of the logarithmic region of the mean streamwise 
velocity profile; and (ii) the V on Kilrmim constant (K ). In the literature values for 
K are given between 0.38 and 0.42. For the same reason this method was criticized 
by Bradshaw et al. (1991). Therefore, in section 3.2 several methods are described 
and applied to estimate the friction velocity for the smooth surface from the mean 
streamwise velocity profile. In section 3.4 the respective results were compared with 
one another. One of the methods that will be used is the viscous layer method. Using 
this method for riblet surfaces (section 3.3 ), both the friction velocity and the virtual 
origin of the mean streamwise velocity profile can be estimated. The results of this 
method for the riblet surfaces were compared with the results of the methods of Choi 
and Bechert & Bartenwerfer (section 3.5). 

In section 3.6 the non-dimensionalized profiles of velocity, turbulent intensities and 
Reynolds stress correlations will be presented, showing that the investigated riblet 
surfaces indeed possess the characteristics of drag-reducing surfaces. Finally, some 
conclusions will be presented. 

* This chapter is a slightly modified version of a paper which will be published under the 
title "Friction velocity and virtual origin estimations of mean streamwise velocity proftles above 
smooth and triangle riblet surfaces", by Schwarz-van Manen et al. (1992). To be published in the 
proceedings of the 61h European Drag Reduction Working Meeting edited by K. K,rishna Prasad. 
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3.2. Local friction-velocity theory for smooth surface 

The one most commonly used method to estimate u. when no drag balance is 
available, is the logarithmic friction law (Tennekes & Lumley, 1972). This law is valid 
in the logarithmic region of the boundary-layer flow and is defined as 

1 1 (yu.) =-n- +A. 
U* 1C V 

(3.1) 

In this expression, the kinematic viscosity V is 1 . w-6 m2/s at 20 °C, u is the time
averaged velocity and A is an empirical constant which, according to the literature 
(Hinze, 1959), is equal to the value of 4.9. Using the logarithmic region to estimate 
u* the question will arise which value to use for the V on Karmim constant 1C (0.38 ~ 
1C ~ 0.42). 

Another problem is the exact estimation of the logarithmic region in a velocity 
profile. The standard region mentioned in the literature is: 

30 ~ yu. ~ 800, (3.2) 
V 

where the upper limit is mainly determined by the Reynolds number. Therefore, the 
proper range where the logarithmic region can be found has to be estimated from the 
velocity profiles themselves. 

Bradshaw, Launder & Lumley ( 1991) made the following remark about using the 
logarithmic region to estimate the friction velocity: 

. . . One remarkable cause of confusion is the wide range of constants in the logarith
mic "law of the wall" that are assumed, or predicted, in different methods. According 
to first-order arguments, which are used implicitly in all the calculation methods, these 
constants should be universal. The actual range - ignoring a few outlying methods -
implies a 10% "uncertainty" in skin friction on a flat plate in a low-speed flow, the 
simplest of all test cases. We are trying to achieve a consensus! ... 

A second method which can be used is the Clauser method (1956). This method 
uses the complete velocity proflle of a turbulent boundary layer to estimate the u •. 
Clauser stated the following relations: 

u. = ~ Uo , (3.3) 

(~f)-!/2 1 
(3.4) = -lnRea• + B, 

1C 

Reo• = Uoo* jv. (3.5) 

The displacement thickness o* is defined by equation ( 1. 3). In these equations Cf is 
the friction coefficient, U0 is the mean free-stream velocity and B an empirical constant 
and is, according to the literature, equal to the value of 4.9. 

The advantage of this method compared with the previous one is that it uses the 
whole velocity profile and not only a part of it, which has to be estimated by eye. 
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However, one problem still remains; again an assumption has to be made for the V on 
Kiumim constant K. 

To avoid problems with K and the empirical constants, the velocity profile of the 
viscous layer was used to obtain the friction velocity. The following expressions are 
valid for this layer in the region y + ~ 5 

8U = To/ p 
{)y 11 

(3.6) 

(3.7) 

In these expressions To is the wall shear stress and p is the density. Combining 
equations (3.6) and (3.7) the following relation is obtained 

- uz 
u = _!_y. 

11 
(3.8) 

This method has two disadvantages. First of all, the range of the viscous layer has to be 
estimated by eye; and secondly, the extend of this layer is significantly smaller compared 
to the regions used in the two previous methods. In spite of these disadvantages the error 
will still be smaller than the approximately 5% to 10% error of the other two methods. 

3.3. Local friction velocity and virtual-origin theory for rib/et surfaces 

The methods discussed in the previous section are only valid for the smooth surface, 
because the positions of y = y+ = 0 are exactly known. Problems arise when these 
methods have to be used for grooved or rough surfaces, where the top of the roughness 
is normally chosen as y = 0, as was done during this research. The virtual origin of the 
mean streamwise velocity profile lies somewhere between the top and the valley of a 
groove. It depends on the span wise position of the measurement volume, for instance, 
when the measurements are performed exactly above the top of a groove the friction 
velocity should have a maximum value and the virtual origin should be at y = 0. On 
the other hand, when the measurements are performed over the valley of a groove, the 
friction velocity should have a minimum, and the difference between y = 0 and the 
virtual origin should reach a maximum value. Measurements performed over the slope 
of a groove should have values lying between those for the measurements above the 
top and valley. The easiest method to estimate u* above grooved surfaces is the viscous 
layer method. Accounting for the virtual origin, equation (3.8) will be modified as 

U _ u; (z )Yv (z) _ u; (z) ( A ( ) ) 
- - Y + LlYv Z , 

11 11 
(3.9) 

where Yv ( z) is the transformed coordinate and Ayv ( z) the displacement of the ori
gin. From the viscous-layer velocity profiles the gradient u; ( z) I 11 and the constant 
u; (z MYv (z) j11 can be estimated, from which the local values for the friction velocity 
u* ( z) and the displacement of the origin Ayv ( z) can be obtained. 
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The substitution of Ayv(z) can also be applied to the log-law method (eq. (3.1)), 
as was previously done by Perry & Joubert (1963), Hooshmand et al. (1983) and 
Clauser ( 19 54). They showed that a logarithmic law could describe the mean stream wise 
velocity in the near-wall region of a rough wall pipe, when it was formulated as follows: 

U =.!.In (yu.(z)) _ flU (Ayv(z)u.) +A. (3.10) 
u.(z) 1<: v u.(z) v 

Due to the fact that this equation contains two unknowns it is impossible to be solved. 
Another method that can be used to obtain the friction velocity, u., and the trans

formed coordinate, Yv, for the grooved surfaces is the method described by Choi 
(1989), which is a variant of the Furuya & Fujita (1966) method. For the Furuya & 
Fujita method the u. for the grooved surfaces must be known to estimate the virtual 
origin, Choi changed this method slightly, by plotting (U0 U)ju. versus yu.j&*U0 

for the grooved surface in the same graph as for the smooth surface. As a start of this 
iterative method an assumption is made for the u. and the Yv of the grooved surface. 
In the region between 0.002 ~ yu.jo*U0 ~ 0.15 the profiles for the grooved and the 
smooth surface should be identical. A fourth-order polynomial is fitted through both 
profiles to check this. In order to obtain the best match between these two polynomials 
the two parameters u. and Yv for the grooved-surface measurements are modified at 
every iteration, thus also estimating o* before every iteration. Within a few iterations 
the values for u. and Yv for the grooved surface can be found. In figure 3.1 a graph is 
shown of the Choi method after the best values of u. and Yv had been found for the 
profile above a grooved surface. 

The last verification used is the theoretical model ofBechert & Bartenwerfer (1989). 
They developed a model to estimate iso-velocity lines of the mean-stream velocity 
above grooved surfaces, by starting with the Navier-Stokes equation and neglecting 

0.15 

0.12: 
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0.06 2 
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0.00 
0 4 8 12 16 20 

yu/U0 8* 

Fig. 3.1: An example of the Choi method (1989), with +representing the U-surface and 0 the 
P-surface. 
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Fig. 3.2: Protrusion height hp as a function of geometrical height h for various types of riblets. 
(Bechert & Bartenwerfer, 1989). 

the time-dependent terms as only the mean flow is considered. The pressure term was 
neglected also, because a flat plate boundary layer flow was assumed. Furthermore, 
the convective terms can be neglected when the assumption is made that the riblets 
are completely immersed in the viscous layer. The cross section of the riblets does not 
vary in the streamwise direction. As a result they obtained a Laplace equation for the 
mean stream wise velocity U. After using conformal mapping they could calculate the 
protrusion height for different surface geometries, as plotted in the figures 3.2 and 3.3. 
The protrusion height is a quantity which indicates how far the top of the grooves 
penetrated into the viscous layer. In section 3.5 a comparison between the protrusion 
height and the virtual origin will be made. 

3.4. Results (smooth surface) 

In this section only the results for the smooth surface will be discussed and the 
constant K will be estimated by using both the Clauser method and the law of the wall 
method, using the friction velocity obtained from the viscous region. 

The measurement volume of the LDA system could be positioned as low as 0.32 ± 
0.02 mm above the smooth surface; below this position it was impossible to obtain any 
signal. The viscous layer above the smooth surface was approximately 0J7 mm thick; 
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Fig. 3.3: Protrusion height hp as a function of geometrical height h for riblets with trapezoidal 
valleys. The rib let foot breadth sr is kept constant for each curve. (Bechert & Bartenwerfer ( 1989). 

the velocity profile of this layer was measured twice (fig. 3.4 ). Very close to the surface 
the wall effect can be noticed (see chapter 2). It looks very similar to the wall effect 
which arises in a wind tunnel when hot wires are used to measure the velocity (Van 
Sas 1982 and Bessem & Stouthart, personal communication). The friction velocity, 
u*, was determined from the velocity profile between 0.4 ~ y ~ 0. 7 mm; in this 
region about 20 measurements were performed. This region was chosen because below 
0.4 mm the wall effect is observed and above 0. 7 mm the transition of the viscous 
layer into the buffer layer starts. The latter boundary was established by iteration; 
every time after the u* was obtained, it was verified whether the used region stayed 
below 5 viscous length units. The average value for u* for these two plots (fig. 3.4) 
was 7.86 ± 0.06 mm/s. 

Note that there is a correlation between the neighbouring measurement points. How
ever, we followed this approach in order to satisfy the requirement of overdetermination 
for least squares fitting. 
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Fig. 3.4: Velocity profile of the viscous sublayer above a smooth surface. Uo = 20.0 cm/s. 
Different symbols represent independent measurements. 

Figure 3.5 shows the total proftle of the boundary layer over a smooth surface, 
each symbol representing the part of the velocity profile measured in one day. The 
figures 3.4 and 3.5 show that the reproducibility of the measurements is good; for the 
estimation of u. a reproducibility of 1% was achieved. From figure 3.5 it was estimated 
that the logarithmic region lies between 30 < y+ < lOO. The V on Karmim constant K 

was determined from this region using the log law ( eq. ( 3.1 ) ) and the friction velocity 
which was obtained from the viscous layer. The average Von Karmim constant for 
these experiments at a mean-stream velocity of Uo = 20 cm/s was K = 0.38 ± 0.01. 

30 .-----------------------------. 

20 

10 ~ 

0 ~~~~~~~~~~~--~~~~ 

i0° iO' 
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Fig. 3.5: A semi-logarithmic plot of the mean-stream velocity profile above a smooth surface. 
Each symbol represents measurements on a single day. 



Profile measurements 23 

From the total vertical velocity profile o• (table 2.1) was estimated, using equa
tion (1.3). This value was used in the Clauser method together with the u. from the 
viscous layer to obtain the Von Kitrmim constant, resulting in an average value forK 
of 0.39 ± 0.01. 

If the normal value 0.4 were used forK to estimate the friction velocity, either with 
the Clauser method or the log-law method, an uncertainty between 2% and 5% would 
have been introduced. Therefore, when no drag balance is available and there is a 
possibility to measure the viscous layer velocity profile, it is strongly recommended to 
use this layer to estimate the friction velocity. 

3.5. Results (rib/et surfaces) 

The measurement volume of the LDA system could be as close as 0.12 mm to the 
S-and "R.-surfaces and about 0.20 mm to the P-surface. This was due to the fact that 
the backscattering of the main laser beam was a smaller problem above the grooved 
surface than above the smooth surface. As mentioned in 2 no measurements could be 
performed below 100 Jlm. 

Figure 3.6 is a semi-logarithmic graph of the mean streamwise velocity for the four 
investigated surfaces, figure 3. 7 shows a linear graph of the very-near-wall region. In 
both graphs close to the surface the wall effect can be noticed for the P- and U-surfaces. 
One of the reasons that this effect is not seen for the other surfaces is that the wall 
effect is below 100 Jlm. The reason that the measurement volume could not come 
lower than 0.2 mm above the P-surface may lie in the fact that this surface was slightly 
concave in the spanwise direction. The reference beams were disturbed by the edges 
of this surface. 

250 .-----------------------------~ 

y [mm] 

Fig. 3.6: A semi-logarithmic plot of the mean stream velocity profiles, with U +, 1' \J, R 0 and 
S 0 and y = 0 at the top of the riblets. 
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Fig. 3.7: The mean streamwise velocity profiles in the near wall region, with U +, P \J, n D 
and S 0 and y = 0 at the top of the riblets. 

The effects of the grooves on the velocity profiles can be noticed in the near-wall 
region by their upward shift compared to the same profile for the smooth surface. 
Especially figure 3. 7 shows very nicely that the origin of the profiles for the grooved 
surfaces lies below the top of the grooves; y = 0 was chosen at the top of the grooves 
(chapter 2). This effect is not only characteristic for drag-reducing surfaces, but is 
characteristic for rough surfaces in general (Grass, 1971 ) . 

The velocity profile of the 8-surface lies much above the profiles of the P- and 
R-surfaces, which suggests that the virtual origin for the 8-surface lies lower than for 
the other two surfaces. The maximum difference between the virtual origin and the 
calibrated origin is different for each rough surface. Only when the position of the 
virtual origin of the velocity profiles is found, proper comparisons between the smooth 
and the grooved surfaces can be made. 

Measurements with exactly known spanwise positions were carried out only for the 
P- and 8-surfaces. Figure 3.8 shows the velocity profiles of the very near wall region 
above a top, a slope and a valley of a groove of the P-surface, each symbol referring 
to a different spanwise position (fig. 3.8b) of the measurement volume. In figure 3.8a 
the effect of the spanwise position above the grooves can be noticed by the fact that 
the highest profile is the one measured above the valley of a groove and the lowest 
profile the one measured over the top of a groove. This result can be explained with 
figure 3.9. Above a certain height, y+ ~ 13, above the grooves the mean streamwise 
velocity profiles are identical, while the virtual origins of the velocity profiles depend 
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Fig. 3.8: The velocity profiles above (a) the /'-surface. Each symbol represents a different spanwise 
position (b) and y = 0 is at the top of the rib lets. 

on the spanwise position of the measurement volume. Therefore, when presuming 
that the profiles behave linearly in this region the gradient of the streamwise velocity 
profile above a top of a groove is steeper than for the profile over a valley of a 
groove. According to this discussion, one would expect after calibrating y = 0 at a 
top of a groove that the velocity would be zero at y = 0 above a top of a groove 
and has a certain value above a valley of a groove. However, after extrapolating the 
velocity measured above a top of a groove it does not become zero at y = 0; this is 
because the measurement volume has a spanwise width of 0.5 mm. This implies that 
the measured velocity is an average velocity over a spanwise distance of 0.5 mm and, 
therefore, cannot be zero above a top of a groove. For instance, for the P-surface the 
measurement volume will always cover 25% of the groove. Another result of the above 
discussion is that the measurements above the slope of the groove are expected to lie in 
between the results for the measurements above the top and the valley of a groove, as 
is shown in figure 3.8a. These results agree with the experiments of Hooshmand et al. 
(1983) shown in figure 3.9. They measured the mean streamwise velocity component 
in and out the grooves at several heights and spanwise positions. 

So far, just a qualitative comparison has been made between the experiments. Before 
being able to make a quantitative comparison between the experiments the extent 
of the viscous region has to be determined. The characteristics of the viscous region 
are presumed to be: (i) a first-order approximation for the mean streamwise velocity 
profile; (ii) low values for the Reynolds stress compared to the viscous stress; and (iii) 
this region lies below y+ = 5. 
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Fig. 3.9: Variation of mean velocity with spanwise location at several heights above a riblet 
surface. (Hooshmand et al., 1983) 

Ignoring the region where the wall effects impair the measurements, figure 3. 7 shows 
that except for the $-surface all other surfaces exhibit a region with a linear profile. 
In spite of this fact, the viscous region for all four turbulent boundary layers was 
estimated to determine the friction velocity, u., and the displacement of the origin, 
.6yv, using the viscous layer method (table 3.1 ) . 

Table 3.1 summarizes the results obtained for the friction velocity, the origin dis
placements and the protrusion height using the three different methods. The results, 
for the viscous method and for the Choi method are in agreement with one another. 
However, the Choi method has some disadvantages compared to the viscous method. 
Firstly, it is a very time consuming method, secondly, the determination of .6yv is 
subject to greater uncertainties than that of u.. Furthermore, it can be noticed that 
results of the viscous method have the highest reproducibility. Comparing the displace
ment of the origin above the valleys of the grooves for both the viscous and Choi 
method one notices that they are almost equal to the protrusion height predicted by 
the theory ofBechert & Bartenwerfer (obtained form figs. 3.2 and 3.3). However, here 
the difference is quite large for the $-surface. This is probably due to the fact that 
the turbulent intensity profiles and the Reynolds stress correlation (fig. 3.10) showed 
a significant difference for the S-surface compared to the other surfaces. Although, 
the maximum turbulent intensity (ur.m.s.) for this surface is the lowest of all the ex
periments, it shows significantly higher values for the turbulent intensities and the 
Reynolds stress (u'v' c::: tu:) below 0.7 mm. Secondly, the viscous layer was difficult 
to establish. It might as well lie within the riblets. Therefore, the viscous method results 
for the $-surface should be looked upon with some care. The viscous method results 
of the other surfaces can be considered as being identical. In table 3.2 the percentage 
differences between the methods are shown. 
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Fig. 3.10: The turbulent intensity profiles; (a) Ur.m.s. and (b) Vr.m.s. and the Reynolds stress 
correlation (c), with U +, P \7, R 0 and S Q. 
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Viscous layer Choi method 

u. [mm/s] ll.Yv [mm) u. [mm/s] AYv [mm] 

7.83±0.06 0 

7.07 ±0.07 0.35 ±0.02 6.9 ± 0.1 0.3±0.1 

7.11 ± 0.07 0.34 ± 0.01 

7.27 ± 0.09 0.26 ± 0.02 7.3± 0.1 0.3 ± 0.1 

7.55 ± 0.10 0.57 ± 0.05 7.5 ± 0.1 0.6 ± 0.1 

7.59 ± 0.06 0.50 ± 0.03 7.5 ± 0.1 0.6 ± 0.1 

7.69 ± 0.08 0.31 ± 0.02 7.4 ± 0.1 0.3 ± 0.1 

TABLE 3.1 

B&B 

method 

hp [mm) 

0 

0.35 

0.68 

0.31 

The friction velocity (u. ), the origin displacement (AYv) and protrusion height (hp) obtained by 
several methods and for different spanwise positions. 

The estimation of the extend of the viscous layer above the rib let surfaces was done 
in the same manner as for the smooth surface (section 3.4 ). From table 3.3 it can be 
seen that these grooved surfaces introduce an increase in thickness of the viscous layer. 
There is one remarkable thing, however. The height difference between the viscous layer 
thickness of the grooved surfaces (table 3.3) and the respective origin displacements 
(table 3.1 ) are approximately equal to the viscous-layer thickness of the smooth surface. 
This suggests that the grooves of these drag-reducing riblet surfaces do not penetrate 
beyond the viscous layer. This was essentially one of the basic assumptions of the work 
of Bechert & Bartenwerfer ( 1989). 

3.6. The non-dimensionalized profiles 

For both the displacement of the origin and the friction velocity of the grooved surface 
the spanwise-average values of the viscous-layer method were used, except for the S
surface where the results of the Choi method were used, because the viscous method 
was not completely reliable for this surface. Bandyopadhyay ( 1986) also advised to 
use the spanwise-average value of these quantities; because above y+ ~ 13 there 
is no spanwise variation of the mean-stream velocity. After the origin displacement 
correction (table 3.4) was applied to the measurements the displacement thickness, 
J*, and the momentum-loss thickness, () (table 3.1 ) , were estimated. The profiles were 
non-dimensionalized with the respective characteristic variables. Figure 3.11 shows two 
semi-logarithmic graphs of the mean streamwise velocity profiles. In figure 3.lla the 
viscous scales (I* and t*) were used, while for figure 3.11 b the outer scales ( <5* and 
to• = 6* I Uo) were used. 

When these figures are compared with figure 3.6 the transformation of the origin is 
clearly noticeable. In the viscous region of the velocity profile the difference between the 



Surface 

{ valley 'P 
top 

s { valley 
top 

R 

Profile measurements 

I u~ CW:d-.u. vis I 
U,., VIS 

4yx !:bW -.&yv Y.i1 
dYp vis 

0.024 0.143 0.0 

0.004 0.154 

0.007 0.053 0.193 

0.012 0.200 

0.038 0.032 0.0 

TABLE 3.2 
Difference between the results of the three methods. 

Surface Thickness viscous layer 

[mm] [+ 

u 0.6 4.7 rlley 0.95 6.7 

'P slope 0.89 6.3 

top 0.86 6.3 

R 0.93 7.2 

s { valley 1.17 9 

top 1.04 8 

TABLE 3.3 
The average thickness of the viscous layer estimated 
from the velocity profiles given in mm and dimen-

sionless length scales. 

Surface u. Ayv 

u 7.83 

'P 7.17 0.31 

s 7.5 0.6 

R 7.69 0.31 

TABLE 3.4 
The average values of the friction velocity and the 
origin displacement of the mean streamwise velocity 

proftles. 

29 

ilYv Cbo;-he B&B 
hp B&B 

0.143 

0.118 

0.032 
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Fig. 3.11: The mean-stream velocity: (a) using the viscous scales /* = vju. and t* = vju'l,; 
(b) using the outer scales o• and U0• The symbols represent measurements above four different 

surfaces: U +, 'P \7, S Q, n o. All measurements are corrected for the origin displacement. 

profiles has become much smaller, but for the 8-surface still a small upward shift can be 
seen. The effect of using the friction velocity to non-dimensionalize the graphs is clearly 
noticeable in the logarithmic and outer region. If the friction velocity of the grooved 
surfaces is smaller than for the smooth surface (drag reduction), the dimensionless 
profiles will shift upwards compared to the profile of the smooth surface. In the case of a 
larger friction velocity (drag increase) the profiles will shift downwards (Grass, 1971 ) . 

Comparing the figures 3.11a and 3.1lb, it must be concluded that the best scaling 
between the profiles is obtained when the outerscales o* and tc• are used. Regarding the 
turbulent intensity profiles and the Reynolds stress correlation (figs. 3.12 and 3.13), 
the difference between the scaling can only be found for the turbulent in~ensities Ur.m.s. 

and Vr.m.s.· When the outer scales (o* and to•) are used, again the best niatch between 
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Fig. 3.12: Turbulent intensities and Reynolds-stress correlation dimensionalized with the viscous 
scales (/* = v ju, and t* = v fu~) and corrected for the origin shift. The symbols represent 

measurements above four different surfaces: U +, 'P \J, S Q, n o. 
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the profiles is obtained. However, still a difference can be noticed between the surfaces 
for the maximum Ur.m.s .• The results of Hooshmand et al. (1983), Pulles (1988) and 
Choi ( 1989) showed that for drag-reducing surfaces the maximum Ur.m.s. I U was smaller 
than for the smooth surface. Figure 3.13 suggests, therefore, that the S-surface should 
have a larger drag-reducing effect than the 'R.- and 'P-surfaces. This is in contradiction 
with the friction velocities that were found. 

Furthermore, when the profiles are scaled with their viscous scales, respectively, they 
get shifted in such a way that it is very difficult to draw any conclusions. However, 
when the viscous scales of the smooth surface would be used to scale the results of all 
the investigated surfaces the graphs would look similar to the figures 3.11 b and 3.13, 
since U0 is the same for all the performed experiments. 

3. 7. Discussion 

It can be stated that the estimation of u. was reproducible within 1% for a smooth 
surface when the viscous-layer method was used. Therefore, when no drag balance is 
available and the mean-stream velocity profile of the viscous layer can be measured, it 
is strongly recommended to use the viscous-layer method to estimate both the friction 
velocity u. and the displacement of the origin Ayv. Furthermore, this method has 
the advantage of being independent of the surface geometry, meaning that reference 
measurements are not needed, unlike, for instance, with the Choi method. Ifthe viscous 
region cannot be used the Choi method is the next best to use. 

The comparison of the viscous layer method with the calculations of the method 
used by Bechert and Bartenwerfer for the 'P- and 'R.-surface are extremely good; the 
protrusion height is equal to the displacement of the origin above the valley of a groove. 

From the figures 3.11, 3.12 and 3.13 it can be noticed that o* is a good scaling 
parameter. This is probably due to the fact that o* is influenced by the grooves. The 
hypothesis is that the grooves alter the coherent motions close to the surfaces has to be 
seen in the light of a thicker viscous layer. These structures in their turn can influence 
the large-scale motions and, therefore, influence the displacement thickness o* of the 
turbulent boundary layer. 

The measurements presented here are all local measurements. It is therefore difficult 
to draw strong conclusions about the drag-reducing behaviour of the different surfaces. 
With this reservation in mind, the measurements suggest that the 'P-surface provides 
the maximum drag reduction. This surface has the largest h/s value and the smallest 
top angle 2a. Comparing the present results and the work of Bechert and Bartenwerfer 
( 1989}, it can be concluded that scalloped grooves and vertical blades in the stream wise 
direction as grooves will show an even larger drag reduction. The groove spacing s 
and the height of the grooves h must of course have the proper dimensions, their ratio 
(h/s) must be close to 1 and the top angle of the grooves (2a) as small as possible, 
i.e. scalloped grooves. 
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Fig. 3.13: Turbulent intensities and Reynolds-stress correlation dimensionalized with the outer 
scales (o* and U0 ) and corrected for the origin shift. The symbols represent measurements above 

four different surfaces: u +, 1' \J, so. n o. 
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Chapter 4. Coherent motions and single-point measurements 

4.1. Introduction on coherent motions 

One of the main aims of the research presented here was to investigate the behaviour 
of the coherent motions and structures over drag-reducing surfaces. The term "coherent" 
structure or motion was defined by Kline & Robinson (1987) as a region of flow in 
which at least one property of the flow has a significant correlation over time and/or 
space. 

Throughout the turbulent boundary layers many coherent structures and motions 
have been found. Robinson ( 1989) gave a review of the different conceptual models 
in the near-wall turbulent boundary layer which were published since 1952. A short 
general description of some of these conceptual models in the turbulent boundary layer 
will be given here. Along with these models several coherent structures and motions 
will be described. 

Figure 4.1 shows the conceptual model of Sreenivasan (1986) in terms of coherent 
motions. The motion indicated by R is the large eddy motion. This coherent motion has 
the length scale of the order of the boundary-layer thickness. In the near-wall region of 
the turbulent boundary layer pairs of counter-rotating vortices have been hypothesized 
to exist. These are two streamwise and nearly parallel, interacting vortices with opposite 
signs of rotation. The width of one pair is approximately 1 00/* and the height of these 
vortices is""' 501* (fig. 4.1, the structures near the wall). In the region where the large 
eddy motions and the counter-rotating vortices interact Sreenivasan locates a vortex 
sheet where most of the mean flow vorticity is located. The height at which this sheet 
is located depends on the boundary layer thickness; 

yt = 2 ( u*~.99) o.s ( 4.1 ) 

Sreenivasan also refers to this layer as the critical layer. 

' 
' ' 

/ 
R 

',..-__,.,.....,....""'"""....._.~ 

Goertler vortices 

Fig. 4.1: A schematic view of the longitudinal counter rotating vortices and a large eddy. (Sreeni
vasan, 1986) 
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Fig. 4.2: Low-speed streaks (top view) . This photograph was taken by R. Blokland (1986). 
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Fig. 4.3: Hairpin vortices in a laminar boundary layer: (a) side view, (b) top view. These 
photographs are taken by J.C.Stouthart, 1992). 
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The two counter-rotating vortices are claimed to be responsible for alternating areas 
of high- and low-speed flows. The low-speed region, better known as a low-speed streak, 
is a streamwise coherent region of the flow with lower streamwise velocity than the 
mean flow in that layer. The high-speed region is of course a similar region, but here 
the streamwise velocity is higher than mean flow in that layer. These are the regions 
which are most commonly observed. Figure 4.2 shows low-speed streaks (white areas) 
visualized with the help of hydrogen bubbles (Blokland, 1986). 

In visualization studies [Kline et al. (196 7), Kim et al. (196 8), Corino & Brodkey 
(1969), Grass (1971), Head & Bandyopadhyay (1981), Bogard & Tiederman (1986) 
and many others] it was noticed that the top of the low-speed streak started to oscillate 
and generates hairpin-like vortices (figs. 4.3 and 4.4). These are vortices with the axis 
in a hairpin, or similar shape having two distinct legs, but do not necessarily possess 
a plane of symmetry. After some time these structures become unstable and break-up. 
This means that the coherence gets lost into small-scale chaotic motions. Hinze (1975) 
pictured this conceptual model as shown in figure 4.4. 

Instead of describing the growth of the oscillation of the low-speed streak into a 
hairpin-like vortex, it is also very often described as a generation of ejections. These 
are rapid, relatively sudden outward motions of the low-speed streak. The velocity 
characteristics of these motions are that u' < 0 and v' > 0. In figure 4.4 not only the 
ejection is indicated, but the sweep as well. A sweep is a coherent motion of outer 
high-speed fluid towards the wall, for which the velocity characteristics are u' > 0 and 
v' < 0. This motion can not be visualized but is supposed to be present due to the 
requirement of conservation of mass. Figure 4.5 shows a schematic view of an ejection 
and a sweep motion, both contributing to the Reynolds stress. The ejections often 
come in groups, as was observed in various flow visualization experiments by Kline 
et al. (1967), Corino & Brodkey (1969), Kim et al. (1971), Grass (1971), Offen & 
Kline ( 1985 ), Bogard & Tiederman ( 1986) and many others. They all refer to this 
phenomenon as a burst, although they all use their own definition of a burst. Kline 
& Robinson (1987) define a burst as an intermittent sequence of events in a defined 
region involving significantly higher turbulence production than the average. According 
to Bogard & Tiederman ( 1986) a burst refers to a group of ejections belonging to the 
same streak. Robinson (1991) gives even two definitions for a burst: (i) bursting is a 
violent, temporally intermittent eruption of fluid away from the wall, in which a form 
of local instability is often implied; (ii) bursting is a localized ejection of fluid from 
the wall, caused by the passage of one or more tilted, quasi-streamwise vortices, which 
persist for considerably longer time scales than do the observed motions. 

With regard to the investigations concerning coherent structures over drag-reducing 
surfaces, most investigations mainly concentrated on the behaviour of bursts which 
could be seen in flow visualization studies. For the bursting frequency contradictory 
results have been obtained. An increase of the bursting frequency above drag-reducing 
surfaces was found by e.g. Hooshmand et al. (1983), Pulles (1988) and Choi (1989). 
According to Walsh (1982) and Bacher & Smith (1985) it was unchanged, while 
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Fig. 4.4: A schematic view of coherent movements in the near-wall region. (Hinze, 1975) 

Gallagher & Thomas ( 1984) believed it had decreased. These researchers either inves
tigated the behaviour of the ejections or a combined behaviour of sweeps and ejections, 
depending on the kind of analysis technique they used. Due to the unclearness in these 
results an investigation was started concerning the behaviour of ejections and sweeps 
separately, because we believe that both these coherent motions are equally important 
and both are affected by the riblet drag-reducing surfaces. Three different riblet sur
faces were investigated to check whether the behaviour of the coherent motions was 
consistent above the grooved surfaces. 

The Reynolds stress is one of the most important quantities where drag-reducing 
surfaces are concerned, as it is strongly connected with the wall shear stress. With 
the LDA system it is possible to measure this quantity as a function of time by 
obtaining simultaneously the streamwise velocity component, u(t), and the vertical 
velocity component, v (t). Thus ejections and sweeps can be detected from the signal. 
However, some care is needed with the interpretation of the results, especially when 
the investigation is a function of height, because there exist several coherent structures 
in the turbulent boundary layer which can be described by sweep and ejection motions. 

sweep ejection 

Fig. 4.5: Schematic view of an ejection and a sweep. 
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The measurements that were performed to obtain information concerning ejection
and sweep motions are the so-called single-point measurements (chapter 2). The results 
of the analyses of these measurements are divided into three chapters. In this chapter 
the global characteristics of the measurements will be discussed and compared with 
the measurements presented in chapter 3. The analysis technique and its results will 
be discussed in chapter 5, together with a quantity called the burstiness factor This 
quantity was originally developed for atmospheric measurements. Finally, in chap
ter 6 a comparison between the water-channel experiments and high Reynolds-number 
experiments will be made. For this purpose near-neutral atmospheric boundary-layer 
measurements were used. 

Note that all the heights of all the presented measurements are corrected with their 
respective origin of displacement dYv· When these results are non-dimensionalized with 
the inner scales their friction velocities are used, respectively (table 3.4 ). 

4.2. The global characteristics of the single-point measurements 

Sreenivasan ( 1986) stressed that it was important to investigate the behaviour of 
ejection and sweep motions as a function of the vertical coordinate. He mentions the 
existence of an infinitely-thin vortex layer between the counter-rotating vortices and 
the large eddy motions. Preliminary investigations (Schwarz-van Manen et al., 1989) 
indicated the possible existence of this layer. Therefore, above each investigated surface 
approximately 20 measurements were performed. To our knowledge only Wallace et 
al. (1972), Lu & Willmarth (1973), Blackwelder & Kaplan (1978) and Choi (1989) 
performed measurements at more than five different heights above a surface. In the 
first three articles, several measurements above a smooth surface are presented, while 
Choi used a 13 x 6 hot-wire array (208z+ x 36y+) at 5 streamwise locations both 
above a smooth and a grooved surface. 

The measurements were all performed below y+ ~ 250. Most of the measurements 
were concentrated between 20 < y+ < 70. The measurements below y+ = 20 were 
performed to be able to compare our results with the experiments of Bogard & 
Tiederman (1986), Luchik & Tiederman (1987), Lu & Willmarth (1973) and Wallace 
et al. (1972). The last two reported contradicting results concerning the fractional 
contribution in this region. The measurements above y+ = 100 were performed to 
verify our results with those of Comte-Bellot et al. ( 1978 ). 

Before the analysis technique can be applied on to the single-point measurements 
the mean quantities, like the mean stream wise velocity ( U), turbulent intensities 
(ur.m.s., Vr.m.s.) and the shear stress (u'v' ), were compared with the profile measurements 
presented in chapter 3. This was done to check the reproducibility and reliability of 
the single-point measurements, because during these measurements the temperature 
control had to be switched off. Of course the water temperature was checked before 
and after each measurement. It was noticed that during a measurement the average 
temperature would only increase by an amount of approximately 0.02 °C, so that the 
water temperature could be regarded as constant during the measurement. 
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After the reliability of the measurements is established the shear stress (u'v') will 
be considered in more detail, which will lead to a better understanding of the analysis 
technique that is used to investigate the behaviour of the ejection and sweep motions. 

The mean stream velocity and turbulent intensities. The figures 4.6a-d show the 
mean stream velocity profile, U, and the turbulent intensity profiles, Ur.m.s., Vr.m.s. and 
u'v', respectively. The graphs show the results for the smooth surface and the riblet 
S-surface. For both these surfaces the single-point measurements (markers) and the 
profile measurements (tiny dots) are shown. Note, that the curves for the S-surface 
have been deliberately shifted upwards, since the profile measurements of both surfaces 
lie almost on top of one another (chapter 3) and the comparison with the single-point 
measurements could hardly be made. 

For all the investigated surfaces it can be stated that the two types of measurements 
are almost identical for all four quantities. Only the results for mean stream velocity 
of the n-surface differ slightly with the profile measurements in the near wall region. 
These graphs show that the reproducibility of the experiments is very good. Note that 
each profile measurement took at least three days to complete and that the single-point 
measurements were performed during an average of three days. Every day before the 
measurements started the height was calibrated and sometimes between the profile 
measurements and the single point measurements the LDA had to be recalibrated. The 
LDA system was calibrated after each change of the test surfaces. 

The scatter plots. To obtain an idea about the nature of the signal and how to process 
it, one should have a look at the raw data first. Depending on the kind of analysis 
technique one uses or the quantity one wants to investigate the signals can be regarded 
as a function of time or one should plot the data in a two-dimensional plane where 
the x-axis corresponds to u' fur.m.s. and they-axis to v' fvr.m.s.· Since we are interested 
in the shear stress and especially those coherent motions that are responsible for the 
shear stress production (u'v' < 0) the latter technique is the best to use. The reason 
is that when the data points are plotted in such a manner each quadrant represents a 
different class of coherent motions. The ejection motions will now be located in the 
second quadrant (Q2 ) where u' < 0 and v' > 0 and the sweeps are located in the fourth 
quadrant (Q4 ) where u' > 0 and v' < 0. It has to be note that not all Q2 motions are 
ejections and not all Q4 motions are sweeps. 

Figure 4. 7 shows a typical scatter plot. This graph contains a data set of 4000 points, 
which is equivalent to a time stretch of about 8 seconds and is representative for every 
height, every time sequence and every surface geometry. It can be noticed that these 
scatter plots have an elliptic shape and that they are tilted over a certain angle with the 
horizontal axis, which was also shown by Pulles (1988). Furthermore, it seems that 
most of the data points belong to the second and fourth quadrant. It would, therefore, 
be interesting to investigate the behaviour of the percentage of data per quadrant as a 
function of height. 
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Fig. 4.6: (a) The mean stream velocity profile. (b) The turbulent intensity profile of the Ur.m.s .• 
(c) The turbulent intensity profile of the Vr.m.s. and (d) the shear stress profile. The profile 
measurements are represented by the tiny dots and the single-point measurements U and S by + 

and Q, respectively. 
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Fig. 4. 7: A typical u1 
- v 1 plot. 

The percentage of data per quadrant, ( Nq (y ) x 1 00% I Ntot), versus the dimensionless 
height, y+, is shown in figure 4.8 for all four quadrants. Here Nq represents the number 
of data points in quadrant q and N101 is the total number of data points. The first 
quadrant shows a maximum at y+ ,::; 25 and becomes constant for y+ > 80. Unlike N~, 
N2 is roughly constant throughout the investigated region and the percentage of data for 
the third quadrant; N3, shows the inverse behaviour of Nt, while N4 only increases with 
height. The overall conclusion is that the percentage of data is slightly dependent on the 
height and most important of all, it seems to be independent of the surface geometry. 

Averaging over all the heights one could roughly state that N1 and N3 each contain 
18% of the data, while N2 ,::; 31% and N4 ,::; 33%. These results confirm what the u' - v' 
scatter plot (fig. 4.7) shows. These results show that ,::; 64% of the data contributes to 
the Reynolds-stress production. 

Besides the percentage of data per quadrant, the average angle between the fluctuating 
vertical velocity component ( v') and the fluctuating stream wise velocity component 
(u') of each quadrant was estimated using the following equation: 

with 

lNtot[ (') ] pq = Nq L arctan ~~ ln(q) , 
11=1 

In(q) = 0, 
ln(q)=l, 

if (u~, v~) 9! Qq, 

if (u~,v~)EQq, 

(4.2) 

f(q) indicates here whether a data point is in the investigated quadrant q. This was 
done to get an impression how the data points were distributed within a quadrant. 

At first the average angles of all four quadrants were compared with one another. 
Figure 4.9 shows the absolute average angles, IPql for the smooth surface. The mag
nitude and the behaviour as a function of height of these angles are almost identical. 
Below y+ = 10 the absolute values of the averages angles <JPqJ) seems to be more 
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Fig. 4.9: The absolute values of the average arctan ( v' I u') of the instantaneous fluctuating velocity 
versus the dimensionless height y+ for the smooth surface . The results of the quadrants 1 to 4 

are represented by +, \7, D and Q, respectively. 

or less constant, between 10 < y+ < 40 a rapid increase can be noticed, where after 
they seem to increase at a lower rate. These results confirm that very close to the 
surface the fluctuations in the streamwise direction (u') are larger than the fluctu· 
ations in the vertical direction ( v') and that this effect reduces significantly with 
increasing height. 

Keeping in mind that these estimated average angles can not be directly related to 
structures, they are still remarkably similar to the angles of several parts of the hairpin 
vortex which were found with the help of flow visualization experiments. Figure 4.10 
shows two conceptual models of hairpin vortices. The first one is proposed by Smith 
(1984) and the second one by Wallace (1982, 1985). In these graphs angles are given 
for several parts of the hairpin vortices. Wallace's model shows very shallow angles 
for the tails of the hairpin vortex, (3°-15° ), and an angle of"' 45° for the front of a 
completely developed hairpin vortex. The model of Smith shows the same angle for 
the front of the hairpin vortex, while the angle of the alignment of the tips of several 
of these vortices with the surface, is 15°-30°. Perry & Chong (1982) argued that due 
to the hierarchy smaller hairpin structures combined together into larger ones. 

The results of figure 4.9 may be indicative for an agreement with these theories. 
Below y + = 10 the angles are less than 15°, indicating the detection ofthe tails of the 
hairpin structure. Between 10 < y + < 40 the alignment angle of the tips of the vortices 
can be noticed, while for y+ > 40 the angle of single vortices seem to become more 
pronounced. 
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Ql.!l., VIEW B-B 

Fig. 4.10: Two conceptual models of hairpin vortices; (a) by Smith (1984), and (b) by Wallace 
(1982,1985). 

Figure 4.11 shows that the average angles of the fluctuating components are inde
pendent of the surface geometry, because except for the 8-surface the curves lie neatly 
on top of each other. The deviation of the 8-surface is probably due to the fact that 
it was not possible to estimate the displacement of the origin (.1.yv) and the friction 
velocity (u*) for the 8-surface as accurately as for the other surfaces (section 3.5). 

The fractional contribution. This quantity represents the shear-stress contribution of 
each quadrant to the total shear stress. It is defined as follows: 

z:::t1 [(u~v~)/n(q)] Fq = N 
"' tot [u' v' l ~-m=l n n 

U1V 1 
(4.3) 

By definition the fractional contribution of all the four quadrants summed together is 
one. 
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In figure 4.12 the results for the fractional contributions are plotted against the 
dimensionless height for the four different quadrants. By definition the Q1 and Q3 mo
tions have a negative Reynolds-stress contribution, while the Q2 and Q4 have a positive 
contribution, which can be noticed in the graphs. Both F1 and F3 (fig. 4.12b and c) 
show the same behaviour as a function of height. Comparing F2 with F4 one notices 
that below y+ R:J 15 the Q4 motions have the largest Reynolds-stress contribution, while 
above this height the Q2 motions have the largest contribution. This is remarkable since 
below y+ = 15 the percentage N4 is smaller than the percentage N2 and the other way 
round for y+ > 15. 

Comparing the surfaces, with exception of Fz for the 8-surface, an increase is found 
for the Reynolds-stress contribution. Simultaneously, an increase of negative Reynolds
stress contribution is found as well for the first and third quadrant. Therefore, no firm 
conclusions can be drawn regarding the effect of the surface geometries. 

The normalized average quadrant flux. Another way of regarding the shear stress 
for each quadrant is by estimating the average flux for each quadrant. After normal
izing this quantity Comte-Bellot et al. ( 1978) used it as one of the threshold levels 
for the quadrant analyses technique. This analysis technique was originally devel
oped by Lu & Willmarth (1973) to detect ejection- and sweep motions, which will 
be explained in more detail in chapter 5. The normalized average quadrant flux is 
defined as: 

(4.4) 

When the equations ( 4.3) and ( 4.4) are combined they result in a new expression for 
the Reynolds stress correlation coefficient: 

Nq Hq 
Rl2 = ~--;:;;-· 

lYtot rq 
(4.5) 

This relation states that the Reynolds-stress correlation coefficient is proportional to 
the percentage of data in a specific quadrant times the ratio between the normalized 
average flux value and the fractional contribution of that quadrant. 

Figure 4.13 shows the normalized average flux, Hq, versus the dimensionless height 
y+. Comparing the four quadrants it is noticed that above y+ R:J 40 the threshold 
levels are approximately constant throughout the investigated region (table 4.1 ). These 
results coincide with the results of Comte-Bellot et al. (1978). They performed pipe 
and channel flow measurements down toy+ R:J 150 using smooth and rough surfaces. 
Their experiments showed that the Hq values were constant almost to the edge of the 
turbulent boundary layer. For y+ < 40 the results presented here show that H2 and H4 
are strongly dependent on height, which was also seen for F2 and F4• Fu1hermore, the 
results show that for y+ < 20 the normalized average flux of the Q4 motk>ns are larger 
than that for the Q2 motions. This coincides with the results of the satne quadrants 
for the fractional distribution. 
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Quadrant 

HI 

H2 

H3 

H4 

Presented graphs 

0.40 ± 0.10 

-0.95 ± 0.05 

0.38 ± 0.03 

-0.75 ± 0.05 

TABLE 4.1 

Comte-Bellot et al. 
(1978) 

0.40 

-1.00 

0.40 

-0.70 

The normalized average quadrant flux values for 
y+ > 40 

51 

The quadrant ratio. So far, all the results presented here support the idea that it is 
important that both the ejection and the sweep motions are investigated simultaneously. 
It was shown previously that for y+ < 20 the Q4 motions had a larger fractional 
contribution and normalized average flux than the Q2 motions. To investigate this 
behaviour in more detail the ratio between these results was estimated. 

Figure 4.14 shows this ratio for the fractional contribution (RF) and the normalized 
average quadrant flux (RH), while also the results of Wallace et al. (1972) and of Lu 
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Fig. 4.14: The ratio between the results for the fourth and second quadrant; (a) the fractional 
contribution, RF = F4/F2, and (b) the normalized average quadrant flux, RH = H4/H2. The 
measurements above the U-, P-, n-and S-surfaces are represented by +, '\7, 0 and Q, respec
tively. The symbols • and 'V represent the measurements of Wallace (1972) and Lu & Willmarth 

(1973), respectively 
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& Willmarth (1973) are included in figure 4.13a. The measurements ofWallace et al. 
agree with the present results, while the measurements of Lu and Willmarth seem to 
be lower. Important is that the trend of their data is the same. 

Lu & Willmarth stated that the difference between their measurements and those of 
Wallace et al. could be due to the differences in Ree. We have reason to believe that 
this difference is not due to the Reynolds number. In chapter 6 the same analyses are 
performed for high-Reynolds number measurements in order to check the used analysis 
techniques. These results for the ratio of the fractional contribution are consistent with 
the results of Wallace et al. and ours. A salient feature of these measurements is that 
they were obtained in three totally different experimental facilities. Lu & Willmarth 
performed their experiments in a wind tunnel with an 'x' shaped hot-wire at a 
mean-stream velocity of approximately 60 cm/s, while Wallace et al. performed their 
experiments in an oil channel with 'x' shaped hot-films at a main-stream velocity of 
19.5 cm/sand the experiments presented here were performed in a water-channel with 
a two-component LDA system at a main-stream velocity of 20 cm/s. The difference in 
the results probably arise from the fact that the hot-wires formed a larger obstacle in 
the flow than the hot-film, while the LDA does not obstruct the flow at all. 

Both the ratios, RF and RH, confirm the earlier statement that below y+ = 15 the 
Q4 motions are dominant over the Q2 motions. This is remarkable since for y+ < 15 
N4 < N2 and vice versa for y+ > 15. Some other characteristics of these ratio curves 
are; a minimum at y+ ~ 30y+ and a bending point at y+ ~ 60. This phenomenon 
could have a connection with the existence of the vortex sheet mentioned in the model 
of Sreenivasan ( 1986), which lies between the counter-rotating vortices and the large 
eddy motions (fig. 4.1). 

Comparing the results of the grooved surfaces with those of the smooth surface one 
notices a slightly upward shift for the 'P· and 'R.-surfaces between 20 ,.;; y+ ..;; 60 and 
a much more pronounced upward shift for the 8-surface throughout the investigated 
region. From these results the following hypothesis could be made; the more drag 
reduction a surface shows the more the ratio for RF and RH tends to the value one, 
throughout the entire region. Taking this into account, together with the shape of the 
grooved surface (h/s and the top angle a:, see chapter 2), and the friction velocity (u .. ), 

this suggests that scalloped grooves will probably give an even higher drag reduction. 
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Chapter 5. Detection of ejection and sweep motions 

5.1. Introduction 

During the last two decades several analysis techniques have been developed to ana
lyze either one or two component LOA-, hot-film- or hot-wire velocity measurements. 
Most of these methods were used to analyze the bursting behaviour. For example, Kim 
et al. ( 1971 ) used a short-time auto correlation to analyze their hot-wire measurements. 
They analyzed sequences of one or two bursts, that were identified by associated dye 
pictures showing the bursting process. From these sequences they obtained a normal
ized one-dimensional spectrum Edk1)/(u2 )

112
, showing that an increase of the total 

turbulent kinetic energy occurred during the bursts. 
Rao et al. ( 1971 ) used band-pass filters with different mid-frequencies to determine 

the bursts from the velocity signal. This was done to investigate the behaviour of the 
burst period as a function of the mid-frequency of the band-pass filters. They found 
that the average burst period was constant for high mid-frequency. Furthermore, they 
are the first who mention a log-normal behavior of the distribution of the burst period. 

The variable-interval time averaging, better known as the VIT A technique, was 
developed by Blackwelder & Kaplan ( 1976). This technique estimates the local variance 
of a velocity signal. A critical value or threshold level is used to characterize those parts 
of the signal where the variance of the velocity exceeds that critical value. These parts 
of the signal are taken to be the time sequences where the Reynolds-stress production 
is high compared to the rest of the signal. Often the VIT A technique is used in 
combination with time-gradient conditions for the velocity. 

Another method is the pattern-recognition technique. It was developed by Wallace et 
al. (1977). This technique is mainly used to obtain ensemble averages of characteristic 
patterns in the velocity signals. Wallace et al. applied this technique on two-component 
velocity measurements where the pattern for u' was prescribed while no criteria were 
imposed for v 1 and u'v1

• They found that the ensemble averages of the u' and v' 
were approximately 180° out of phase. This probably indicated that a sequence of an 
ejection and a sweep was detected. 

The technique used during this investigation is the quadrant analysis technique. This 
technique was originally developed by Lu & Willmarth (1873) and later refined by 
Comte-Bellot et al. (1978). The basic idea of this technique is that the fluctuating 
velocity components (u' and v') are analyzed by using a two dimensional axis frame 
( u', v'), see figure 4. 7. With this technique the ejection and sweep motions can be 
detected separately. 

The main reason why the quadrant-analysis technique was chosen was because of 
the results reported Bogard & Tiederman ( 1986). They reported results of experiments 
where flow visualization measurements and hot-film recordings were performed si
multaneously. Several different detection algorithms were used to analyze the hot-film 
recordings and compared with the results of the flow visualization experiments. Ac-
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cording to their results, the quadrant-analysis technique gave the best balance between 
the percentage of detecting wrong events and the percentage of detecting the same 
events as seen in the flow visualization. 

This chapter is divided into three sections. In section 5.2 a detailed description of 
the quadrant analysis technique will be given. The results of this technique will be 
presented in two subsequent sections. 

It is important to realize that the investigation of coherent structures over grooved 
surface contains three problems simultaneously. The first and most important, do drag 
reducing surfaces have any influence on ejection and sweep motions? Second, how 
do these coherent motions behave above a smooth surface? This problem is still not 
resolved. Finally, what is the effect of using different statistical methods to obtain 
average quantities, e.g. the period and duration of the detected events? 

Note that all the heights of all the presented measurements are corrected for their 
respective origin displacement L\yv and the velocity results are non-dimensionalized 
with the corresponding friction velocities (table 3.4 ). 

5.2. The quadrant-analysis technique 

The quadrant-analysis method as it is used in this work consists of two parts. The 
first part is the technique as it was developed by Lu & Willmarth (1973), including the 
refinements made by Comte-Bellot et al. (1978). During this part of the investigation 
all the ejections and sweeps are detected. 

The second part of the analysis is based on flow-visualization observations during 
which it was noticed that ejections seem to appear in groups, the so-called bursts. In 
the section 4.1 several definitions were given for this coherent motion. Each of these 
definitions include a certain vision about the dynamics of the turbulent boundary layer. 

During the investigation presented here not only the behaviour of the ejections 
were investigated in detail, but the behaviour of the sweeps as well. Since, both these 
coherent motions can occur in groups the word burst could cause confusion when we 
would like to use it to refer to a group of ejections or sweeps. Therefore, the detected 
ejections or sweeps will be referred to as either single events or grouped events. Here, 
the definition of Kline & Robinson (1987) is used for an event: an event is a fluid 
motion with defined characteristics. The single events are all the separately detected 
ejections or sweeps, while the grouped events are groups with one or more ejections or 
sweeps that occur after a grouping method has been applied. 

The quadrant-analysis technique. Lu & Willmarth ( 1973) developed an analysis 
technique specially designed for two-component velocity measurements, better known 
as the quadrant analysis technique. This detection method analyzes the u'v' component 
in a u'-v' plot (fig. 4.7). It is absolutely imperative that these two velocity components 
are known at the same time. A point in the first quadrant represents a mofion for which 
u' > 0 and v' > 0, which is defined as an outward interaction or Q1 motion. Similar 
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definitions for the points in the other quadrants can be given. These Q; motions are 
instantaneous categorizations of the turbulent shear stress, no coherence or organization 
is implied. Like the ejection and sweep motions the Q2 and Q4 motions are Reynolds
stress producing motions, since for these quadrants u'v' < 0. The ejection motions 
are Q2 motions and the sweep motions are Q4 motions. However, not all Q2 and 
Q4 motions are ejections and sweeps, respectively. The ejection and sweep motions 
have a relatively high u'v' production compared with the other motions in their 
respective quadrants. To detect the ejections and sweeps from the velocity signal, Lu & 
Willmarth introduced a threshold level HL&w. An ejection or sweep was detected when 
u'(t)v'(t) ~ HL&wUr.m.s.Vr.m.s.· Since, they were interested in those events that had an 
extremely high shear stress production, HL&w was chosen to be 4. 

Originally Lu & Willmarth (1972) defined only one threshold level. Comte-Bellot 
et al. (1978) refined the technique by proposing two new threshold levels (hu and 
hv) and redefining the threshold level HL&w. The horizontal threshold level, hv, and 
a vertical threshold level, hu (see fig. 5.1 ), were introduced to prevent detection of 
events having an extremely large v' component and an extremely small u' or vice versa. 
The reason is that these motions can not be regarded as either an ejection or a sweep 
motion. Comte-Bellot et al. ( 1978) described extensively how to obtain the values 
for hu and hv. The original threshold level (HL&w) was redefined as the normalized 
average quadrant flux H2 ( eq. ( 4.4)), which is the hyperbola-shaped threshold level 
in figure 5.1. Comte-Bellot et al. suggested that the relevant events must have a larger 
contribution to the Reynolds stress than the average Reynolds stress contribution of 
all the data points in the investigated quadrant. A result of these refinements is that 
the three threshold levels have to be estimated for each of the investigated quadrants 
of each data set. 

v'/V,ms 
H2 

•----- I 
--- hv 

I u'/U,ms I 

hu 

Fig. 5.1: A schematic view of the three threshold levels, the hatched area is the region where the 
events are found. 
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An event is detected when a sequence of successive data points enters the investigated 
quadrant, crosses the threshold levels and leave the quadrant again. The begin point 
(b;) and the end point (e;) of these detected events are the first data point that enters 
the investigated quadrant and the data point before the one that leaves that quadrant, 
respectively. This means that the period (p;) and the duration (d;) of an event and 
the duration of a non-event (ne;) are defined at the intercept with the investigated 
quadrant boundaries. 

d; = e;- b;, p; = e;- e;-1, ne; = b;- e;-1 (5.1) 

Grouping procedures. During this investigation three different grouping methods 
were used; (i) the Bogard & Tiederman method (1986); (ii) the Luchikl& Tiederman 
method (1987); and (iii) a grouping method based on log-normal statistics. The 
latter of the three methods was developed during this investigation. These methods all 
estimate a critical time <max for which successive single events belong to the same group 
when p; < Tmax and to different groups when p; > <max· One of the main differences 
between these three methods is that for the first two methods Tmax has t~ be estimated 
for every measurement separately, while for the third method 'l"max is estimated for 
all the measurements above one surface simultaneously. Furthermore, 

1 

the first two 
methods were only used to investigate the behaviour of the ejections. During this 
investigation these methods were extended to investigate the behaviour of the sweeps 
as well. The description of the three methods follows. 

Bogard & Tiederman ( 1986) simultaneously performed flow visualization experi
ments and hot-film measurements at y+ ::::: 15. During their flow visualization experi
ments they noticed that an oscillation and subsequent break-up of a low-speed streak 
would produce either a single ejection or group of ejections. 

The period distribution graph showed that this distribution could be bimodal. How
ever, a visual inspection of these graphs turned out to be not a reliable method to 
determine a value for <max· In order to distinguish between these two distributions 
they compared the cumulative distribution of the periods of the single ej~ctions with a 
cumulative exponential distribution modified for the condition that p ;;;. !do ; 

[ 
(t- do)] 

E (p ) = 1 - exp - (p _ do ) (5.2) 

where pis the arithmetic mean of the distribution (see appendix A) and do represents 
the minimum duration of a single event. In figure 5.2 the symbol + (epresents the 
results of a measurement. The solid line would be the result when tht distribution 
would have been exponential. The critical time Tmax is taken to be the point where the 
crosses intersect with the solid line. After the single events were divided into groups 
the average or arithmetic mean period of the grouped events was estimated using 
equation (A.l). 

Luchik & Tiederman (1987) developed another method to determine a critical time 
<max· Their method is based on the concept that the period distribution !contains two 
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Fig. 5.2: The cumulative probability distribution of single ejections period versus the exponential 
distribution according to the Bogard & Tiederman method (1986), where the symbol +represent 
the results for the smooth surface at y+ = 19.3 and the solid line represents an exponential 

distribution. 

temporal distributions. One distribution which represents the periods of the single 
events and one that represents the periods of the grouped events. If these two distri
butions would only slightly overlap, it would be fairly easy to determine the critical 
time Tmax as a clear break would occur between these two distributions. Unfortunately, 
these two distributions do overlap in such a manner that no clear break can be seen. 

The following technique was developed to determine Tmax. The cumulative probability 
of the non-events (nei) is plotted on a logarithmic scale versus time, see fig. 5.3. This 
graph can be determined by three approximately straight lines. Line 2 refers to the 
overlap region of the two distributions, while line 1 and 3 refer to the distributions 
of the single- and grouped events, respectively. It is important to note that due to the 
fact that they used a semi-logarithmic graph to make a distinction between the two 
distributions they implicitly regarded the period distribution to be log-normal. 

Assuming that the value of Tmax lies in the overlap region (line 2), they proposed 
two methods to estimate Tmax· The first method uses the intersection point of the lines 
I and 3 as the Tmax value, while the second method takes the average value of the 
intersection point determined by line 1 and 2 and the intersection point determined by 
line 2 and 3. Further analysis follows the last part of the Bogard & Tiederman method. 

The grouping method based on log-normal statistics. After estimating the arithmetic 
averages of the period for the first two discussed grouping methods the standard 
deviations of these distributions were estimated. These results showed that the stan
dard deviations were· of the same order of magnitude as the average periods. This 
was the reason that the probability distributions of the single event periods were 
investigated in more detail. The histograms of these distributions (fig. 5.4a) nei-
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Fig. 5.3: Cumulative distribution of the non-events between two ejections according to the Luchik 
& Tiederman method (1987), (a) method 1 and (b) method 2. The symbol + represents the 

results for the smooth surface at y+ 19.3. 

ther seem to be exponential, normal (Gaussian) nor Poisson-like. Neitl)er a Poisson 
nor exponential distribution has a linear increasing part ( 1 ) and an dtremely long 
tail (3). A Gaussian distribution is completely out of the question as it is a sym
metric distribution. One of the possible solutions that remains is that the period 
probability distribution behaves like a logarithmic normal distribution. The charac
teristics of a log-normal distribution when it is plotted against a linear horizontal 
axis are: first of all the curve starts at zero and increases nearly lineatly to a max
imum (fig. 5.4a part ( 1) ). Second, on the right hand side of the maximum the 
curve seems to be exponential, but is slightly steeper (fig. 5.4a part (2) ). Third, 
the distribution has an extremely long tail (fig. 5.4a part (3) ). Finally, the most 
important characteristic of a log-normal distribution: it has all the characteristics of 
a normal or Gaussian distribution when it is plotted against a log-normal horizon
tal axis. Therefore, the period probability distribution was plotted against a natural 
logarithmic time axis (fig. 5.4b). This distribution resembles a normal oriGaussian dis-
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Fig. 5.4: A typical histogram of a probability distribution of single-event periods, (a) versus a 
linear time axis and (b) versus a log-normal time axis. 

tribution. The possibility of a possible log-normal behaviour of the period distribution 
was earlier mentioned by Rao et al. (1971), Hedley & Keffer (1974) and Bogus
lawski (1985). They all used different analysis techniques to investigate the behaviour 
of bursts. 

What could hardly have been noticed from fig. 5.4 and is clearly shown by the 
figure 5.5 is that the period probability distributions for the single events show one, 
two or three dominant time scales depending on the height of the measurement 
(indicated by I, 11 and Ill). Close to the surface (y+ < 10) the distributions shows 
two dominant time scales, while between 10 < y+ < 20 three dominant time scales 
can be observed. Above y+ ~ 20 only one dominant time scale remains. 

To estimate a critical time 1'max to divide the detected events into groups the same 
hypothesis as Bogard & Tiederman ( 1986) and Luchik & Tiederman ( 1987) was used. 
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Fig. 5.5: The histograms of the probability distributions along a log-normal horizontal axis for 
the periods of (a) the ejections and (b) the sweeps. The arrow indicates the value for t'max and 

I, II and Ill indicate the three dominant time scales. 

We presumed that the small dominant time scales belong to the single events and the 
large dominant time scale belongs to the grouped events. 

The arrows in figure 5.5 mark a clear break between the two smaller dominant time 
I 

scales and the larger dominant time scale for both the ejection- and sweep motion. 
Therefore, these positions was chosen to be the critical time Tmax to group both coherent 
motions, respectively. 

The grouping procedure is similar to the previous methods, except for the estimation 
of the average periods and durations. Here the log-normal means (lnp = (1/n) l:::lnp, 
see appendix A) of these quantities were estimated. I 

5.3. Results for the single events 

In the last part of the previous section three methods were discussed to divide 
the single events into grouped events. All these methods depend on the method of 
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interpreting the probability distribution of the detected single events. Therefore, some 
attention will first be paid to the period probability distributions of the single events 
for both the sweeps and ejections. This discussion is divided in two parts. At first only 
the distributions for the smooth surface are considered to see whether there are any 
connections between the period probability distributions of the detected events and the 
existing conceptual models for the dynamics of the turbulent boundary layer. Secondly, 
the distributions of the riblet surfaces will be investigated to see whether these riblets 
have any influence on the period probability distribution of the detected events. 

Here, the average values for the periods and durations will be discussed. This subject 
is divided into three parts. First, the effect on the average periods and durations will be 
shown when two different statistical methods are used to obtain these quantities. This 
will be done only for the smooth surface. Secondly, the results of all the surfaces will 
be compared, while using just one statistical method. Finally, several quadrant ratios 
between the different average quantities and the ensemble averages will be discussed. 

Probability distributions. The probability distributions for the periods of ejections 
and sweeps for the smooth surface were plotted in a semi-logarithmic graph (fig. 5.5). 
The time interval between two successive samples is the inverse sampling frequency, 
1/ f "' 0.002 s, and the logarithmic axis is divided into equal areas (Liln t = 0.2) 
to obtain the histogram for the probability distribution. Therefore, the probability 
distribution for In t ~ -5.3 will be ignored, because for the interval In t = -5.3 ± 0.1 
no periods will be found since ln2/f = -5.52 and ln3/f = -5.12. 

The graphs for the ejections and sweeps show the same specific behaviour as a 
function of height. Very close to the surface (y + ~ 22) the graphs show clearly the 
presence of two peaks close to one another (I and 11, fig. 5.5). These peaks decrease 
with increasing height and are nearly absent above y + 22. At the same time a 
third peak (Ill) starts to develop and increases with height. If these distributions are 
regarded as a combination of three different Gaussian distributions (section 5.2). They 
can be represented by the following general expression; 

with 

<h (y+) = 1 - <f>dy+) - 4>2 (y+)' 

ln t, = * L In t, 

af = * L (Int,-ln(t))
2

, 

(5.3) 

where </Ji(y+) is the weight factor, In t1 the maximum probability and a1 the standard 
deviation of distribution i. The index i refers to the three different distributions, within 
the total distribution, which are numbered from left to right I, 11 and Ill (fig. 5.5). 
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The maximum probability for the first two distributions can be obtained directly 
from the histogram of the total probability distribution, because the positions of the 
first two peaks are extremely pronounced. To obtain the maximum probability for the 
third distribution those measurements were chosen for which only this distribution 
could be seen. The maximum probability was than supposed to be the value for which 
the cumulative probability F (ln t) = ! . In table 5.1 the log-normal of the time at 
which the maximum probabilities occur are given for these three distributions. For 
the first two distributions the intervals are given, since they were retrieved directly 
from the histogram of the total distribution. The results in table 5.1 show that for 
both the ejections and the sweeps, the first peak has a maximum probability which is 
twice as small as the one for the second peak. The maximum probability of these two 
distributions for the ejections are slightly higher than for the same two peaks of the 
sweeps. The presence of the three temporal distributions, which have fixed time scales 
as a function of height, are a strong indication of the existence of coherent motions 
in a turbulent boundary layer. Whether the measured coherent motions are the same 
as those coherent motions that are seen in the flow-visualization experiments remains 
to be seen. The three distributions could suggest that three different types of coherent 
structures are active in the investigated region, each having their own dominant time 
scales. Two close to the surface, characterized by the first two distributions or time 
scales, and another operating in the upper buffer layer and logarithmic layer; this latter 
structure is characterized by the third distribution or time scale. 

Another interpretation of the results shown in figure 5.5 could be that there exists 
a hierarchy among the three time scales; for increasing heights it can be noticed that 
the two smaller time scales disappear, while the largest time scale appears; this latter 
effect implies that the weight factors cf>; (y+) (eq. (5.3)) are a function of height. The 
hierarchy hypothesis of Perry & Chong ( 1982) suggests that small structures combine 
to a larger structure for increasing height. This could mean that the three dominant time 

ln(t) t [s] t+ 

Ejections -3.5 ± 0.1 0.027-0.033 I. 7-1.8 

11 -2.9 ± 0.1 0.050-0.061 3.1-3. 7 

Ill -0.95 0.39 23.9 

Sweeps I -3.7 ± 0.1 0.022-0.027 1.3-1.7 

11 -3.1±0.1 0.041-0.050 2.5-3.1 

Ill 1.23 0.29 17.8 

TABLE 5.1 
The average values of the three temporal distributions 
within the total distribution of the periods for the smooth 

surface. 
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scales belong to three significant stages of one coherent structure for which the smaller 
structures close to the surface submerge to one larger structure. Another possibility is 
that the time scales belong to three different coherent structures and due to interaction 
between the two smaller structures close to the surface a new and larger structure is 
developed. 

The previous discussion concerned the measurements above a smooth surface. Now 
the period probability distributions at four different heights above four different surface 
geometries will be compared. Figure 5.6 shows eight graphs in two columns, of which 
the first column represents the ejections and the second one the sweeps for y+ :::z 8, 
:::z 13, :::z 24 and :::z 30, respectively. The time scales (fig. 5.6 I, II, and III) in this region 
of the turbulent boundary layer are not affected by the surface geometry. They are 
exactly the same for each surface, like the behaviour of the disappearing and appearing 
of the peaks. The distributions for the S-surface behave quite differently compared to 
the other three surfaces. It seems that the two distributions with the smallest time scales 
are not detected at all. Note that the measurements above the S-surface were obtained 
above the middle of a groove. In section 3.5 it was mentioned that the estimation of the 
friction velocity, u*, and the origin displacement, ~Yv, was somewhat problematic due 
to the fact that the linear part of the viscous layer was difficult to estimate. Probably 
u. and ~Yv should be larger. This would agree with the pictures shown here, because 
the distribution at y+ :::z 8 for the S-surface would be more appropriate at y+ :::z 13. 

Period and durations. Until now it was common practice in literature to present the 
arithmetic means of the periods of the detected events. In section 5.2 it was shown 
that the distributions of the detected events look more like a combination of three 
log-normal distributions rather than of a normal distribution. Therefore, for the smooth 
surface, both the normal and log-normal means are estimated. By normal (arithmetic) 
mean we refer to the value which represents the maximum probability of a Gaussian 
distribution whereas the log-normal mean refers to the value which represents the 
maximum probability of a logarithmic distribution [see eq. (5.3) and for a more 
extensive description appendix A]. 

Figures 5. 7a and b, show these results for the ejection and sweep motions, respec
tively. In both graphs the log-normal and normal means of the duration and period are 
shown. It can be noticed that, for each quantity, the trend as a function of height is 
the same for both the log-normal and normal means. The reason that the trend of the 
two statistical methods is the same as a function of height is probably due to the fact 
that the balance between the three weight factors (eq. (5.3)) are independent of the 
statistical averaging method that is used to analyze the detected events. However, the 
normal means are significantly shifted upwards, approximately 1.8 times the log-normal 
mean values. Therefore, only the results of the log-normal means will be discussed. 

Below y+ = 15, the average ejection period seems to be smaller than the average 
sweep period, a similar behaviour is seen for the durations. This is similar to earlier 
results for the fractional distribution and the average quadrant flux (section 4.2). 
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Fig. 5.6: Histograms of the period probability distribution. Ejection distributions: (a) y+ = 8, (c) 
y+ = 13, (e) y+ = 24 and (g) y+ = 30. Sweep distributions: (b) y+ = 8, (d) y+ = 13, (f) 
y+ = 24 and (h) y+ = 30. Here the lines represent the following measurements: U- continuous 

curve; P - short-dashed curve; n - long-dashed curve; and S - dotted curve. 
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Fig. 5.7: The average dimensionless periods (p+) and durations (d+) versus the dimensionless 
height: (a) single ejections, (b) single sweeps. Here Pt is +, p;t is Q, d1+ is '\7 and d;{ is 0, 
with the index l indicating the log-normal mean average and index n the normal mean average. 

The single-event periods increase with height. This might indicate that the spatial 
extent of the coherent motions increases with height, as welL This is consistent with 
the flow-visualization observations of Smith & Metzler (1983 ), Blokland & Krishna 
Prasad (1986) and Sparidans (l99l) who report an increase in the spacing and 
width of low-speed streaks for increasing height. It was also confirmed by the velocity 
measurements of Choi (1989). These results coincide with the conceptual model of 
Sreenivasan (section 4.1 ), since the spatial extent of a large eddy motion is supposed 
to be larger than the spatial extent of counter-rotating vortices. The results lead to the 
conclusion that the two smaller dominant time scales represent the coherent structures 
which are dominant in the viscous region and that the third time scale characterizes 
a coherent structure which is dominant in the buffer and lower log-region. We will 
return to this discussion in chapter 9 

The conceptual model of Sreenivasan mentions a vortex layer between the counter 
rotating vortices and the large eddy motions. This hypothesis becomes more likely 
since, a maximum can be found at y+ ~ 30 for the ejection period. 

Above y+ = 100, the average ejection period stabilizes at t+ ~ 24 and the average 
sweep period at t+ ~ 17. These values are similar to the maximum probability of 
the period distribution Ill for the ejections and sweeps, respectively, see table 5.1. 
This result implies that for y+ > 100 the weight factors of the three distributions are: 
If) I (y+) = 4)2 (y+) = 0 and ifJ3 (y+) = I. This is also confirmed by the probability 
distributions in the figures 5.5 and 5.6. 
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In section 3.6 it was found that after scaling with the mean streamwise velocity, the 
turbulent intensities and the Reynolds stress correlation with the outer scales based on 
the displacement thickness ( o* ) and the free stream velocity ( U0 ) the profiles of the 
investigated surfaces would lie neatly on top of one another (see figs. 3.11 and 3.13). 
The average periods can also be scaled with outer scales. Two different outer-scales 
were chosen; (i) based on the boundary layer thickness, ao.99 ("' 0.36xRe;:-0·2 empirical 
relation); and (ii) the displacement thickness, o*. For the smooth surface this would 
imply that; 

tdo.99 = 00.99 "' 29t* 
Uo 

(5.4) 

o* .. 
to• = Uo r-..; 4.5t . (5.5) 

If the log-normal mean of the durations are scaled with t15 .. , they become of the order 
of unity for y+ > 30. If tt is used to scale the log-normal mean of the ejection 

"0.99 

periods, they become close to unity as well. 
The only difference which can be observed between the two statistical averaging meth

ods is the order of magnitude between the average values. Scaling with the outer-layer 
time scale, tao.99 , gives no satisfactory results, because for the log-normal method the av
erage ejection period becomes of the order of unity, while for the normal method the av
erage sweep period becomes of the order of unity. The scaling factors can be used to de
cide which averaging method is the best. Therefore, considering the distribution graphs 
(fig. 5.4, 5.5 and 5.6), the log-normal statistical method was used to analyze the results 
of the other surfaces. This method was chosen because the histograms of the period 
distributions versus the log-normal axis showed for both the ejections and sweeps three 
significant time scales which were independent of height in the region were they persist. 

The results for the three riblet surfaces P, 1l, and S are shown together with the 
results for the smooth surface in the figures 5.8 and 5.9. These figures present the 
dimensionless average periods and durations for both the ejections and sweeps using 
the inner scales. The graphs for the durations are similar to the graphs of the periods, 
therefore, only the ejection and sweep periods will be discussed. The results of the 
7l-surface are very similar to those of the smooth surface U, except above y + ~ 30 
where the sweep period for the 7l-surface is significantly larger than for the smooth 
surface. Note that their friction velocities, u .. , differ only by 2% (table 3.4 ). For 
y+ < 30 1\ y+ > 100 the average periods for the P-surface are also similar to those 
for the smooth surface, while in the region 30 < y+ < 100 they are smaller. The 
behaviour of the average periods for the S-surface is quite different. Above y+ = 20 
the behaviour of the ejection period as a function of height is similar compared to 
the ejection periods for the smooth surface, but for y+ < 20 the values are larger. 
For the sweeps period the behaviour differs even more. It seems that the two smallest 
dominant time scales are not being detected at all. Earlier in this study (section 3.6) 
it was already suggested that u. and Ayv might not have been estimated properly, and 
these graphs seem to confirm this conclusion. 



68 Investigation of coherent motions 

30 ~------------------~ 30 ~------------------~ 
a 

o DD 
V 

b 

t- 15 t- 15 

V 
0 

0 ~~~~--~~~--~~~ 0 L-~~~~~~~~~~ 

10° 10° 10 1 

Fig. 5.8: The dimensionless average period versus the dimensionless height, scaled with 
the inner length and time scales: (a) single ejections, (b) single sweeps. The measurements are 

represented as follows; U +, P \J, R 0, 8 Q. 

10 .----------------...., 10 ~--------------------~ 
a b 

DD 
V 

~0~+ 
+ 5 • 5 i .i;l!o ~ ...., .... 

0 .0 00o + v o 

0 lJ ~"' 0 
0 

~V 
.f? 

0 0 +"171 

-+'0 +,p 
~ 

0 0 
i 

10° 10 1 102 103 10° 10' 102 10 3 

y• y• 
Fig. 5.9: The dimensionless average duration versus the dimensionless height, seated with the inner 
length and time scales: (a) single ejections, (b) single sweeps. The measurements are represented 

as follows; U +, P \J, R O, 8 Q. 



Detection of ejections and sweeps 69 

The quadrant ratio. In section 4.2 the term quadrant ratio was first introduced. This 
was done to be able to compare the same quantities for the second and fourth quadrant 
with one another. These ratios are important, because they compare the effects of the 
sweeps and the ejections independently of the scaling parameters. In figure 5.10 these 
ratios are shown for the period (Rp = Ps/Pe) and the duration (Ro = ds/de) between 
the sweeps (s) and ejections (e). 

For both Rp and Ro of all the investigated surfaces an identical trend is found 
compared to ratio for the fractional distribution (RF) and the average quadrant flux 
(RH). Close to the surface the ratio is high, which means that the average period and 
duration of the sweeps are larger than those of the ejections. With increasing height, 
the ratio decreases to a minimum at y+ ~ 30 for both Rp and Ro. Thereafter, for 
y+ > 70, the ratios remain more or less constant around 0.8- 0.9. These results conflict 
with the oft quoted attribute of sweeps and ejections 

. . . that ejected fluid is replaced by high-momentum fluid from the edge of the wall 
layer to maintain continuity ... 

{Beljaars et al., 1981 ). This was first mentioned by Kline et al. ( 1967) implying that for 
each ejection there was one sweep. Most of the flow-visualization experiments were per
formed only at y+ ~ 15 {Kline et al., 1967; Bogard & Tiederman, 1986; and many oth
ers). In figure 5.10 it can be noticed that at this height the ratios are approximately one. 
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Fig. 5.10: (a) The ratio between the sweep- and ejection-period (Rp) versus the dimensionless 
height. (b) The ratio between the sweep- and the ejection-duration (Ro) versus the dimensionless 

height. The measurements are represented as follows; U +,, P \J, n 0, S 0. 
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The behaviour of the ratios seem to coincide with the results of Hoogsteen (1990). 
He found that the close to the surface 80% of the grouped sweep events did not overlap 
a grouped ejection event, while above y+ ~ 30 only 40% of the grouped sweep events 
did not overlap a grouped ejection event. 

Comparing the four investigated surfaces with one another it can be noticed that for 
y+ > 20 both ratios are larger for the riblet surfaces then for the smooth surface, while 
it seems that below y+ = 20 both ratios are slightly smaller for the '?-surface then 
the smooth surface. The same effect can also be noticed for the ratio of the fractional 
distribution and the average quadrant flux (fig. 4.14). The conclusion is that the ratios 
for the grooved surfaces tend to go to one. Therefore, the assumption can be made that 
the optimum drag-reduction will probably occur when the ratio between the quantities 
for the fourth and second quadrant become one. 

Figure 5.11 shows the ratio between the duration and the period (Rop = d/p) versus 
the dimensionless height y+ for the ejections and sweeps, respectively. For the sweeps 
this ratio is constant throughout the investigated region. The Rop for the ejections 
shows a different picture. Here the ratio drops from "' 0.40 to a minimum at y+ ~ 30, 
after which it increases slightly. It seems to attain a constant value for y+ > 80. 
Comparing the different surfaces with one another it can be seen that for y + < 20 the 
'?-surface shows slightly lower values, while the U- and 'R-surfaces are identical. For 
y+ > 20 no significant differences are seen. The behaviour for the S-surface is again 
different from the other surfaces. In a later section of this thesis we shall attempt to 
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explain this observation. For the moment the reason is believed to be that the u,. and 
Ayv were not estimated correctly. 

Ensemble averages. To characterize the u', v' and u'v' signals it is customary to 
compute the ensemble averages of the detected events. The shape of these ensemble 
averages is extremely sensitive to the choice of the trigger point. During preliminary 
investigations (Schwarz-van Manen et al., 1989) three trigger points were chosen to 
obtain the three ensemble averages; (i) the starting point of an event; (ii) the ending 
point of an event; and (ill) the position of the largest ju'v'l flux within a detected 
event. The figures 5.12a, b and c are examples for an ejection of the three ensemble 
average methods, respectively. Nakagawa & Nezu ( 1981) obtained ensemble averages 
(fig. 5.12d) with the following correlation formula 

J g(t + -r)u(t)v(t)lq(t) dt 

< g >q (<) = T (5.6) J u(t)v(t)lq(t) dt 
T 

where g(t + <) is either u(t + <), v (t + <) or uv(t + <) = u(t + r)v (t +<)depending 
on which ensemble average one wants to investigate and< g >q (<) is the ensemble 
average, respectively. They called this the Euler correlation. This formula provides the 
ensemble averages for u', v' and u'v' independently of one another. It is, therefore, 
remarkable to notice the similarity between this method and the ensemble average 
(fig. 5.12c). This validated the choice of the position of the maximum ju' v'l flux as a 
trigger point. 

Nakagawa & Nezu ( 1981 ) stated that the Reynolds stress and the momentum 
transfer in the vertical direction showed a pulse-like behaviour for both the sweeps 
and ejections. This pulse-like behaviour, as they describe it, can also be seen for these 
ensemble averages. 

In figure 5.13 two ensemble averages for an ejection are shown. One for a measure
ment above the smooth surface and the other for a measurement above the P-surface. 
No significant difference between these ensemble averages could be found. For both 
the coherent motions it can be noticed that the ensemble averages for the u' and the 
v' signal are about 180° out of phase. 

5.4. The grouped events 

So far, only the results of the single events were discussed. In this section the results 
of the grouped events will be investigated. This contains first of all the comparison 
between the results of the three grouping techniques described in section 5.2. This is 
done only for the measurements of the U-surface. Secondly, the average period and 
duration of the grouped events of all the investigated surfaces will be compared with 
one another. Finally, the quadrant ratios between the investigated quantities will be 
considered. 
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The comparison between three different grouping techniques. The three described 
grouping techniques all use a critical time 'l"max to divide successive single events into 
groups. The B&T (Bogard & Tiederman, 1986) and L&T (Luchik & Tiederman, 
1987) grouping methods have to estimate these values for each height separately. The 
grouping method based on log-normal statistics, in future referred to as the log-normal 
grouping method, estimates 'l"max for all heights above one type of surface at once. The 
critical time was chosen between the second and third dominant time scale, because 
the probability distributions showed that for y+ > 35 only one domina~t time scale 
remained. This indicates that the L&T method cannot be used for measur~ments above 
y+ i'::j 35, because this method is based on the fact that the distribution ~ust comprise 
of at least two independent distributions. When using the B&T method ctre should be 
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taken. Since it uses an exponential distribution to distinguish between the probability 
distributions of the single and grouped events. 

In spite of these remarks the B&T method and the L&T method will be used to 
analyze the measurements of the U-surface, just to show the differences between these 
two methods and the log-normal grouping method. 

First the critical time Tmax of the three methods will be discussed, followed by the 
average values of the periods estimated by the three methods. 

Figure 5.14 shows the critical time (Tmax) versus the dimensionless height (y+ ). The 
Tmax for the B&T method shows the same tendency as the average single-ejection period. 
Above y+ = 30 the t'max values are even larger than the maximum probability of the 
third peak in the distribution of the single events (table 5.1 ) . The r max values obtained 
with the B&T method are significantly larger than those for the log-normal grouping 
method and L&T method. The L&T method is based on the cumulative distribution 
of the non.events (ne) and has two techniques to estimate the critical time Tmax (see 
fig. 5.3 ). Comparing these two techniques with the results for the log-normal grouping 
method, one must conclude that the first technique of the L&T method to estimate 
t'max is the best. 

It is obvious from figure 5.14 that the average values for the grouped event periods 
after using the B&T method (fig. 5.15) become extremely high compared with the 
results of the two other methods. The grouped event periods obtained by the B&T 
method still show the same behaviour as a function of height as the single event 
periods. This means that this method does not distinguish between the higher and the 
two smaller dominant time scales. 

In figure 5.16 the average grouped event periods for the L&T method and the log
normal grouping method are shown. The average grouped event periods obtained with 
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the two variations of the L&T method are still quite high compared to the results of the 
log-normal grouping method, but not as extreme as the results of the B&T method. The 
average grouped event periods obtained using the first variation of the L&T method 
shows less scatter than those obtained with the second variation of the L&T method. 
Therefore, the first variation of the L&T method was applied again. Only, this time 
the log-normal mean of the period distribution for the grouped events was estimated 
instead of the normal mean. These results show less scatter than the previous results 
obtained with this method and the results show more resemblance with those of the 
log-normal grouping method. 

Another important distinction needs to be made. The results obtained with the log
normal grouping method adopted is virtually noise free, which is in sharp contrast with 
the results of the B&T and L&T methods. 

The behaviour of the ratio between of the sweep- and ejection averaged grouped 
periods (Rp) for both the B&T and L&T methods (fig. 5.17) are similar to the ratio 
of the average single periods (fig. 5.10). The log-normal grouping method shows a 
significantly different picture for the measurements below y+ = 20. 

Both the methods of B&T and L&T were developed and used for measurements at 
y+ = 15. Luchik & Tiederman also performed measurements at y+ = 30 to verify the 
method. Although Bogard & Tiederman verified their method with flow-visualization 
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experiments their choice of a exponential distribution does not adequately describe the 
single-events distributions. The L&T method seemed to work, because fory+ < 35 the 
two distinct regions they are looking for in their probability plot are easy to find due 
to the still pronounced existence of the three frequencies. 

The average grouped event period and duration. In the figures 5.18 and 5.19 the av
erage grouped-event period (closed symbols) and the average grouped-event durations 
(open symbols) are shown for both the ejection and sweep motions. In figure 5.18 the 
results are scaled with the inner-layer variables u. and 11, while in the other figure the 
results are scaled with the outer-layer variables. Here actually two scales were used, 
for figure 5.19a, b o* and U0 were used, while Oo.99 and U0 were used for the results 
presented in figure 5.19c, d. 

From these graphs it can be noticed that the behaviour of the period and duration 
as a, function of height is similar. Therefore, only the periods will be discussed. The 
grouped-event sweep periods slightly increase as a function of height compared to the 
single-event sweeps period (fig. 5.8). This agrees with conclusions earlier stated in 
section 5.2. There it was stated that after applying the log-normal grouping method 
only one dominant time scale remained. The ejection periods give the sam~ indication, 
with superimposed on it a peak at y+ ::::~ 30. This is the same position! a peak was 
found for the single-event periods. · 
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The average periods and durations of the grouped events were scaled using three types 
of scaling parameters to investigate the effect of the scaling parameters. In section 3.6 it 
was done for the mean streamwise velocity, the turbulent intensities and the Reynolds 
stress correlation. The conclusion here was that when the outer scales based upon 
the displacement thickness and the free stream velocity were used all profiles would 
more or less collapse into a single curve. In section 5.2 it was concluded that the 
log-normal mean of the duration distribution of a single event became of the order of 
unity for y+ > 30 when scaled with the outer scales, o• and U0• The same result is 
found for the average durations of the grouped events. Similar results are found for 
the average ejection periods of single- and grouped events. However, here the outer 
scales were based on the boundary-layer thickness and the free stream velocity. These 
results indicate strongly that the third dominant time scale is an outer layer motion, 
probably the large-eddy circulation. Furthermore, we realize that the average grouped 
ejection period estimated here is approximately five times smaller than the value that 
is suggested in the literature. The reason for this difference is due to the analysis 
technique that is used. 

Generally we can state that the average period and duration for the P-surface 
decrease compared with those for the smooth surface. The results for the 'R-surface 
behave somewhat differently. When using the inner scales the sweep periods become 
equal to those of the smooth surface. However, when the outer scales are used the 
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sweep periods are larger. Comparing the ejection period of the ??-surface with that of 
the other surfaces when scaled with the inner scales (fig. 5.18), it can be noticed that 
for y+ < 20 the results are equal to those of the 'P-surface, where after they increase 
and become equal to the results of the smooth surface. The same kind of behavior 
is seen when using the outer scales (fig. 5.19); only here the ejection periods of the 
R-surface even become larger than those of the smooth surface. 

The ratios for the grouped events. Earlier it was stated that the behaviour of the 
durations was similar to those of the periods (figs. 5.18 and 5.19). To confirm this 
the ratio between the duration and the period (Rop = d f p) for both the ejections 
and sweeps were calculated (fig. 5.20). For the ejection this ratio seems almost con
stant, while for the sweeps it increases up to y+ >::! 30 before taking a constant 
value. 

The difference between the surfaces is that for y+ < 15 the ratio of the ejections for 
the riblet surfaces slightly drops compared to the smooth surface. 

Figure 5.21 shows the ratio between the sweeps and ejections for both the periods 
(Rp) and durations (Ro). The first thing that one notices, compared to the same 
ratio for the single events (fig. 5.10), is that below y+ = 20 the ratio is significantly 
lower. The period and duration of the grouped ejections are dominant throughout the 
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Fig. 5.20: The ratio of the between the duration and the period (Rop = dfp} versus the 
dimensionless height: (a) ejections, (b) sweeps. The measurements are represented by: U +, 'P 

'i7, 'R D, S Q. 
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investigated region. The similarity between these ratios for the single events and the 
grouped events is that all surfaces still show a minimum at y+ 1'::l 30. An important 
difference is that below y+ = 20 for the single-event ratio for the smooth surface is 
smaller than for the riblet surface. Figure 5.21 shows, however, that the ratio for the 
P-surface, in this region, is smaller than for the smooth surface. 

5.5. The burstiness factor 

In this section the burstiness factor will be discussed. This quantity was introduced 
by Narasimha & Kailas (1989), who used it in the analysis of neutral atmospheric 
boundary-layer measurements. I 

The burstiness factor can be thought of as an index which correlates the compactness 
(duration) and the flux of the detected events that contribute to the Reynolds-stress 
term. In a burstiness plot the cumulative percentage of the contributi~ flux of the 
detected events is plotted against their cumulative percentage of dura'tion. Before, 
these quantities can be calculated the events must be ordered downwards in order of 
magnitude from the largest flux contributor. The coordinates for this burstiness plot 
can be estimated using the following equation: 
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In these equations b and e are the numbers indicating the first and last datapoint of 
an event, respectively, and dj the duration of an event, while Ntot represents the total 

· amount of data points in one experiment and dtot the total duration of the experiment. 
The index n refers to the number of detected events. This implies that when only one 
event has been detected the burstiness plot will show only one point. So, if there are 
n detections the graph will show n points. 

In figure 5.22 a burstiness plot is shown. As the events can not in general account 
for all the time of flux in an experiment, the burstiness curve usually ends at a point 
X below 100%. The points X and C are connected by a straight line to complete 
the burstiness curve. The line CO represents a strictly linear increase of the flux 
contribution in time, which could be expected when the flux generation was evenly 
distributed in time. Narasimha and Kailas defined the burstiness factor as follows: 

B = shaded area (5.9) 
area OAC 

If B = 0 the flux contribution of the detected events is evenly distributed in time, 
while if B = I the flux contribution would be instantaneous. 

The burstiness factor was estimated for both the ejection and sweep motions. Fig· 
ure 5.23 shows that the behaviour of the burstiness factors as a function of height 
is the same for each surface. The magnitude of the results for the p. and 'R.·surfaces 
compared to the smooth surface are significantly larger. The burstiness factor of the 
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Fig. 5.22: Burstiness plot by Narasimha & Kailas (1989) 
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ejections for the S-surface is identical to those of the smooth surface, while for the 
sweeps it is identical to the results of the P- and R-surfaces. This indicates that 
several things could happen above a riblet surface, for instance the flux of the de
tected events increases or the duration of the detected events decreases or, of course, 
these two effects occur simultaneously. In view of the previously shown results of 
the duration (fig. 5.9), the ratio RDP (fig. 5.11) and the average flux (fig. 4.13), 
it can be concluded for the downward shifted curves for the duration that the flux 
has been concentrated in a smaller period of time above the riblet surface. This can 
be interpreted as that the riblets channel incoherent motions into coherent motions. 
Since, drag reduction occurs this indicates even that riblets are very effective in killing 
incoherent motions. 

In figure 5.24 the ratio between the burstiness factors of the sweeps and ejections 
(RB = Bs/Be) is shown. Close to the surface the sweep burstiness-factor for the 
smooth surface is nearly twice as large as that for the ejections, while above y + ~ 15 
the burstiness of the ejections is much more pronounced. Furthermore, the ratio of the 
burstiness has the same behavior compared to the previous ratio graphs of single-event 
quantities. The similarity with the ratios for the average quadrant flux RH and the 
fractional distribution RF (fig. 4.14) is remarkable, even the difference between the 
surfaces is the same. The ratios for the riblet surfaces are somewhat larger throughout 
the investigated region compared to those of the smooth surface. Except below y+ ~ 10, 
where the ratios of the P- and R-surfaces are slightly smaller. 
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Chapter 6. Atmospheric measurements* 

One of the shortcomings presented in the previous sections was that it is restricted 
to low Reynolds number flows. High Reynolds number data like e.g. atmospheric data 
was easily accessible to the author. Therefore, the ideas of analysis developed earlier 
were applied to these data. 

The investigation reported here was additionally supported by KNMI the Royal 
Dutch Meteorology Institute in The Netherlands, the Jawaharlal Nehru Centre and the 
National Aeronautical Laboratory in Bangalore, India. 

As mentioned in section 5.3, Lu & Willmarth (1973) suggested that the difference 
between their work and the work of Wallace et al. (1972) was due to the fact that 
the latter was carried out at low-Reynolds number. Since the present experiments were 
all performed at a low Re, it seemed useful to compare the present results with those 
obtained at a high Re. The most accessible data to the author were the near-neutral 
atmospheric turbulence data of Cabauw (Wessels, 1984). It is worthwhile to mention 
that the VITA technique has been used earlier to analyze these data (Kailas, 1991). 

The results for the atmospheric measurements will be presented in the same man
ner as the laboratory measurements have been presented. The first part discusses the 
streamwise velocity, turbulent intensities, fractional distribution, etc. buring the sec
ond part the results of the single events will be presented and finally the results for the 
grouped events. During the presentation of the results for the atmospheric measure
ments comparisons will be made with the results of the water-channel measurements. 

6.1. A general investigation of the measurements 

The atmospheric data used for this investigation were taken from a 213 m tower 
located at Cabauw and instrumented at a height of 20, 40, 80, 120 and 200 m (see 
Wessels, 1984, for a more detailed description of this facility). The data are for near
neutral conditions (data sheets kindly supplied by KNMI). The quantities like mean 
flow, root mean square values and Reynolds stress are obtained to investigate the 
quality of the measurements. These quantities are also used to obtain and scale the 
time dependent velocity fluctuations. Before attending to these results some details 
of the atmospheric data are compared with those of the laboratory experiments (see 
table 6.1 ). 

There are several important differences between the atmospheric and laboratory 
measurements. First of all, the laboratory measurements cover only the lower part 
of a turbulent boundary layer, while the atmospheric data cover the, middle and 
upper parts of a turbulent boundary layer. The physical dimensions associated with the 

* This section is a part of an internal report R-1159-D, Eindhoven University of Technology 
"Preliminary results from an analysis of some atmospheric boundary layer and low speed water
channel measurements", by Schwarz-van Manen et al. ( 1992). 
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Environment 

Surface condition 

Number of heights 

Range 

Region 

<5o.99 

u., friction velocity 

Uo, mean velocity 

Re&o.99 

Duration of the measurements 

Sampling frequency 

Number of samples 

Cabauw 

tower 

air 

atmosphere 

rough 

5 
20-200 m 

log layer 

outer layer 

~ 120 m 

0.445 m/s 

13.4 m/s 

1 X 108 

3600 s 

5Hz 

18000 

TABLE 6.1 

Water channel 

measurements 

water 

laboratory 

smooth 

20 

33.6 mm 

viscous layer 

buffer layer 

lower log layer 

9.6 cm 

7.83 X lQ-3 m/s 

20.0 X lQ-2 m/s 

2 X 104 

900 s 

512Hz 

460800 

Characteristics of the atmospheric and laboratory data 

85 

atmospheric and laboratory experiments are quite different. Then there is the difference 
in the length of the data sets. The atmospheric measurements are a little too short to 
obtain a statistically relevant number of detected events. Another difference is that the 
temperature in a near-neutral atmospheric boundary layer will never be as constant as 
for the laboratory situation, where it was kept constant within 0.05 °C. 

The results of the atmospheric data will not be non-dimensionalized, because for 
the time sequence analyzed here the KNMI only could give an approximation for the 
boundary layer height d0.99 • The friction velocity could not be used either, since we are 
unable to correct this quantity for the surface roughness. Therefore, only a qualitative 
comparison will be made between the laboratory and atmospheric measurements. 

The atmospheric boundary layer data consist of two horizontal velocity components 
and a vertical component, which is positive upwards. The direction of the mean 
streamwise velocity at the each height during the investigated time sequence is very 
nearly from West to East. An investigation was conducted to look at the differences 
of the mean characteristic quantities (U, Ur.m.s., Vr.m.s., u'v', etc.) between the E-W 
component and the horizontal mean flow direction. It turned out that the difference 
between these two velocities was less than 1%. Therefore, during this investigation the 
E-W component and the vertical component were used to analyze the measurements. 

The mean streamwise flow component U is shown, in figure 6.1, as a function of the 
logarithmic height. In the lower three levels a clear existence of the logarithmic region 
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Fig. 6.1: The mean streamwise velocity 1J 

can be found. The value of u* (0.445 m/s) was estimated from this graph using the 
log-law theory ( eq. ( 3.1)). 

Figure 6.2 shows the turbulent intensities Ur.m.s., Wr.m.s. and the Reynolds stress 
correlation u'w' versus the logarithmic height. 

A typical u'- w' scatter plot for the atmospheric measurement is shown in figure 6.3, 
in this case a 13 minute data stretch was taken. There is no significant difference 
between this graph and figure 4. 7, which represents a scatter plot of the water-channel 
measurements. This encourages the possibility that the quadrant-analysis technique can 
be used for the atmospheric turbulence data as well. 

In table 6.2 the percentage of data per quadrant for the atmospheric boundary-layer 
measurements is shown. Comparing these results with those for the water-channel 
measurements (fig. 4.8 ), the atmospheric data shows a larger scatter than labora
tory data. In spite of the scatter one can notice that the behaviour of the per
centage of the samples per quadrant is quite similar to those of the water-channel 
measurements. 

The expressions ( 4.4) and ( 4.3) provide the threshold levels Hq and the fractional 
distributions Fq, respectively. It is known from the work of Comte-Bellot et al. ( 1978) 
and table 4.1 that the behaviour of the threshold levels as a function of height is 
constant above y+ = 30 (above the buffer layer). Roughly the same conclusions can 
be drawn from figure 6.4. The H, and H3 are ~ 0.4. Below 100 m both H2 ~ -1.0 
and H4 ~ -0.7, while IH21 seems to increase a little and IH41 seems to decrease above 
100 m. 

The ratios RH and RF are plotted as a function of height, in figure 6.5. Here the results 
of the atmospheric data differ from those of the water-channel data (fig. 4.14). The 
RH drops from 0.8 to about 0.5. This is significantly lower than for the water-channel 
measurements, which stay constant at about 0.8. For the atmospheric data this implies 
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Average 

20m 40m 80m 120 m 200m of all 

heights 

o, 19.3 16.2 17.3 20.1 18.4 18.3 

02 29.9 31.2 30.2 27.2 27.0 29.1 

03 19.1 17.5 17.5 16.5 18.9 17.9 

Q4 31.7 35.1 35.0 36.2 35.7 34.7 

TABLE 6.2 
The percentage of data per quadrant at the Cabauw tower 

that either the average flux of the ejections in the atmosphere are stronger compared 
with those under the laboratory conditions, or that the sweeps in the atmosphere are 
weaker. This difference can be attributed to the fact that higher parts of the boundary 
layer were investigated for the atmosphere compared to the laboratory measurements. 
A similar trend is found for RF, which drops from 0.8 to about 0.6. The behaviour here 
differs from the results ofLu & Willmarth (1973). This might confirm our assumption 
that their deviating results are not due to the Reynolds number but probably due to 
the experimental facilities. 
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6.2. Detection of ejections and sweeps 

The single events. Similar to the analysis of the water-channel measurements, two 
probability distributions were made for the ejection and sweep period. One which 
regards the distribution as normal and another which regards the distribution as log
normal. Figure 6.6 shows a histogram of the distribution of the detected events versus a 
linear axis and a log-normal axis. The peaky structure of these distributions is due to the 
duration of the measurement. However, the histograms do show that the distribution 
of the periods does not resemble a Gaussian or normal distribution, but a logarithmic 
distribution. These same results were found for the water-channel measurements. 

Both normal and log-normal means (Appendix A) of the single-event period were 
plotted as a function of height (fig 6.7). The log-normal means seem to increase linearly 
with height for both quadrants, while in the case of the normal means, their is no 
similarity between the two quadrants and the behaviour of the log-normal means. 

Two kinds of trigger points were used to obtain the conditional averages; (i) triggering 
at the centre of each event; and (ii) triggering at the position ofthe highest flux (u'w') 
within each event. In figure 6.8 the conditional averages of an ejection are shown. 
The main difference between the two types of averages are that for the triggering 
at the position of the highest flux, the peak of the conditional average gets more 
pronounced compared with the rest of the event. In comparison with the water-channel 
measurements the u' signal differs significantly. For the atmospheric measurements this 
signal is smoother than that of the water-channel measurements (figs. 5.12 and 5.13). 
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Fig. 6.6: Histograms of the distributions for fourth quadrant single event periods at the height of 
20 meters versus (a) normal and (b) log-normal axis. 

The conditional averages for w' and u' w' for both methods show great resemblance 
with the conditional averages ofNakagawa & Nezu (1981), which were obtained with 
their so-called Euler correlation formula. Only the u' signal seems to differ. 

Grouped events. The Bogard & Tiederman method ( 1986) and the distribution 
method were used to group the single events. Figure 6.9 shows t'max, for the Bogard & 
Tiederman method, as a function of height for the second and fourth quadrants. As 
for the water-channel measurements the similarity between these t'max values and the 
average single-events periods (fig. 6.7) as a function of height is remarkable. 

The distributions for ·the duration and period of single events fqr the atmo
spheric data have characteristics of a log-normal distribution, like the 'distributions 
of the water-channel measurements (figs. 5.4 and 5.5). In figure 6.10 three typi-

1 
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cal log-normal distributions are shown for two different heights and two different 
quadrants. 

Comparison between the distributions for the single event periods of the second 
and fourth quadrant of the atmospheric data showed two distinct dips with a peak in 
between at nearly the same place. Furthermore, it was noticed that this peak increased 
with height. The average position of the two dips of these three distributions are 
indicated by the arrows in the graphs (fig. 6.10). Although, this behaviour is different 
from the water-channel measurements, the fact that the position of these dips are 
independent of height indicates that there might be a similarity between the two 
types of data. After a critical inspection of these distribution graphs of the atmospheric 
boundary-layer measurements it was decided that In Tmax = 3, (Tmax ~ 20.09 s), because 
it was the first significant break in all the investigated distribution graphs and the peak 
following this dip increased with height, which is similar to the third dominant time 
scale in the period-distribution graphs of the laboratory data. 

In figure 6.11 the average grouped-event periods are given for both analysis methods, 
the closed symbols represent the results for the Bogard & Tiederman method, while 
the open symbols represent the distribution method. The results for the distribution 
method are approximately constant with height, while the results for the Bogard & 
Tiederman method seem to show significantly more scatter. This effect is similar to 
the water-channel measurements. 

The log-normal distribution seems quite reasonable, but one must keep in mind that 
only an average of about 40 events at every height has been detected. 

Concluding remarks. There are as much similarities between the laboratory and 
atmospheric measurements as there are differences. Similarities are that the period-
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Fig. 6.10: Log-normal distributions for (a) fourth quadrant at 20 m, (b) fourth quadrant at 200 m 
and (c) second quadrant at 20 m. 
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Fig. 6.11: The average grouped event periods for the Bogard & Tiederman method (closed) 
and the distribution method (open). The results of Q2 and Q4 are represented by 0 and +, 

respectively. 

distribution graphs of the detected events show a log-normal behaviour in which 
dominant time-scales can be found. These time scales are independent of height. 

Another similarity is that when applying the log-normal grouping method one critical 
time Tmax can be found for all heights. After grouping the average period of the grouped 
events is almost constant as a function of height. 

The differences between the measurements are that the critical time Tmax ~ 20.09 s 
for the atmospheric measurements is extremely high compared to the laboratory mea
surements where Tmax ~ 0.08 s. Furthermore, the distribution graphs showed a broad 
distribution for the smallest time scale and a narrow distribution for the larger time 
scale. 

The overall conclusion is that more research is necessary to be able to make any 
quantitative comparisons between these two type of measurements and the effect of 
high Reynolds number flow. Especially, the atmospheric measurements should be in
vestigated in more detail before comprehensive statements can be made. An interesting 
investigation would be to compare several measurements with different Reynolds num
bers including atmospheric measurements in order to see whether the results show any 
Reynolds dependence. 
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Chapter 7. Adverse pressure gradients and drag reduction* 

7.1. Introduction 

Unfortunately, there is still very little is known about the influence of pressure 
gradients on the effectiveness of drag-reducing riblets. Truong & Pulvin ( 1989) studied 
a flow in a diffuser of which the wall was lined with riblets. Squire & Savill ( 1989) 
considered measurements in a transonic wind tunnel, in which riblets were attached 
to the floor. By adjusting the cross section of their wind tunnel they could induce a 
pressure gradient in the test section. A similar experiment was performed in a low
speed wind tunnel by Choi (1990). Finally, Walsh {1990) discusses some experimental 
results on the effect of the pressure gradients. 

These authors all agreed that at small pressure gradients the riblets remain effective 
in reducing the skin friction. However, for moderate and large pressure gradients their 
opinions diverge. In the first two articles mentioned above, the authors suggest that 
the drag-reducing effect vanishes, while Choi and W alsh report a different result. They 
suggest that riblets keep their drag-reducing capacity. A reason for these contradicting 
results can be that all four studies used the momentum-integral balance technique 
to estimate the friction. It is well known that it is quite difficult to obtain reliable 
measurements of the momentum balance (Walsh, 1990). 

The available results on the effectiveness of riblets under the influence of a pressure 
gradient are thus inconclusive. The purpose of this part of the investigation is to present 
new experimental results which will hopefully settle the issue. The main innovative 
fact of these experiments compared with the previously mentioned studies are that 
the skin friction was directly measured with a drag balance. In addition velocity 
measurements were performed to estimate the momentum integral balance. This was 
done to substantiate the remarks concerning this technique made above. 

In this chapter the experimental facilities and procedures will be discussed first, fol
lowed by the results obtained with the drag balance. Finally, the velocity measurements 
will be discussed. 

7.2. Experiments 

Description wind tunnel. All experiments were performed in a closed-circuit wind 
tunnel of which the test section has a length of 5. 7 m, a width of 0. 73 m and a height 
of 0.89 m. The velocity of the wind tunnel can be regulated between 0 and 25 m/s. 

In the test section (fig. 7.1) a flat surface is mounted with a total length of 4 m. This 
surface has a sharp leading edge and at the trailing edge an adjustable flap to prevent 
leading edge separation. At 0.5 m from the leading edge a tripping wire was installed 
to force the transition to a turbulent boundary layer. 

*This section is a slightly modified version of a paper that was submitted to Experiments in 
Fluids under the title "The reduction of skin friction by riblets under the influence of an adverse 
pressure gradient", by Nieuwstadt et al. (1992). 
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Fig. 7 .l: Schematic view of the experimental set-up of the false surface and the drag balance. 

For the measurements at zero pressure gradient the upper wall of the wind tunnel 
could be adjusted to allow for the displacement by the boundary layers on the tunnel 
walls. An adverse pressure gradient was created by transforming the tunnel cross section 
in the shape of a contraction and diffuser (fig. 7.2). The length scales given in figure 7.2 
pertain to the highest diffuser angle, i.e. the strongest adverse pressure gradient. 

Instrumentation. The skin friction was measured with a drag balance (fig. 7.1). It 
consists of a square test plate with dimensions 0.54 x 0.54 m2• This test surface is 

u 
0.45 m 

2.07 m 

uc 
0 

0.48 m, 

P, 
0 0.58 m 

Fig. 7.2: Configuration of the wind tunnel test section to create an adverse pressure gradient. 



Adverse pressure gradients and drag reduction 99 

mounted flush with the false surface mentioned above on which the boundary layer 
develops. The distance of the centre of the test plate to the leading edge of the false 
surface measures 2.28 m. The test plate lies on top of a floating element, which is 
immersed in a reservoir containing oil. The floating element is connected by three 
wires to a carrier frame. This carrier frame is attached to the oil reservoir by a stiff 
construction of vertical rods. The wires allow only a motion of the floating element in 
a horizontal plane. This motion is restricted to be in the mean streamwise direction 
due to the presence of Teflon guiding strips. At the back of the test plate the motion 
is picked up by a little lever and transmitted to a strain gauge. Finally, the signal of 
the strain gauge, which is proportional to the drag, is calibrated by attaching small 
weights to the test plate. This calibration procedure is repeated before and after every 
experiment. The accuracy and reproducibility of the drag balance has been improved 
over the years to around 1%. 

The mean stream wise velocity ( U0 ) was measured above the centre of the test plate 
in the centre of the wind tunnel with a pitot tube connected to a Betz manometer 
(fig. 7.2). The accuracy for this experiment is about 1% 

The static pressure tubes (Po and P1) were mounted above the leading and trailing 
edge of the test plate (fig. 7.2). They were connected to a pressure transducer, from 
which the pressure difference across the test plate could be obtained with an accuracy 
of less than 1%. 

At selected wind-tunnel settings the mean streamwise velocity profiles were measured 
as a function of the vertical coordinate with a hot wire above the centre of the test plate. 
For some cases the velocity was measured as a function of the horizontal coordinate 
between the leading and trailing edge of the test plate. Before and after each experiment 
the hot wires were calibrated, sometimes a drift was observed in the calibration curve 
of about 2%. Therefore, the accuracy of the hot-wire measurements is at the most 2% 
with perhaps also some bias at individual measuring runs. 

More detail descriptions of the instrumentation and the wind tunnel are given by 
Van der Steeg (1983), Van Dam (1986), Van der Hoeven (1989) and Wolters (1992). 

Riblets and experimental procedure. The riblets were manufactured at the Laboratory 
of Aero- and Hydrodynamics, department of Mechanical Engineering and Marine 
Technology of the Delft University of Technology, by machining a PVC pipe on a 
lathe. After machining the riblets into the PVC pipe, the thickness of the pipe was 
reduced to l mm and cut length wise. The now flat surface was then glued on a glass 
plate. 

The experiments were performed with a smooth surface and two different triangular
shaped riblet surfaces. The sizes of the riblets of these latter surfaces are; s = h = 
0.64 mm and s = h = 0.36 mm. 

Before each measurement the wind tunnel ran for about one hour in order to obtain 
a stable condition in the test section. During some experiments the mean streamwise 
velocity of the wind tunnel was increased from the lowest velocity (rv 4 m/s) to the 
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highest velocity (rv 17 m/s) in about 13 steps. At each step an observation with the 
drag balance was made. During other experiments this procedure was reversed, starting 
from the highest velocity towards the lowest velocity. 

During all experiments the temperature in the test section and the atmospheric 
pressure was measured, in order to estimate the kinematic viscosity (v) and the air 
density (p ). 

7.3. Drag-balance experiments 

Zero pressure gradient (smooth). Figure 7.3 shows the measured values of the friction 
coefficient Cr obtained with the drag balance in a flow with zero pressure gradient, 
using 

(7.1) 

where D is the force measured by the drag balance and A the projected area of the 
test plate. For this case the U0 (section 7.2) is only observed near the trailing edge of 
the test plate. Note that the friction coefficient represents a local skin friction, whereas 
definition (7.1) gives a friction coefficient averaged over the test plate. However, the 
difference between this averaged coefficient and the local friction coefficient can be 

-2.3 r-----------------, 
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Prandti-Schlichting 
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log (Rex) 

Fig. 7.3: The friction coefficients of a flat plate in a boundary with apfox = 0. Each experiment 
is designated by a different symbol. The solid line represents the empirical relation proposed 
by Prandtl and Schlichting (Schlichting (1979)) and the dashed line the empiJiical expression 

proposed by White (1991). i 
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estimated with the equations for Cr presented later in this subsection. The difference 
is found to be less than 0.1% and thus negligible. 

The results of the smooth-plate experiments presented in figure 7.3 follow almost 
exactly the expression proposed by Prandtl and Schlichting (Schlichting, 1979) 

c 0.0592 
r = Re~·2 ' (7.2) 

where Rex is a Reynolds number defined as Rex = U0xfv, with x as the distance 
between the centre of the test plate and the virtual origin of the turbulent boundary 
layer. Using the relationship between the displacement thickness and the distance, 
given by Schlichting (1979), the virtual origin of these experiments was estimated to 
be 2.45 m up stream of the centre of the test plate. Schlichting, furthermore, suggests 
that equation (7.2) is valid for 5 x 105 < Rex < 1 x 107

, which covers the range in 
which the presented experiments were conducted. 

In figure 7.3 also the more recently proposed relationship of White (1991) is shown, 

c - 0.455 (7 3) 
f - ln2 (0.06Rex) · . 

According to White this relation gives a better fit to all available observations than 
equation (7.2). Figure 7.3 shows clearly that this fact is not confirmed by the present 
experiments. The reason is probably that White's equation was designed for higher 
Reynolds numbers. 

The relative deviation of the observed friction coefficient from the Prandtl
Schlichting curve 

Cc(obs) - Cr(Prandtl-Schlichting) 
Cr(obs) 

(7.4) 

is shown in figure 7 .4. Each measuring run is designated by a different symbol, to give a 
feeling for the variation in the observations within and between the experiments. (Note 
that the individual experiments were usually performed on different days). The results 
presented in figure 7.4 support the statement that the accuracy and reproducibility of 
the drag balance is within 1%. 

Zero pressure gradient (riblets). The test plate with the riblets was adjusted in such 
a way that 0.5h of the riblets would penetrate above the false surface in front of it. 
This was done to ensure that the volume of the cross section above the test plate is 
independent of the test-surface geometry. 

In figure 7.5 the relative skin-friction change, defined as 

dCr Cr(riblets) - Cr(smooth) 
Cr = Cr(smooth) 

(7.5) 

has been plotted as a function of the dimensionless riblet widths+ = u.sfv, where 
the friction velocity u. = U0 JCJj. (eq. 3.3). The observations, presented in the 
figures 7.5a and 7.5b, have been obtained above a surface with riblet sizes of0.64 mm 
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Fig. 7.4: The relative difference of the observed friction coefficient with respect to the 
Prandtl-Schlichting curve. The different symbols represent different measuring runs. 

and 0.36 mm, respectively. The individual experiments are again represented by differ
ent symbols. The vertical bars in the figures denote the range of previous observations 

given by Walsh & Anders (1989). The presented experiments fall quite well within 
this range. 

Above the surface with a riblet height of0.64 mm (fig. 7.5a) a maximum skin-friction 
reduction was found of 5% at s+ = 13. 

In figure 7.5b an increased scatter was observed for the data at low values of s+. This 
was probably due to some hysteresis of the strain gauge. To minimize this effect during 
the experiments, we restricted ourselves to a higher velocity range (13 < Uo < 15 m/s). 
This implies that for the rest of the experiments with the riblet surfaces a riblet height 
of 0.36 mm will be used, because for this size the highest drag reduction occurred at 
these velocities. 

Pressure gradient (smooth). As described in section 7.2 an adverse pressure gradient 

was created by modifying the geometry of the wind-tunnel test section. The experiments 
were performed at three different configurations of this test section. For each configura
tion two velocities (measured above the centre of the test plate in the centre of the ver

tical span ofthe test section) were considered, which varied between 12 < U0 < 15 m/s 
(see table 7.1). The boundary layer can be characterized by parameters such as: the 
displacement thickness o* (eq. (1.3)), the momentum thickness(} (eq. (1.4)) and the 
shape factor H (eq. (1.5)). Values of these parameters are given in table 7.1. 
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(Walsh and Anderson, 1989). The different symbols represent different measuring runs. 
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Con f. Uo o* () H Cr l:l.P p 
[m/s] [mm) [mm] X 103 [N/m2 ] 

0 17.4 5.9 4.4 1.35 3.31 0 0 

12.6 7.4 5.3 1.40 2.89 7.8 0.41 

14.6 7.4 5.3 1.40 2.82 11.6 0.43 

2 13.3 8.3 5.8 1.43 2.70 13.3 0.88 

14.8 8.3 5.8 1.43 2.65 19.8 0.92 

3 12.9 9.0 6.1 1.48 2.54 20.3 1.48 

14.6 8.7 6.0 1.45 2.50 29.3 1.54 

TABLE 7.1 
Boundary-layer parameters for the experiments at different wind tunnel 

configurations ( Conf.). 

To quantify the pressure gradient the so-called Clauser parameter was used 

&* dP 
p = To dx ' (7.6) 

where To = D/A is the surface stress. The pressure gradients were obtained by dividing 
the pressure difference AP between the leading and trailing edge of the test plate by 
the length of the plate ( 0. 54 m). These parameters were recorded for each observation 
and used to estimate p. The minimum and maximum value of P were obtained by 
using the average o* of the two values presented in table 7.1. The results are that 
for each wind-tunnel configuration the Clauser parameter p is approximately constant. 
The configurations of the wind tunnel vary between a rather weak pressure gradient, 
with p = 0.4, and a moderate to strong pressure gradient, with p = 1.4. These values 
for P are, for instance, typical for the pressure gradients found on airfoils. 

All friction coefficients obtained from the drag-balance measurements (including the 
data for p = 0) are shown in figure 7.6. In this graph the data have been plotted 
as a function of the Re11 = (U0f))jv. These results show that the friction coefficient 
decreases as a function of p. 

To consider one value of Pin somewhat more detail the intermediate value P ~ 0.9 
was chosen. These results are presented in figure 7.7. 

In this figure the two solid lines labeled 1 and 2 are the curves fitted to the exper
imental data. Each of these curves represents a completely independent experiment, 
which means that for each case the test plate was reinstalled and the drag balance 
completely readjusted (i.e. adjusted the test plate on the floating element, changed 
the oil level and adjusted the force on the teflon guiding strips). The c'ose agreement 
between the two curves is another proof for the excellent reproducibilfty of the drag 
balance. 1 
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Fig. 7.6: The skin-friction coefficient Cr as a function of Re8 for various values of the Clauser 
parameter p. 
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In figure 7. 7 also two empirical expressions are shown for the friction coefficient. 
The first is the classical relationship proposed by Ludwieg & Tillman ( 1949) 

Cr = 0.246 x 10-0.76SHReio.268' (7.7) 

which would be accurate within 10% (see White, 1991). The agreement with the 
presented data is fair. The second relationship was proposed by White ( 1991 ) 

0.3e-u3n 
Cc = (logw, Ree) 1.74+0.3IH • 

(7.8) 

White suggests that this expression fits existing observations within 3%, but the differ
ences with the results presented here is about 10%. However, with respect to comparison 
of the presented results to the empirical expressions there are three possible sources 
of errors. Firstly, the drag balance may be off-set by the pressure difference between 
the leading and trailing edge of the floating element. However, it is known (Frei & 
Thomann, 1980) that this pressure difference is completely compensated by the sur
face tension of the oil meniscus in the narrow slit around the floating element. In 
appendix B the error for the skin-friction measurements due to the effect of surface 
tension is estimated not to exceed 1 %. 

The second error source can be the fact that the drag balance measure.s an averaged 
skin friction. If this skin friction varies non-linearly across the test plate, than the 
measurement with the drag balance differs from the local skin friction. A simple 
integral model of the boundary layer is considered in appendix C, from which it 
follows that the variation of the friction coefficient is almost linear. Therefore, the 
measured friction coefficient is representative of the local skin-friction coefficient in 
the centre of the test plate. 

The third error source is related to the shape factor H. As was mentioned in 
section 7.2 the measurements of the velocity profile may contain a systematic error of 
about 2%. This easily leads to an error of the same magnitude for H. Unfortunately 
the equations (7.7) and (7.8) are sensitive to the value of H: a variation in H of 3% 
leads to a variation of "" 7% in Cr. 

In conclusion, it is expected that the observations with the drag balalnce at low to 
moderate pressure gradients are accurate within "" 1%. However, the comparison with 
the skin-friction laws of both Ludwieg & Tillman ( 1949) and White ( 1991) suffer from 
the fact that our estimate of the shape factor H is only accurate to 2°Aj and that the 
empirical skin-friction laws are very sensitive to the exact values of this lshape factor. 

Pressure gradient (riblets). Now the results will be considered that were obtained with 
the drag balance for the riblet surfaces, for which a possible skin-frictioq reduction of 
about 5% is expected to be found. In view of the possible errors of the balance, it can 
be stated that these errors are the same for all the investigated surfaces. Therefore, the 
difference in the skin friction between two test surfaces can be estimated without the 
influence of these errors. 
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Fig. 7.8: The relative skin-friction change of a riblet surface (s = 0.36 mm) relative to a smooth 
surface in a boundary layer as a function of the Clauser parameter P. Each point is an average 
over a large number of drag-balance readings with the vertical indication for the variation. For 
p ~ 0.9 results of two independent experiments are shown and for all experiments s+ varied 

between 10 and 13. 

Figure 7.8 shows the relative change in skin friction as defined by equation (7.5). 
Each point in the figure represents an average of all the readings of the drag balance for 
different velocities U0 in the same wind-tunnel configuration. The vertical bars indicate 
the variation among the readings. During all the experiments s+ varied between 
10 and 13, which corresponds approximately to the range of s+ where maximum 
skin-friction reduction can be expected. Therefore, figure 7.8 can be interpreted as a 
graph of the maximum skin-friction reduction by rib lets as a function of the pressure 
gradient. Furthermore, this graph shows undeniably that skin-friction reduction persists 
at al pressure gradients. There is even some indication that the skin-friction reduction 
increases from "' 5% at p = 0 to "' 7% for larger values of p. Therefore, it can be 
concluded that the pressure gradients seem to have no influence on the effectiveness 
of the riblets. 

7.4. Velocity measurements 

Profiles. The shape of the vertical velocity profile as a function of P has been studied 
in the context of the so-called equilibrium boundary layers (Clauser, 1954; Melior & 
Gibson, 1966; Bradshaw, 1967; Townsend, 1976; Yaglom, 1979 and Schofield, 1981). 
These are boundary layers, which for constant p are self-preserving, i.e. the velocity 
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profile non-dimensionalized with an appropriate scaling factor is independent of the 
x -coordinate. 

In this case such an equilibrium boundary layer is not expected to be applicable. 
First of all, the measuring location (the centre of the test surfaces) is rather close to 
the entrance into the divergent test section (fig. 7.2) and therefore the boundary layer 
is probably still is a transitional phase. Second, the value of p is not constant across 
the test plate, which was found from the results of a simple boundary layer model 
discussed in appendix C. 

Nevertheless, the measurements will be compared in terms of these equilibrium 
proflles. Those measurements were selected for which the wind-tunnel contraction 
was the largest, which generates the highest pressure gradient. The velocity proflle is 
measured above the centre of a smooth test surface. As the results for the lower speed 
turned out to be quite similar, the discussion will be restricted to the profile measured 
at the highest speed Uo (table 7.1 ). The results are shown in figure 7.9 using the inner 
variables u+ = uju. and y+ = yu.jv, with u. is obtained by using equation (3.3) 
and Cr = 2.5 x w- 3• Near the wall, where the effect of the pressure gradient can be 
neglected, the familiar logarithmic law can be found (eq. (3.1) ). Here the V on Karmim 
constant (K) was chosen 0.4 and the factor A is in the presented case 4.5, which is 
lower than the usual value 5. However, it is assumed that this difference is due to the 
inaccuracy in the measured velocity profile (section 7.2). 

At a higher level in the boundary layer the pressure gradient becomes the dominant 
parameter. This means the u. can be omitted as a characteristic parameter and the 
velocity profile can be solely described in terms of the pressure gradient. Yaglom 
( 1979) shows that this leads to the following profile 

where P* is a pressure parameter defined by 

r - __!!___ a P 
- pu~ ax· 

The constants K and K 1 are given by 

[ ( 10)] 0.5 
K = 20 1 + S ,, 

Kt = 2.44ln(r) 
15 6 

r 1.2s 
= P• (S + 10)' 

(7.9) 

(7.10) 

(7.11) 

(7.12) 

(7.13) 

HereS = <ao.99 jo. >P. For this case o0.99 jo. RJ 5. With the variables given in table 7.1 
the following velocity proflle was found 

u+ = 0.48.jY+ + 9.85 (7.14) 

which gives a quite reasonable fit to the data in the upper part of the boundary layer. 
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Fig. 7.9: Velocity profile in inner variables for fJ = 1.4 

Despite of the fact that the boundary layer can not be considered to be in equilibrium, 
its velocity profile can be quite well described by an equilibrium profile (fig. 7.9). 

The velocity profile above the riblet surface does not offer new points of view. The 
difference is that as a result of the decreased value of Cr and thus of the friction 
velocity, u., the velocity profile is slightly changed and shifted upwards with respect 
to the velocity profile above the smooth surface. This result has been obtained before 
(Choi, 1990). 

Momentum balance. In the introduction of this chapter (section 7.l) it was men
tioned that previous results on the effectiveness of riblets under the influence of 
pressure gradients were obtained from a momentum balance. To check the reliability 
of these type of measurements and compare them with the drag-balance measurements, 
both techniques were performed. Again, the experiments were performed only for the 
highest pressure gradient (/J:::::; 1.4). Two streamwise velocity profiles were measured. 
The first station lies at about l 0 cm behind the leading edge of the test surfaces and the 
second station lies at about I 0 cm in front of the trailing edge. The distance between 
the two measuring stations is 32 cm. Observations were done for both a smooth and 
riblet surface (s == 0.36 mm). From these velocity profiles the displacement thickness 
o*, the momentum loss thickness(} and the shape factor were estimated, see table 7.2. 
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Station Smooth Riblet s = 0.36 mm 

nr. Uo o• 8 H Uo o• 8 H 

[m/s] [mm] [mm] [m/s] [mm] [mm] 

14.9 6.72 4.88 1.38 14.9 6.60 4.75 1.39 

14.8 6.67 4.83 1.38 14.9 6.76 4.88 1.39 

2 14.4 8.49 6.06 1.40 14.3 8.62 6.16 1.40 

14.3 8.55 6.10 1.40 14.2 8.62 6.16 1.40 

TABLE 7.2 
Parameters for the boundary layer at fJ ~ 1.5 above a smooth and riblet surface. 
Velocity profiles were taken at two measuring stations: station 1 at about 10 cm 
behind the leading edge of the test surfaces and station 2 at about 10 cm in front of 

the trailing edge. 

The momentum balance reads (e.g. White, 1991 ) 

~~ = ~f [ 1 + e t H) p J (7.15) 

The total drag of for instance a body is determined by the value of the momentum 
loss thickness (} behind the body. Two effects contribute to this drag; viz. the skin 
friction and the pressure drag the first and second term of the right-hand side of 
equation (7.15), respectively. It was pointed out by Van den Berg (1988) that the 
reduction of skin friction (as is accomplished by riblets) does not necessarily lead to a 
reduction of the total drag. For instance, the riblets may also change the shape factor 
so that the pressure drag can increase. The presented results show that this is not the 
case. The shape factor for the smooth and riblet surface are the same. Therefore, riblets 
with a size of 11 < s+ < 13 result always in a decrease of total drag. 

Now, the solution of the momentum balance will be considered, using the variables 
given in table 7 .2. At first, the results of the two profiles were averaged. In case of the 
smooth surface it was found that (} increased between the two stations: A(} = 1.22 mm. 
Assuming that both H and P are constant viz. 1.39 and 1.5 (table 7.2), respectively, 
using equation (7.15) Cr becomes 0.0017. This value is appreciably lower than the 
observation with the drag balance, which reads Cr = 0.0025 (table 7.1). 

While determining Cr from equation ( 7.15) the variation of the variables across 
the test surface were neglected. From the results of a simple boundary-layer model 
(appendix C) it was found that indeed H is approximately constant. However, Cr 
decreases linearly and p increases linearly across the test surface. Taking this variation 
into account when solving equation ( 7.15), one obtains a value for Cr is f<i>und which is 
about 2% higher than the earlier mentioned value 0.0016. This is clearly ~ot sufficient 

I to explain the difference noted above. ' 

I 
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Therefore, the conclusion can be drawn that there is a substantial difference between 
momentum balance and drag-balance observations. We attribute this difference primar
ily to errors in the momentum balance. In section 7.2 it was argued that the velocity 
profiles may contain a systematic error of about 2%. Such an error has a large influ
ence on the momentum balance. Furthermore, a small divergence or convergence of 
the flow in the wind tunnel may lead to appreciable deviations from the 2-dimensional 
momentum balance (Bradshaw, 1967). 

Using the momentum balance to estimate the effectiveness of rib lets, it was assumed 
that the parameters H and P remained constant over the smooth an riblet surfaces. In 
that it follows that 

C C Af)riblets 
f riblets = f smooth Af) 

~ smooth 
(7.16) 

which was first proposed by Squire & Savill (1989). 
With the data of table 7.2 averaged over the two runs it was found that AOsmooth 

= 1.22 mm and A6nblets = 1.34 mm. Thus the momentum balance implies that 
the riblets cause a skin-friction increase. This is at variance with the drag-balance 
measurements, which are considered quite reliable. Therefore, this result confirms 
again the unreliability of the momentum balance to measure the small drag decrease 
caused by riblets. This fact may explain the contradictory results on the effectiveness 
of riblets under pressure gradients which have been reported in the literature up to 
now. 

7.5. Conclusions 

The results for the experiments above the smooth surface with zero pressure gradient 
are in excellent agreement with previous data. The results for adverse pressure gradients 
are found to reproduce very well. The error of the drag balance is estimated to be 
"' 1%. 

The main purpose of this study was to investigate the skin-friction reduction of 
the riblets under the influence of a pressure gradient. It was found that skin-friction 
reduction by riblets persists for all pressure gradients. 

The considered velocity profiles can be very well described in terms of the equilibrium 
boundary layer profiles. Finally, the momentum balance experiments were discussed, 
and these results deviate strongly from the data of the drag balance. This deviation is 
considered to be a proof of the unreliability of the momentum balance integral method. 
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Chapter 8. The application of riblets on 3-D bodies* 

8.1. Introduction 

Most of the applications of riblet surfaces are found in the aircraft industry. Choi 
( 1988) was one of the first to investigate the effect of drag-reducing riblet surfaces on 
a one-third scale model of a 12 m class sail yacht. 

The application of drag-reducing rib let surfaces in the shipping industry is in principle 
possible, but a lot of problems have to be solved before this technique can be used in 
practice. During this part ofthe investigations those problems were regarded which gave 
information about the effectiveness of the riblets on three dimensional bodies. Some of 
the problems that will be discussed are: what is the effect of a surface roughness? How 
does the drag-reduction capacity depends on the flow angle? What is the influence of 
a wall which is partially covered by riblets on the overall drag reduction? These types 
of investigations were all performed in a towing tank using a flat plate. The latter was 
used to avoid pressure gradients. Finally, the effectiveness of these riblets on the total 
resistance of a three dimensional body is studied, by performing an experiment with a 
one-tenth scale model of an inland passenger vessel. 

We thank the Laboratory of Shipshydromechanics of the department of Mechanical 
Engineering and Marine Technology for letting us use their towing tank facilities and 
their assistance with the experiments. 

8.2. Experimental facilities and procedures 

The experiments were performed in the two towing tanks of the Laboratory of Ship
shydromechanics of the department of Mechanical Engineering and Marine Technology 
at the Delft University of Technology. The experiments for the flat plate were per
formed in the smaller towing tank, with a length, width and depth of 85 m, 2.75 m 
and 1.2 m, respectively. The towing speed can be varied between 1 and 3 m/s. At 
the highest speed the measuring period is about 5 s. The experiments with the ship 
model were performed in the 124 m long towing tank, which has a width of 4.22 m 
and a depth of 1.2 m. The tank carriage could obtain a maximum speed of 8 m/s. 
However, during the experiments the maximum speed was limited to 2.5 m/s due 
to wave generation. At this speed the duration of the measurement was 20 s. The 
experiments were performed between 0.5 and 2.5 m/s. 

The towing resistance of the investigated objects was measured with a dynamo meter. 
The principal of measurement is a shearing deformation in the towing direction. This 
deformation is monitored by strain gauges. 

For the flat plate and the ships model different constructions are used to attach them 
to the dynamometers. The flat plate is bolted to a horizontal L-profile fastened to the 

*This section is a composition of two papers: "Some experiments on riblet surfaces in a towing 
tank" by Nieuwstadt et al. (1989 ), and "Some further experiments on riblet surfaces in a towing 
tank" by Nieuwstadt et al. (1991 ). 
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towing tank carriage by means of two vertical rods. The connection between the rods 
and the L-profile is kept flexible by means of hinges. The dynamo meter was during 
these experiments incorporated in the frontal rod. The L-profile was connected to the 
trailing edge rod by a sleigh to allow motions in the towing direction. The resistance 
of this sleigh was monitored separately to correct the resistance force measured by the 
dynamo meter in the frontal rod (fig. 8.1 ). 

The flat plate had a length of 1 m, a width of 0.6 m and a thickness of 0.01 m. The 
plate is slightly tapered over a distance of 0.185 m towards the leading and trailing 
edge, which are rounded with a radius of 2 mm. The plate is towed in a vertical 
position and is immersed in the water over a depth of 0.4 m. During the experiments 
a bow wave was observed at the leading edge. 

The ship model, is a one-tenth scale model of an inland passenger vessel (fig. 8.2). It 
has been attached to the carriage at two points with the help of a special construction, 
which kept the model straight on course while allowing some freedom to pitch and 
heave. The construction consists of three hinges and two counter weights. The bow 
was connected with a wire to a dynamo meter mounted under the carriage. The overall 
length of the model is 2.44 m, with a wetted length at zero velocity of 2.32 m, and 
the width is 0.61 m. The bottom consists of two flat plates fixed to the frames with 
straight edges. This construction has a developable surface, it facilitates the application 
of the riblet film. 

During the experiments triangled rib let foil (produced by 3M) was used. The height 
of the triangle is 0.11 mm and the spacing between two tops of the triangled riblets is 
0.122 mm. The foil was applied to the surfaces according to the instructions of 3M on 

Fig. 8.1: The mounting of the flat plate. 
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Fig. 8.2: Schematic view of the ships model. 

both sides of the flat plate in the streamwise direction. On the ship model the riblets 
of the foil were approximately aligned with the streamlines, furthermore a strip of 
carborundum was applied to induce boundary-layer transition on the hull of the ship. 

8.3. Flat-plate experiments 

The flat-plate experiments are divided into four stages. The first stage are the general 
experiments with and without riblet covering of the flat plate, which was followed by 
experiments were the effect of the tripping elements was investigated. In the third stage 
of the experiments the riblet foil was applied in such a way that the direction of the 
rib lets made an angle ar with the towing direction. In the final stage of the experiments 
the flat plate was partially covered with riblets, to imitate a case where an object has 
areas which cannot be covered with riblets. 

The general experiments. Each of the experiments was performed twice, once with 
and once without riblets, and contained two runs at five different towing speeds: 1.0, 
1.5, 2.0, 2.5 and 2.9 m/s. 

The observed towing force, D, on the flat plate was converted into a drag coefficient 
by 

(8.1) 

where Ut is the towing speed and W is the wetted surface calculated as: W = 2/h, where 
I = 1.0 m is the length of the plate and h = 0.4 m the submerged depth. This dra~ 
coefficient is plotted in figure 8.3 as a function of the Reynolds number Re1 = Uti jv. 
The value for the kinematic viscosity, v, has been corrected for temperature, which 
during the experiments varied between 15 °C and 17 oc. At 15 oC the value of v 
becomes 1.140 X w-6 m2s- 1 and at 17 oC 1.084 X 10-6 m2s- 1

• 

Figure 8.3 also shows an empirical relation proposed by Prantl an~ Schlichting 
(Schlichting, 1979) for the friction drag, Cr, of a smooth plate: 

c - 0.455 (8 2) 
f - (log Re!)2.ss. . 

The results of this expression are slightly lower than the towing-tank measurements. An 
explanation for the additional drag could be a contribution due to wave drag. During 
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Fig. 8.3: The drag coefficient of a flat plate with (closed symbols) and without (open symbols) 
riblets as a function of the Reynolds number. The solid line is the empirical relationship proposed 

by Prantl and Schlichting (Schlichting, 1979). 

the experiments a bow wave with a height, hw, of ""' 2 cm was observed at the leading 
edge of the flat plate. The additional resistance can be estimated by a hydrostatic 
pressure difference between the leading and trailing edge of the flat plate. This results 
in the following expression: 

C _ !pgh~J + pghwHJ 
w- !PU/W ' (8.3) 

where g is the acceleration of gravity and J = 0.4 cm the thickness of the leading 
edge. From equation (8.3); it follows that Cw = (0.1-0.8) x 10-3

• The difference in 
figure 8.3 between the observations and the curve of equation (8.2) falls within this 
range. 

Furthermore, it can be noticed from figure 8. 3 that at Re1 = 1. 7 5 x 106
, i.e. at 

Ut = 2.0 m/s, a somewhat higher drag coefficient has been measured in relation to the 
observations at this speed. 

Figure 8.3 also exhibits the influence of the riblets on the drag. This is more clearly 
shown in figure 8.4 where L\Co is the difference in the drag coefficient between the 
plate with and without riblets, and Co0 is the drag coefficient of the plate without the 
riblets. The results have been plotted as a function of the dimensionless groove width 
s+ = u,.sfv, where the friction velocity u. is defined as u* = (D/ pW) 112

• Each value 
of s+ shown in figure 8.4 corresponds with a different towing speed. Remember that 
at each speed two runs were performed, the results of which are shown separately in 
figure 8.4. At the two smallest values of s+ (i.e. at the lowest towing speeds, Ut = 1.0 
and 1.5 m/s) the observations made at the two different runs differ considerably. This 
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Fig. 8.4: The relative change in the drag coefficient of a flat plate as a result of riblets as a function 
of the dimensionless groove width. The closed symbols represent the towing tank measurements 

and the open symbols the wind tunnel experiments of Walsh & Lindemann ( 1984 ). 

difference is attributed to the poor reproducibility of our experiments at low towing 
speeds. At higher towing speeds the reproducibility is much better and usually within 
1%. Therefore, in the following part of this section mainly the observations made at 
the higher towing speeds will be regarded in the discussions. 

The measurements in figure 8.4 indicate a drag reduction between 0% and 5%. In 
this figure also some data of Walsh & Lindemann ( 1984) have been plotted to indicate 
that the results of the performed measurements lie within the scatter of the wind 
tunnel measurements. Taking into account the rather crude experimental environment 
of a towing tank, it can be concluded that the performed measurements seem to be 
consistent with previous observations of drag reduction by means of riblet surfaces. 

Roughness elements. In preliminary experiments a strip of carborundum roughness 
elements was used to trip the boundary layer. During the above presented experiments 
it was observed that this was not necessary. However, it was still very interesting to 
estimate the influence of these roughness elements on both the total drag ~nd the drag 
reduction. Therefore, an extra set of experiments were performed with 9ne and two 
strips of carborundum grains attached near the leading edge of the flat plate, as shown 
in figure 8.5. This figure clearly shows that the roughness elements disturb the flow in 
the boundary layer considerably. Therefore, it may be expected that they have some 
influence on the drag. 

The results of the experiments with the roughness elements are presented in figure 8.6. 
It is quite clear that the roughness elements increase the drag substantially over the 
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Fig. 8.5: The influence of roughness elements on the flow (right to left) in the boundary layer of 
the flat plate (side view). 

whole range of Re1• This confirms the already well known idea that the influence of 
surface roughness cannot be neglected. The drag increase by the roughness elements is 
approximately constant as a function of the Reynolds number. 

Another result which follows from figure 8.6 is that the effect of the riblets persists. 
In all cases the application of riblets leads to a drag reduction of about the same order 
of magnitude. 
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Fig. 8.6: The drag coefficient of a flat plate with roughness elements and with and without riblets 
as a function of the Reynolds number. 
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Flow angle. The riblets perform optimally when the flow is aligned in the direction 
of the grooves. However, in practical situations the flow direction is sometimes at an 
angle to the riblets. So it is necessary to estimate at which angle the riblet loose their 
effectiveness. 

To investigate this effect, experiments were performed with a flat plate on which the 
rib lets were attached under an angle a:r (figure 8. 7). These results obtained for various 
values of a:r are given in figure 8.8. 

The first thing one notices from this graph is that the drag at a:r = 12° seems 
somewhat smaller than at a:r = 0°. This counter intuitive result is due to the fact that 
the experiments at a:r = 0° and at 12° were performed under different circumstances. 
The water temperature for a:r = 0° was 15 °C, whereas it measured 17 oc for the other 
values of a:r. This means that the representative Reynolds number for the experiment 
at a:r = 0° is slightly lower than for the other experiments. 

The experiments at U1 = 2.5 and 2.9 m/s show that the effect of drag reduction by the 
riblets changes to drag increase at an angle of a:r ::::::J 25°. This observation is consistent 
with previous experiments performed in wind tunnels by Walsh & Lindemann (1984 ), 
Bechert et al. (1986), Coustols & Savill (1989), Squire & Savill (1989) and Gaudet 
(1989). 

The results at Ut = 2.0 m/s seem to differ from the experiments at Ut = 2.5 and 
2.9 m/s. There are two significant differences; (i) the change in drag coefficient is much 
larger than at the other speeds; and (ii) the drag reduction persists for much larger 
values of a:r. At this speed a resonance of the towing tank carriage was experienced. 
Therefore, the results at this speed are regarded to be suspect and should be disregarded. 

Partial covering by riblets. In the experiments, previous described in this section, 
the flat plate was covered completely with riblets. However, it will be clear that in 
practical circumstances such a situation will be quite impossible. In some cases there 
will be areas where riblets cannot be applied. Therefore, a separate investigation was 
performed in which only a fraction of the flat plate was covered with riblets. The 
riblets were applied in strips of width D.Lr with a pitch of Lr (figure 8.9). The fraction 
of the plate covered by rib lets is then D.Lrf Lr x 100%. The drag reduction as a function 
of this fraction is shown in figure 8.1 0. Remember that at the fraction 100% the same 
result should be found as has already been given in figure 8.4. 

----~ u 

t- -

\ex ~ 

Fig. 8. 7: Experiments with the riblets under an angle ar with the towing direction. 
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Fig. 8.8: The drag-coefficient reduction of a flat plate as a function of the angle ar to the flow 
direction. 

It was found that the drag reduction changes to drag increase even at the partial 
covering of 75%. This results should be interpreted with some reservation. The riblet 
material is stuck onto the flat plate. Therefore, a partially covering with riblet foil 
causes edges, which have probably some influence on the flow and thus also on the 
drag (recall the large influence of the roughness elements discussed in section 8.1). 
Better experiments with partial coverage would be when these edges are avoid by 
applying smooth film in between the parts covered with riblets. Nevertheless, one 
should expect that the drag reduction of a body will be sensitive to the total amount 
of riblet surface on this body. 

8.4. Ship-model experiments 

To estimate the drag coefficient for the ship model equation (8.1) was used. The 
only difference between the ship model and the flat plate is that for the ship model 
the wetted area at zero velocity was used. 

-----l>U 

Fig. 8.9: Experiments with a partial coverage of the riblets on the flat plate. 
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Fig. 8.10: The drag-coefficient reduction of a flat plate as a function of the partial covering by 
rib1et material. 

Initially shortly after application of the foil the experiments showed a resistance 
increase of 13%. During consecutive experiments this increased diminished gradually 
and change finally into a reproducible resistance reduction. An explanation for this 
effect is the initial presence of air bubbles which are trapped between the riblets. 

Figur~ 8.11 shows the results for the drag coefficient at different Reyno1ds numbers. 
Each data point is the average over three runs. These values are summarized with some 
additional data in table 8.1. The results indicate a total resistance reduction varying 
between I% and 2%. 
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Fig. 8;-l 1: The drag coefficient for the flat plate as a function of the Reynolds number Re = U l 1 v 
and the dimensionless groove spacing s+ = u.sjv, with o smooth and!::. riblet. 
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Ut [m/s] Re x 106 Fr 
Mean CD x 103 Total drag change 

smooth riblet [%] 

0.50 1.015 0.105 5.444 5.407 -0.07 

0.75 1.523 0.157 5.156 5.104 -1.01 

1.00 2.031 0.210 5.204 5.274 1.35 

1.25 2.538 0.262 5.730 5.602 -2.23 

1.50 3.044 0.315 6.382 6.266 -1.82 

1.75 3.554 0.307 7.050 6.901 -2.11 

2.00 4.601 0.420 7.980 7.848 -1.65 

2.25 4.569 0.472 8.521 8.404 -1.37 

2.50 5.077 0.525 8.401 8.280 -1.44 

TABLE 8.1 
Experimental data for the ship model. 

Figure 8.12 shows the friction resistance as estimated by the ship-model correlation 
proposed at the International Towing Tank Conference (1957) 

C - 0.075 (8 4) 
r- (logRe1 2)2 · · 

The difference between this curve and our results is due to wave resistance, which 
scales with the Froude number Fr = u? I gl, thus explaining the strong increase of this 
contribution as a function of Re. 
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Fig. 8.12: The drag coefficient for the ship model as a function of the Reynolds number 
Re1 = Utlfv and the dimensionless groove spacing s+ = u.sfv. The dashed line is the skin 
friction equation for ship models proposed at The International Towing Tank Conference (1957). 
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At the highest towing velocities a decrease of the drag coefficient was observed, 
which is caused by the planing of the ship model, implying that the model is slightly 
lifted out of the water, thus resulting in a decrease of the wetted area. 

A previous study of Choi et al. ( 1988) has shown successful application of riblets 
on ship surfaces. He considered a one-third scale model of a 12 m class racing yacht. 
In figure 8.13 his results are compared with our observations of resistance reduction. 
At s+ ~ 15 the results of Choi et al. differ somewhat from ours. The reason for this 
could be that the ship models which were used are not similar. Apart from this the 
amount of drag reduction of both studies is of the same order of magnitude. 

Like for the flat plate, the dimensionless groove width was defined by s+ = u*sjv 
with the friction velocity u; = !CrU?. Estimating Cr with equation (8.4) the maximum 
drag reduction occurs at a value of s+ ~ 6, which is lower than the values reported by 
Walsh (1982). This may imply that the groove configuration used was not optimal. 
However, the experimental uncertainty precludes a definite statement. 

8.5. Conclusions 

Flat plate. Experiments carried out with a flat plate in a towing tank show a drag 
reduction by riblets of about 2-4%, which is consistent with previous experiments by 
other authors. Keeping in mind the rather crude experimental environment of a towing 
tank in comparison to a wind tunnel, one can conclude that the experiments are in 
reasonable agreement with other data on drag reduction by riblets. In aqdition some 
attention was paid to effects which might occur when riblets are applie~ in practical 
circumstances. · 

It was found that the roughness elements, such as carborundum grains used to trip the 
boundary layer, have a large influence on the overall drag. However, the drag-reduction 
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Fig. 8.13: The drag-coefficient reduction as a function of dimensionless groove width. 
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effect of the riblets persist at about the same magnitude as for a smooth plate. The 
angle of the flow with respect to the direction of the rib lets should be less than 20°. 
Otherwise, the drag reduction changes into drag increase. This result confirms previous 
experiments performed in wind tunnels. 

A partial covering of a surface with riblets may have a large negative effect on the 
reduction of the total drag of a body by riblets. 

Ship model. The experimental results show an effectiveness of riblets on a ship 
model of 1-2%. The riblets influence the skin friction, which is only a part of the total 
resistance of a ship. The other contributions are pressure and wave resistance. 

From an economic point of view (considered below) the application of riblets is 
justified. However, is it realizable in practice? First the size of the riblets for a full-scale 
ship, with L = lOO m and U = 10 m/s, must be estimated. Assuming, furthermore, 
that the maximum drag reduction occurs at s+ :::::: 10 and that the friction velocity u* 

can be obtained with equation (8.4). In this case it is found that s:::::: 40 pm, which is 
a factor 3 smaller than the riblets used on the ship model. 

It is obvious that before riblets can be considered for application on commercial ships 
some practical problems must be solved first. For instance; how to make such small 
grooves in the hull of a full scale ship? The use of foil seems impractical, so maybe 
one should consider the application of grooves in the paint using a kind of rolling-pin 
which presses the grooves into the nearly dry paint, almost like a car-wash street but 
in this case to apply grooves. However, the major problem will be the maintenance 
of the grooves and to prevent them from degradation in the hostile sea environment. 
This implies that great care should be taken with the ship's hull after the riblets are 
applied, for instance contacts with other objects should be avoided, the hull must be 
kept as clean as possible, etc. 

Economic considerations. The results show that the application of riblets may lead 
to a reduction of the total resistance of 1% to 2%. Is such a rather modest reduction 
interesting from an economic point of view? 

For instance for a container ship a decrease of the resistance implies an equal 
decrease of propulsive power and thus of the fuel consumption. The total operational 
cost of a ship (including the costs of capital investment) consist for about 30% of 
fuel costs. This figure depends very much on the market price of the fuel. However, 
substantial decrease of fuel prices are not to be expected. Thus, the reduction means a 
decrease of the total operational cost by 0.3-0.6%. 

The profit margin of an average ship-holding company lies presently in the neigh
bourhood of 3.5%. The profit is defined as the turnover minus the total cost of the 
shipping line. Most of these total costs consist of operational costs of running the 
ships. Therefore, even the modest decrease of the operational costs mentioned above 
will imply a substantial improvement of the profit margin. In other words, from an 
economic point of view it seems interesting to apply riblets on ships. 
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However, the application of riblets will require additional investments. Assume that 
the riblets are applied in the ship's paint during the overhauling of the ship in a dock. 
This takes place about every four years. It must be possible to earn these additional 
investment costs back within about ·18 months. Otherwise the application of the riblets 
is not economically justified. 
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Chapter 9. Discussion and conclusions 

The experiments reported in this thesis can roughly be divided into four types; (i} the 
profile measurements (chapter 3}; (ii) the investigation of the coherent motions 
(chapters 4-6}; (iii) the pressure-gradient measurements (chapter 7); and (iv) the 
towing-tank experiments (chapter 8). The first and last two items will be discussed 
briefly, since a discussion of the results was given in their sections, respectively. 
A more extended discussion will be held about the influence of the riblets on the 
coherent motions. 

9.1. Coherent motions 

During the investigation on coherent motions three aspects were considered in some 
detail. These were: 

- the analysis technique of identifying the ejection and sweep motions from the 
velocity signals; 
- the behaviour of ejection and sweep motions over a smooth surface; and 
- the influence of drag-reducing riblet surfaces on these coherent motions. 

Since all the measurements were performed at approximately Re8 ~ 1900 the results 
were also compared with high Reynolds number data for which atmospheric measure
ments were used. 

The analysis technique. The quadrant-analysis technique used in conjunction with 
the log-normal description of the period distribution of the detected events and the 
distribution method as a grouping technique has one clear merit: the functional depen
dence of both the average periods and durations on height is quite smooth. This is in 
sharp contrast to the noisy results of the quadrant-analysis techniques used by Bogard 
& Tiederman (1986) and Luchik & Tiederman (1987) (see figs. 5.16 and 5.15). 

Coherent motions above a smooth surface. Time-dependent motions are considered 
to be three dimensionaL Unfortunately, it was impossible to perform simultaneous 
measurements at several positions in the turbulent boundary layer. The best one can 
hope to achieve under these conditions is to test the r~sults which were found for 
consistency against some of the conceptual models· which are used to describe the 
behaviour of coherent motions in a turbulent boundary layer. 

Close to the surface (y+ < 20)~ for both the ejections and sweeps, the period
distribution graphs show two·"well-defined" dominant time scales (or peaks). As one 
moves away from the surface these time scales disappear and are replaced by a third 
and larger dominant time scale. In this connection it is important to note the dominant 
time scales are the same for all heights in their respective region of validity. This makes 
it possible to associate each time scale with one type of coherent motion. 
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Ignoring, for the moment, the presence of the three dominant time scales in the 
period-distribution graphs it is possible to estimate the log-normal mean period and 
duration as a function of height (fig. 5.8 and 5.9). These graphs shows that the average 
periods increase almost by an order of magnitude in a short interva~ (y+ < 30). 
More important is the ratio between the sweep and ejection periods (Rp) (fig. 5.10). 
They differ from unity, except for y+ ~ 15. Close to the wall the sweeps are less 
frequent (RP ~ 2), becoming more frequent for increasing height (Rp ~ 0.8). This 
casts some doubt on the usual statement about sweeps occurring as frequent as ejec
tions. We believe that this conclusion is based on observations at one fixed height. 
These results imply that the statement of Sreenivasan (1986) that "one should not 
be measuring at just a fixed height y+ = 15 at all Reynolds numbers" is more than 
justified. Sreenivasan based this statement on his conceptual model for the turbulent 
boundary layer. He mentions the existence of a vortex sheet due to the interaction 
between the longitudinal counter-rotating vortices and the large eddy motions (chap
ter 4). According to equation ( 4.1 ) , this layer would be located at y + ~ 60). The 
average results, however, do not show any distinct features at this height. On the 
other hand, all the ratio graphs presented here show either a maximum or a minimum 
at y+ ~ 30, followed by a fall or an increase between 30 < y+ < 70, respectively. 
For y+ > 70 all the ratios become constant. Since the interest of this investiga
tion concerned drag reduction the outer region of the turbulent boundary layer was 
not explored. 

Comparing the results of the three dominant time scales of the period-distribution 
and the ratio graphs with the existing conceptual models, like the model of Sreenivasan 
( 1986) three distinct regions can be found: 

- the dominance of the two smallest time scales in the viscous sublayer and the lower 
part of the buffer region (y+ < 30); 
- the dominance of the third time scale in the upper part of the buffer region and the 
lower part of the logarithmic region (y+ > 30); and 
- a vortex sheet separating these two regions. 

The largest time scale can be associated with large-scale motions (large eddies) as in 
the conceptual models of Falco (197 4, 1977 and 1991 ) , Brown & Thomas (1977) 
and Sreenivasan (1986 ). The two smaller time scales in the near wall region could 
refer to the presence of two coherent motions. This does not agree with the model of 
Sreenivasan. However, Choi ( 1989) mentions the existence of two layers oflongitudinal 
counter-rotating vortices close to the surface, one pair being located close to the surface 
(y+ < 20) and a second pair occurring between 20 < y+ < 35. 

If the two smaller time scales would represent one coherent motion, then again they 
could be related to the counter-rotating vortices of the model of Sreenivasan (1986). 

Furthermore, the results coincide with the hypothesis of Perry & Ch!ong (1982). 
They stated that small hairpin vortices combine together into larger ones for increasing 
heights. An explanation of the results presented here would be that the two coherent 
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motions close to the surface interact in such a way that a third coherent motion is 
generated which is dominant above y+ ~ 20. 

On the other hand the three dominant time scales could represent one coherent 
structure with different dominant time scales. Correlating the time scales with the 
length scales of this structure it can be stated that the for increasing height the small 
structures (short time scale) submerge to a larger structure (larger time scale) for 
increasing height. 

Coherent motions above a drag-reducing rib/et surface. So far, the conclusions con
cerned only the behaviour of the turbulent boundary layer above a smooth surface. 
We will now concentrate on the effect of the drag-reducing riblets on the turbulent 
boundary layer flow. In general the riblets do not seem to alter any of the structural 
features of the smooth surface. Among the different geometries investigated the P
surface is the most successful in reducing the skin friction. During the next discussion 
only this surface will be regarded. Some of the largest changes noticed as far as the 
coherent motions are concerned are the dimensionless ejection periods. Both the single 
and grouped ejection periods reduced by as much as 25 to 30%, except in the very-near 
wall region. This was found for all the measurements above y+ = 20. Below y+ = 20 
a slight increase for the single ejection periods is observed, but this is not found for 
the grouped ejection periods. The sweep periods show similar trends. 

The effectiveness of drag-reducing surfaces can be compared by estimating the bursti
ness factor, introduced by Narasimha & Kailas (1989 ). This quantity simultaneously 
quantifies the duration (compactness) and the flux of the detected events. At almost 
all heights the riblet surfaces show a higher burstiness factor than the smooth surface. 
This is valid for both sweep and ejections. 

Regarding the average flux (fig. 4.13 ), the average duration of a single event (fig. 5.9) 
and the burstiness factor (fig. 5.23) one can state in general that the detected events 
have become much more compact and intense. Since skin-friction reduction by riblets 
is not in dispute, the only interpretation we can give for this remarkable result is that 
the riblets manipulate incoherent motions in such a manner that "they channel turbu
lence into coherent motions". But they are even more successful in killing incoherent 
motions. 

One can conclude that the effect of the riblet surfaces is that turbulence production 
is restricted to a short time span. The geometry of the surfaces is thus very important, 
according to the difference between the results for the S-surface and the 'P-surface. The 
most effective drag-reducing riblet surfaces are probably scalloped-grooved surfaces 
with hfs = 1 and a top angle which is as small as possible. 

Comparison with high-Reynolds number measurements. The ma~ qualitative conclu
sion we can draw here is that the results for the near-neutral atmospheric measurements 
show a similar behaviour compared to the laboratory measurements. There are, how
ever, some noticeable differences for the period distributions and the ratios. 
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After applying the log-normal grouping method the average-grouped period became 
constant with height. This is a promising result to start with. However, a more thorough 
research is required to be able to make any solid conclusion about the similarities and 
differences between the atmospheric and laboratory measurements. 

9.2. A summary of previous conclusions 

Profile measurements. The estimation of the friction velocity from the viscous region 
of the mean streamwise velocity profile above the smooth surface was reproducible 
within 1%. The viscous region of the mean stream wise velocity profiles was further 
used to estimated the friction velocity and the virtual origin of the velocity profiles 
above the grooved surfaces. The similarity between the protrusion height estimated 
with the method developed by Bechert& Bartenwerfer (1989) and the virtual origin 
displacement of the velocity profiles above the valley of a groove for the three riblet 
surfaces is good. 

To obtain a more solid confirmation whether the displacement thickness ~· is 
influenced by the riblets the same measurements should be performed with a slightly 
drag increasing surface. 

Adverse pressure gradient measurements. The main purpose of this study was to 
investigate the skin friction reduction of the riblets under the influence of a pressure 
gradient. It was found that skin friction reduction by riblets persists for all pressure 
gradients. The measurements could be reproduced with in 1%. 

The measured velocity profiles can be described in terms of the equilibrium boundary 
layer profiles. The momentum balance experiments deviate strongly from the data of 
the drag balance. This deviation is considered to be a proof of the unreliability of the 
momentum balance integral method. 

Towing tank experiments. The drag reducing effect by the riblets on a flat plate, was 
about 2-4% and by riblets on a ship model it was about 1-2%. This is consistent with 
previous experiments by other authors. 

It was found for a flat riblet plate that the roughness elements like carborundum 
grains and partially covering with riblet foil lead to a drag increase. Furthermore, the 
angle of the flow with respect to the direction of the riblets should be less than 20°. 
Otherwise, the drag reduction changes into a drag increase. 

9.3. Future work 

The results presented here stimulate further research in several directions. One of the 
most important things is to obtain more knowledge about the dynamics of a turbulent 
boundary layer above a smooth surface. This can lead to a better understanding of the 
influence of the drag reducing riblets. For instance, the dynamics of a hairpin structures 
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can be investigated in more defail by generating them artificially or measurements could 
be performed in which all three velocity components are measured simultaneous. 

In future experiments not only the coherent motions should be investigated but 
the incoherent motions as well, since the riblets seemed to have more effect on these 
motions. One way of performing these investigations would be by varying the threshold 
levels Hq and see what the effect is on the burstiness factor. This can be done for both 
smooth and riblet surfaces. 

Furthermore, the influence of the geometry of the riblets should not be ignored. 
The results presented here showed some remarkable differences between the 8- and P
surfaces, while previous investigations of Pulles ( 1988) showed that the drag reducing 
effect of a 8-type surface was lager than for a P-type surface. We, therefore, recommend 
an investigation of the burstiness factor for different surface geometries. 

Another problem is the Reynolds number dependence. It would be worthwhile, to 
investigate this in more detail. Especially, since there are as much similarities as 
differences between the atmospheric and laboratory measurements. 

All the above suggested investigations are for zero pressure gradient measurements. It 
is possible to extend the here presented results and the above suggested investigations 
with pressure gradient measurements. The low-speed water-channel of the Laboratory 
of Fluid Dynamics and Heat Transfer is constructed in such away that both positive 
and negative pressure gradients can be obtained. 

Finally, for the application of riblets further measurements with more 3-D bodies like 
for instance; different ship models, a bobsled and a screw-propeller for ships should be 
performed. 
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Appendix A - Probability distributions 

Nearly every paper mentions average values, usually without explaining what type 
of average has been estimated. Is it the maximum likelihood of a distribution, for 
which the cumulative distribution F(t) = l/2 ? Is it the maximum probability, for 
which the probability distribution f (t) is maximum, or is it the arithmetic average 
value? Here, one should be very careful because there can be a great difference 
between the maximum likelihood, maximum probability or the arithmetic average of 
a distribution. For a normal- or Gaussian distribution these three values happen to be 
the same, because the distribution is symmetrical, but for a exponential, Poisson or 
log-normal distribution this will not be the case. Actually, for a log-normal distribution 
an exception can be made when the horizontal axis of the graph will be represented by 
a logarithmic axis; in that case this distribution is similar to a Gaussian distribution 
with all it characteristics. As this forms an essential part of the investigations reported 
in this thesis a description of the calculations for the average values of a normal- and 
a log-normal distribution will be given here. 

The average value IN of a normal distribution and the variance of this average value 
O"N can be calculated according to 

l n 
(A.l) lN = -l:t· n ', 

i=l 

(1~ = 
l n 

li 2:ui lN) 2 , (A.2) 
i;;;l 

where n is the total number of samples and t, each sample. For a log-normal distribution 
the maximum probability tL and the variance of the maximum probability ot are 
calculated with 

I n 
ln(td = n Lln(t;), (A.3) 

i=l 

qf 
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= n 2: (ln(t; > -ln(td >2 
• (A.4) 
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The equation (A.3) for the log-normal distribution will yield a value much closer to 
F (la) = t than the results obtained by with equation (A. I) for the normal distribution. 
Also, the left- and right-side variances of the log-normal distribution are not equal, 
which agrees with the shape of the curve in figure 5.4. 

Appendix B - Effect of surface tension on the drag balance 

Frei & Thomann ( 1980) have shown that it is possible to compensat~ the pressure 
difference between the leading and trailing edge of the drag balance with the surface 
tension of the oil in the narrow slit which surrounds the balance. The prin~iple is shown 
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in figure B.l. A short estimate of the effect is given, for a more extensive discussion 
see Frei & Thomann (1980). Assuming that the oil meniscus which straddled the gap 
has a cylindrical shape, the pressure difference across the meniscus is given by: 

R _ p, _ 2ysin(a:) 
I V- s ' (B.l) 

where Pt is the pressure in the air and Pv the pressure in the oil, both at the position of 
the meniscus; y is the surface tension (for oil y ~ 4 10-2 N/m); a is the contact angle 
as defined in figure B.l and s is the width of the gap, which in this case measures ~ 
0.3 mm (both for the leading and trailing edge gap). It can be readily shown that the 
meniscus can withstand the pressure difference between the leading and trailing edge 
as encountered in the experiments, which at maximum amounts to 30 N/m2

• 

However, both menisci also exert a horizontal force on the test surface. The resultant 
of these two forces can be interpreted as an error on the skin friction measurement. 
With help of figure B.l this resultant force Fr can be derived 

(B.2) 

where b is the width of the drag balance (in this case 0.54 cm). With the aid of 
equation (B.l ) it was found that 

(B.3) 

The air above the oil reservoir is connected by a tube to some holes in the wind 
tunnel wall. These holes are positioned halfway between the leading and trailing edge 
of the balance. This means that 

(B.4) 

Note first that F1 is exactly equal to zero when both s, and s2 are equal and when Pv 
is given by the average between P1 and P2• For other configurations the value of F1 can 
be calculated from the previous expressions. At first the extreme case is considered, 
for which s2 and s1 are 0 and 0.6 mm, respectively, and P2 - P1 = 30 N/m2• The latter 

AA' BB' 

y 

Fig. B.l: The effect of surface tension in a narrow gap at the leading and trailing edg'e of the drag 
balance; the curves give the vertical pressure profile at these edges. 
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corresponding to the highest pressure gradient. Substitution in equation (B.3) results 
in 

Fy = 1.37 X 10-4 N. (B.5) 

Now consider the effect when Pv is not defined as in equation (B.4), but is, for 
example, given by 

(B.6) 

This additional pressure corresponds to a change in the oil level of "' 2 mm. Substitu
tions in the above expressions (with s1 = s2 = 0.3 mm) results also in 

Fr = 1.37 x w-4 N. (B.7) 

Other sources for F1 are cases when the test plate is not flush with the false surface 
in which the drag balance is mounted (section 7.2); for the calculation of these errors 
we refer to Frei & Thoinann (1980). 

Combining all contributions the upper-bound for Fy was estimated to be ~ 10-3 N. 
The total force measured by the balance is "' 0.1 N, so that the error in the skin-friction 
measurements is "' 1%. 

Appendix C - Boundary-layer calculation 

Consider a simple integral model for the boundary layer (White, 1991 ). With this 
model the variation of several boundary-layer parameters across the test surface in the 
divergent part of the wind-tunnel test section will be estimated. Point of departure is 
the momentum integral balance (eq. (7.15). Given Pit specifies a relationship between 
three variables 8, Cr and H. Therefore, two additional relations are needed to close this 
equation. The first is a relation for Cr in terms of Reo and H given by equation (7.8), 
while the second relationship is between H, p and Cr. It reads 

p = -0.4 + 0.76ll + 0.42ll2
' 

2 + 3.179ll + l.5ll2 

a = 0.4(1 + ll) 

re;_ 
VT-

H 

where ll is the so-called Coles wake parameter. 

(C.l) 

(C.2) 

(C.3) 

In order to solve this set of equations the velocity outside the boundary layer ( Uc) 

must be specified. For the case of divergence we may write 

u. - c 
c - (a:x + lo- 4o*) ' 

(C.4) 
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where a is the tangent of the divergence angle, x the distance to the entrance of the 
divergence, /0 the height of the wind-tunnel section at x = 0 and C a constant fiXed 
by the initial condition for the velocity. The term -4<'* in the denominator of equa
tion ( C.4) represents the displacement by the boundary layers on the four wind-tunnel 
walls. 

This equation will be solved for the largest contraction, the appropriate measures are 
given in figure 7.2 and for this case sina = 0.1625. The initial conditions for Uc and 
(} are adjusted in such a way that the solution of the equations at the centre of the test 
surface becomes equal to the observations. The initial condition for H is taken to be 
1.33. 

In figure C.l both the results of the model and the observations of the vari
ation of Uc across the test surface are shown. The observations are quite well 
represented by the model except near the end of the test surface, where the ob
served velocity decreases slower than the model. A clear explanation for this dis
crepancy is not known. Probably there is some flow separation at the wind-tunnel 
ceiling. 

In figure C.2 the variation of several parameters across the test surface obtained from 
the boundary-layer model is shown. The behaviour of the 0, P and Cr vary almost 
linearly, while His approximately constant. There are no observations to compare with 
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Fig. C.l: Variation of Uc across the test surface; the x-coordinate in this case measures the 
distance in m from the leading edge of the test surface. 
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Fig. C.2: Variation of some variables across the test surface as obtained from the boundary-layer 
model. The x-coordinate represents the distance from the leading edge of the test surface. 

these results. However, note that the H is higher than in the presented !observations 
(see table 7.1 ). This fact results also in a rather low value for the Cr. 
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Abstract 

This project, named "'Studies on drag reduction through turbulent structure manip
ulation by surface micro grooves" was supported by the Foundation for Fundamental 
Research on Matter (FOM) and the Foundation for Technical Sciences (STW). It was 
a joint venture between the Delft University ofTechnology (DUT) and The Eindhoven 
University of Technology (EUT). The investigations were divided into two parts: (i) 
fundamental research, for which the experiments were performed in the low-speed 
water channel at the laboratory of Fluid Dynamics and Heat Transfer at EUT; and 
(ii) applied research, for which the experiments were performed in a windtunnel and 
a towing tank at DUT. 

The fundamental part of this investigation can be divided into two subjects. During 
the first part, the velocity profiles were investigated to see whether the riblet surfaces 
were showing any drag reduction. The friction velocity for the smooth and riblet surfaces 
and the virtual origin of the velocity profiles for the riblet surfaces were estimated. 
These two quantities were used to non-dimensionalize the results. The second part 
involved the investigation of the effect of the drag-reducing riblets on the behaviour of 
coherent motions, e.g. ejections and sweeps. The quadrant-analysis technique developed 
by Lu & Willmarth ( 1973) with the refinements of Comte-Bellot et al. ( 1978) was used 
to detect the sweeps and ejections from the signal. The period-distribution graphs of the 
detected events showed a log-normal behaviour. For the measurements below y+ ~ I 0 
the period distributions showed two dominant timescales; between 10 < y+ < 20 they 
showed three dominant timescales; and for y+ > 20 only the largest timescale remains. 

In flow visualization experiments it has been noticed that ejections seem to appear 
in groups. Therefore, Bogard & Tiederman (1986) and Luchik & Tiederman (1987) 
developed grouping techniques to divide the detected events into groups of succesive 
ejections belonging to the same group. Since these techniques were not based on a log
normal distribution a new grouping technique was developed. This technique presumes 
that the largest dominant timescale seen in the period-distribution graphs refers to the 
period of the grouped events. The critical time 'tmax, which divides the single events 
into grouped events is, therefore, chosen between the two largest dominant timescales. 
Comparing this technique with the techniques mentioned above, one can state that the 
trend of the periods and durations as a function of height is the same. However, the 
magnitude of the results of the techniques is significantly different. 

Additionally, the burstiness factor was estimated. This quantity was first introduced 
by Narasimha & Kailas (1989). They used it to analyse atmospheric measurements. 
It correlates the duration of an event with its flux u' v'. These results, together with 
the average duration of a single event and the average flux, seem to indicate that the 
riblets are very effective in killing incoherent motions. 

Finally, a qualitative comparison with high Reynolds number measurements is 
made. Here the laboratory measurements were compared to near-neutral atmospheric 
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boundary-layer measurements. The atmospheric measurements showed similarities with 
the water-channel measurements, e.g. a log-normal behaviour of the period distribution. 
However, there are still a lot of differences, e.g. the ratio between the periods of the 
sweeps and ejections. 

At the Delft University of Technology two types of experiments were perft)'rmed; 
(i) wind-tunnel experiments to investigate the influence of pressure gradients on the 
effectiveness of the drag-reducing riblets; and (ii) towing-tank measurements. 

The wind-tunnel measurements showed that skin friction reduction by riblets persists 
for all the investigated pressure gradients. 

For a flat plate, we investigated in the towing-tank experiments the influence of 
surface roughness; the effects of only a partial covering of surfaces with t:iblets and the 
angle between the flow and the longitudinal riblets. Subsequently, the drag-reducing 
effect of the riblets was investigated using 3-D bodies. In this case a model of an inland 
passenger vessel was used. 

The towing-tank experiments for a flate plate showed that the application of riblets 
lead to a drag reduction of "" 4%. Irregularities, like carborundum grains used to trip 
the boundary layer and partially covering with riblet foil, lead to an increase of the 
overall drag. 

Furthermore, the experimental results show an effectiveness of riblets on a ship 
model on the drag reduction of 1% to 2%. 
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Samenvatting 

Dit project, getiteld "Onderzoek naar weerstandsverlaging door middel van manip
ulatie van turbulente structuren door micro-groeven", is gesponserd door de stichting 
voor Fundamenteel Onderzoek der Materie (FOM) en de Stichting Technische Weten
schappen (STW) en is voortgevloeid uit een samenwerkingsverband tussen de Tech
nische Universiteit van Delft (TUD) en de Technische Universiteit van Eindhoven 
(TUE). Het onderzoek is verdeeld in twee richtingen; (i) het fundamentele onderzoek, 
waarvoor de experimenten verricht zijnin het waterkanaal van de vakgroep Transport 
Fysica van de faculteit Technische Natuurkunde aan de TUE; en (ii) het toegepaste 
onderzoek. De experimenten hiervoor zijn verricht in een windtunnel en een sleep tank 
aan de TUD. 

Het fundamentele gedeelte van dit onderzoek is opgedeeld in twee delen. Gedurende 
het eerst deel zijn de snelheids profielen, gemeten boven de verschillende wandgeome
trieen onderzocht om te zien of de geribbelde wanden inderdaad weerstandsverlagend 
werken. De wrijvingssnelheid van de vlakke en de geribbelde wanden werd bepaald, 
evenals de schijnbare oorsprong van de snelheidsprofielen voor de geribbelde wanden. 
Deze waarden zijn gebruikt om verdere resulstaten dimensieloos te maken. Het tweede 
gedeelte behelst het onderzoeken van het effect van de weerstandsverlagende ribbels 
op het gedrag van coherente structuren, zoals ejections en sweeps. Het detecteren van 
de ejections en sweeps (verder aangeduid met gebeurtenissen) uit het gemeten signaal 
gebeurt met behulp van de quadrant analyse techniek van Lu & Willmarth (1973) met 
de wijzingen zoals voorgesteld door Comte-Bellot et al. (1978). De distributie grafieken 
voor de perioden van de gedetecteerde gebeurtenissen vertonen een log-normaal gedrag. 
Deze distributies vertonen voor de metingen beneden y + ::.:::: I 0 twee dominante tijd
schalen, tussen 10 < y+ < 20 drie dominante tijdschalen en voor de metingen boven 
y+ ::.:::: 20 nog maar /'e/e'n dominate tijdschaal. 

Tijdens visualisatie experimenten zijn ejections in clusters waargenomen. Bogard & 
Tiederman (1986) en Luchik & Tiederman (1987) hebben op deze waamemingen bun 
groeperingstechnieken gebaseerd. Deze technieken maken gebruik van een critische tijd 
rmax om te bepalen of opeenvolgende gebeurtenissen tot dezelfde groep (periode kleiner 
dan rmax) dan wel verschillende groepen (periode groter dan rmax) behoren. Aangezien 
deze technieken niet gebaseerd zijn op het log-normale gedrag van de distributie 
voor de perioden is een nieuwe groeperingstechniek ontwikkeld. Deze techniek maakt 
gebruik van de aanname dat de grootste tijdschaal, welke is waargenomen in de 
distributie grafieken voor de perioden samenhangt met de perioden voor de groepeerde 
gebeurtenissen. De critische tijd 't'max is daarom tussen de twee grootste tijdschalen in 
gekozen. Vergelijken we de resultaten van deze techniek met de resultaten van de twee 
eerdere genoemde technieken, dan blijkt dat de trend van de resultaten als een functie 
van de hoogte voor alle technieken identiek is, maar dat de orde van grootte van de 
resultaten van de verschillende technieken erg verschilt. 
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Daamaast is ook de "burstiness factor" bepaald, een grootheid die door Narasimha 
& Kailas ( 1989) is geintroduceerd. Zij gebruikten deze grootheid om atmosferische 
metingen te analyseren. De "burstiness factor" correleert de duur van een gebeurtenis 
met de bijbehorende flux u' v'. Deze resultaten tesamen met die voor de gemiddelde 
duur van een enkele gebeurtenis en de gemiddelde flux geven lijken er op te duiden er 
op dat de weerstandsverlagende groeven de niet coherente structuren onderdrukken. 

Als laatste is er nog een qualitative vergelijking gemaakt met metingen met een hoog 
Reynoldsgetal. Tijdens dit gedeelte van het onderzoek zijn de laboratorium metin
gen vergeleken met bijna neutrale atmosferische grenslaag metingen. De atmosferische 
metingen toonden overeenkomsten met de laboratorium metingen zoals het log-normale 
gedrag van de distributies voor de perioden. De metingen toonden echter ook een aan
tal verschillen aan, zoals bijvoorbeeld voor de verhouding tussen de perioden van de 
sweeps en ejections. 

Aan de Technische Universiteit van Delft zijn twee typen experimenten gedaan; (i) 

de windtunnel metingen, waarbij de invloed van drukgradienten op het weerstandsver
lagende karakter van de groeven werd onderzocht; en (ii) de sleeptank experimenten. 

De windtunnel metingen toonde dat voor de onderzochte drukgradienten de groeven 
bun weerstandsverlagend effect behielden. 

Voor een vlakke plaat werden in de sleeptank metingen de invloed van de opper
vlakte ruwheid, het gedeeltelijk bekleden van het oppervlak met gegroefde folie en de 
hoekafuankelijkheid van stroming en groeven onmderzocht. Aansluitend werd ook het 
effect van deze groeven op een driedimensionaal model bestudeerd. Hiervoor werd een 
model van een veerboot gebruikt. 

De sleeptank experimenten voor de vlakke plaat toonden een weerstandsverlaging 
van "' 4%. Onregelmatigheden in het oppervlak, van bijvoorbeeld carborundum korrels, 
die gebruikt werden voor het creeren en fixeren van de turbulente grenslaag, en het 
gedeeltelijk bedekken van de plaat met gegroefd folie was aanleiding tot weerstandsver
hoging. 

De experimenten met de veerboot vertoonden een weerstandsverlagend effect van 
I% a 2%. 
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Nawoord 

Het is gebruikelijk om na gedane arbeid een woord van dank uit te spreken. Het 
kortst en het makkelijkst is als je gewoonweg iedereen bedankt. Uiteindelijk zijn het 
niet alleen de mensen belangrijk die je geholpen hebben met de experimenten, maar 
ook diegene die de allerdaagse dingen prettig lieten verlopen. Zoals daar zijn; Dony, de 
kantine juffrouw die een vriendelijk woordje met je wisselt; Rieky en Ine die je kamer 
en bureau trachten schoon te houden; en Prisca die snel iets voor je regelt wat je zelf 
eigenlijk had moeten doen, maar waar je het te druk voor hebt. Toch blijven er altijd 
een paar mensen uit de afgelopen vier jaar over die je speciaal wit bedanken. 

De studenten wil ik bedanken voor hun grote bijdrage aan de verichtte metingen. 
Voor het werk in Eindhoven zijn dat: Erwin van Bastings, Harold van Dongen, Ruud 
van Eegbem, Jeanine van Geloven, Ron Hoogsteen, Erik Janse, Jan Nieuwenhuize, 
Michel van Rhee en Hugo Sparidans; en voor het werk in Delft zijn dat: Jacobine van 
der Hoeven en Wolter Wolters. 

Henk Leijdens, jou wil ik heel hartelijk bedanken voor de dagelijkse begeleiding van 
de experimenten in Delft. Door de hoeveelheid werk in Eindhoven kon ik niet zo vaak 
naar Delft komen als ik gewild had. 

Prof. Nieuwstadt en Gert Jan van Heijst, jullie zorgden ervoor dat de geschreven 
taal Engels bleef en dat een nietsvermoedende lezer mijn gedachtenspinsels ook nog 
kon begrijpen. 

Professor Narasimha, thank you for giving me the opportunity to come to India for 
a few months and work under your supervision. 

Sudarsh Kailas, it was and is a great pleasure to work with you. You are not only a 
very nice colleague, but you have also become a very good friend. 

Johan Stouthart, wat had ik zonder jou gemoeten. Je was gedurende 4 jaar mijn 
geweten. Als ik ook maar de geringste twijfels had betreffende de experimenten dan 
onderzochten we samen het probleem en deden het werk weer een keer opnieuw. 

Prasad, speciaal U ben ik veel dank verschuldigd. U w niet aflatende vertrouwen in 
mij en mijn werk leerde mij zelfverzekerd en zelfstandig te werk te gaan. Ook Dhune, 
Uw vrouw, wil ik niet vergeten. In den vreemde nam zij Uw taak nog wel eens over. 

Carl, het afgelopen jaar was jij voor mij een voorbeeld van geduld. Ik Het je ruim 
twee maanden alleen om in India te gaan werken. Toen ik terug kwam begon ik met 
het schrijven van mijn proefschrift. W ederom was ik geen bron van gezelligheid. Ik 
denk dat jij net zo blij zult zijn als ik dat deze periode nu achter ons ligt. Daamaast 
wit ik je hartelijk bedanken voor de vele vrije uren en dagen die je gestoken hebt in 
de lay-out van dit proefschrift. Ik realiseer mij volledig dat je daarbij de noodzakelijke 
hulp hebt gehad van je collega's bij Elsevier, met name Jack Visser, Klaas Douwes en 
Nol Brouwer, die ik bij deze dan ook hartelijk bedank. 

Verder aan iedereen: 
Da' ge bedankt zijt, da weet ge. Houdoe! 
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Statements 

1. It seems from the relevant literatute and our own experiments that the Von Karmin constant 
(~) is not as constant as is usually presumed. 
Thia thesis 

2. When no drag balance is available to estimate the friction velocity of a flow and there is a 
possibility to measure the viscous layer velocity profile, it is strongly recommended to use 
this layer to estimate the friction velocity. 
Thi11 thesi8 

3. During the interpretation of visuali!lled fl.ow fields the importance of the location of the 
visua.liza.tion generator is often underestimated. 
A. T~inober and this research project 

4. Drag ~;educing riblets seem to channel the incoherent motions into coherent motions. 
This the11is 

5. During any statistical investigation it is iro.podant to study the distributions of the investi
gated quantities. 
Thu the1is 

6. To decide which measurement results are right or wrong, the researcher uses presuppositions 
about the phenomena he/she is investigating. In other words, the measurements are used to 
confirm his/her own and other peoples postUlates. 
After N. Cartwright- Bow laws ~~ physic11 lie 

7. It is a.dvisable to consider the part tha.t figures, such as pictures, graphs and paintings, play 
in out life. This part is absolutely not uniform. 
After L. Wittgen8tein 

8. Often the computer is used to simulate reality. In this case the experiment is the best 
computer to use. However, obtaining the information remains a problem. 

9. If civil engineers we:te to use the same standards as software developers, nobody would dare 
to cross a bridge a.nymore. 
After F.Ph. Brook.s - The mythical man-month, eua.ys on software. engineering 

10. The most interesting part of a.n unfinished embroidery is the backside. 



Stellingen 

L Het blijkt uit de releva.nte literatuur en uit eigen experim.e:uten ds.t de Von Karman consta.nte 
(K-) niet zo constant is al.s doorgaans wotdt a.a.ngenomen. 
Dit proefschrift 

2. Als er geen weerstandsbala.ns beschik:baat is om de wrijvingssnelheid van de st:rom.ing te 
meten en de mogelijkheid besta.a.t om het snelheidsprofi.el van de visceuze grenslaag experi
menteel te bepalen) dan is het a.an te bevelen dit l&&tste te doen en het snelheidsprofiel van 
deze la.ag te gebruike:u om de wrijvingssnelheid te beps.len. 
Dit proejsc.hrift 

3. Tijdens het interpreteren van gevisua.liseerde stromingen wordt het bels.ng van de positie 
wa.a.:t de visualisatie wotdt gegenereerd vaak onderschat. 
A. Tsinober en dit onde.rzoe.k:Jproject 

4. Het lijkt er op dat weerstandsverlagende groeven, incoherente structuren omvormen in co
herente struc.turen. 
Dit proefschrift 

5. Tijdens het uitoefenen van statistisch onderzoek is het van bels.ng om de distributies van de 
onderzochte grootheden grondig te bestude:ten. 
Dit proe.fschrift 

6. Om te kunne.n beslissen welke :meetresultate:a. al of niet goed zijn,. gebruikt een onder
:weker vooronderstellingen over het verschi.insel"d.a.t hijfzij ondeuoekt. Met andere woorden, 
metingen worden gebruikt ter bevestiging van eigen en a.ndermans voo:tonderstellingen. 
Naar N. Cartwright- How laws of physietJ lie. 

7. Het verdient a.anbeveling om de rol te ove~:wegen die afbeeldingen) zoals figuren, grafieken 
en schilderijen) in ons leven spelen. Die rol is absoluut niet uniform. 
Naa.r L. Wittgenstein 

8. Va.a.k wordt de computer gebruikt om de realiteit te simule:ten. Het experiment is echter de 
beste computet, aileen zijn de gegevens moeilijke:t te verzamelen. 

9. Als civiel ingenieuu dezelfde normen zouden hanteren a.ls software onhvik:k:elaars~ dan zou 
niemand meer over een brug dutven te rijden. 
Naar F.Ph. Brook& - The. mythical man-month1 euays on software engineering 

10. Ret interessantste gedeelte van een onvoltooid bordnurwe:tk is de a.chterka..nt. 


