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Abstract 

The near wall region of a turbulent boundary layer above a smooth and a riblet 

surface was studied using laser-doppier velocity measurements at several distances 

from the wall (y+). These measurements were performed in a !ow-speed water channel. 

To analyze the data-series, the quadrant analysis technique of Lu & Willmarth with 

the refinements of Camte-Bellot et al. and Bogard & Tiederman was used. This 

technique can identify two types of coherent structures: ejections and sweeps. Several 

statistica! properties of different quantities, used to describe these coherent structures, 

were examined and compared to other authors' results. 

A major condusion is that the period and duration of the structures are strongly 

dependent on the distance from the wall and that the two structures seem to occur 

independently for y+ < 20. Conditional averages for both structures were examined as 

well. Camparing these for the smooth and the riblet wall, they showed marginal 
differences. 
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List of symbols 

Roman Symbols 

a 

D 

Dg 
f 

Hi, hu, hv 

La 

Ng 

Nw 
p 

p 

Re 

Re* 

U* 

X i 
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elistance of the laser beam to the center of the lens ( m) 

duration (s) 

thicknes of the glass wall of the water channel ( m) 

focal elistance of a lens (m) 

threshold levels 

elistance between the lens and the wall of the water channel ( m) 

refractive index of glass 

refractive index of water 

pressure (N/m2) 

distance of the measuring volume to the wall of the water 

channel (m) 

ith quadrant 

radius of the measuring volume of the laser doppier anemometer 

(m) 
Reynolds number with elistance to the edge of the wall and free 

stream velocity 

Reynolds number with boundary layer thickness and friction 

velocity 

ra te of strain ( s -1) 
period (s) 

time (s) 

friction velocity (m/s) 

free stream velocity (m/s) 

velocity (m/s) 

space co-ordinates ( m) 



Greek symbols 

ó 

1J 

V 

p 

Tij 

ro 

superscripts 

+ 

subscipts 

rms 

e 

s 
b 
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boundary layer thickness ( m) 

dynamic viscisity (kgfm.s) 

von Karman's constant 

kinematic viscosity (m2fs) 

density (kg/m3) 

Reynolds stress tensor (kgfm.s2) 

wall shear stress (kgfm.s2) 

viscous wall units 

fluctuating, time dependent signal 

mean, time independent signal 

root mean square value 

concerning single ejections 

concerning single sweeps 

concerning bursts 
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1. Introduetion 

The subject of this report is investigation of the turbulent boundary layer over drag 

reducing surfaces. A comparison of the structure in the near wall region of the 

boundary layer between two types of surfaces was made. One surface was a smooth 

surface, the other was a riblet surface. The riblet surface consisted of longitudinal 

micro-grooves. When the size of the ribiets is within certain limits, the surface is 

found to reduce the flow resistance or drag of a fluid flowing over it. The exact cause 

of this drag reduction is not yet clear but it is believed that the near wall region of 

the turbulent boundary layer plays a crucial role. This near wall region is dominated 

by large coherent structures. These structures are believed to carry most of the 

turbulent shear stress of the flow and it is believed that the micro-grooves adapt the 

coherent structures so, that less shear stress is produced. In section 1.1 the equations 

which govern the shear stresses are derived, section 1.2 explains about the 

dimensionless time- and space-units we use in this report, in section 1.3 the nature of 

coherent structures and their importance to the boundary layer will be explained. 

1.1 Reynolds stress 

As we are dealing with a turbulent flow, we {ollow Reynolds (1895) in deriving the 

equations governing the mean quantities, such as the mean velocity. The momenturn 

equations and the continuity equations of an incompressible fluid are: 

(1.1) 

(1.2) 

where Tl is the dynamic viscosity, Dij the Kronecker delta, which is equal to one if 

i = j and equal to zero otherwise, P the hydrodynamic pressure, p the density, Ui 

the instantaneous velocity, and Sïj the rate of strain which is defined by: 

1[ 8U· 8U·] 
Sïj = 2" ax; + ax! (1.3) 
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By substituting (1.3) into (1.1) the Navier-Stokes equations are obtained: 

(1.4) 

where v is the kinematic viscosity ( v = TJ/ p ). To isolate the effects of fluctuations on 

the mean flow, the velocity Ui is decomposed into a (time-) mean flow Tli and 

velocity fluctuations Ui, such that 

(1.5) 

The pressure Pis decomposed as well. This gives: 

(1.6) 

By applying the decomposition rules and substituting (1.5) and (1.6) into (1.4) and 

after some manipulation the Reynolds momenturn equations are obtained (for details, 

see Tennekes & Lumley, chapter 2). 

(1.7) 

The third term on the right hand side is the contribution of the turbulent motion to 

the mean stress. It is called the Reynolds stress, designated by Tij· 

Tij = -p•UiUj (1.8) 

The diagonal components of this tensor are the normal stresses (pressures: p·u12 

p·u22, p·u32). The off-diagonal components of Tij are the shear stresses which play a 

dominant role in the theory of mean momenturn transport by turbulent motion. In a 

two-dimensional boundary layer only the momenturn transport in the direction normal 

to the wall is of concern. This is given by the term -p·u1u2. The other off-diagonal 

term for vertical momenturn transport -p·uau2 can be neglected since u1>>ua. 

1.2Wall units 

In a flow over any wall a boundary layer develops. It is a relatively small area where 
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the flow speed varles from zero on the wall to the free stream velocity outside the 

boundary layer. The resulting velocity gradient may become unstable and thus 

causing the boundary layer to become turbulent. 

On the wall a shear stress r0 is exerted. This quantity will be used to characterize the 

turbulence in the boundary layer. A velocity scale u• is defined as: 

u• = jro/p (1.9) 

This velocity is called the friction velocity and can be regarded as the characteristic 

velocity for the velocity fluctuations in the near wall region of the turbulent boundary 

layer. An apt way to quantify the extent of the near wall region is to construct with 

u• (mfsec) and v (m2/sec) a dimensionless coordinate y•: 

U*•V y• = =...-Ji.... 
ll 

(1.10) 

in which y is the distance from the wall. A dimensionless time t• can be defined as 

follows: 

(1.11) 

where t is the time. A dimensionless velocity is defined as : 

(1.12) 

1.3 Coherent structures 

During the last two decades it has become clear that turbulence is not as random as a 

first glance would suggest. Several authors have detected and visualized patterns in 

the turbulent boundary layer over a smooth wall. The patterns are called 'bursts', 

'hairpin vortices', 'low speed streaks', etc. The common denominator to which all these 

patterns can be reduced to is coherent structure. It is defined as a region of the flow 

in which at least one property of the flow has significant correlation (over space 

andfor time). For example Head & Bandyopadhyay (1981) report coherent structures 

in the turbulent boundary layer which they call vortex loops or vortex pairs. These 

are inclined to the surface at a characteristic angle of 45o. See figure (1.1). 
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figure 1.11 vortex loop in the turbulent boundary layer 

Also the flow in the near wall region was investigated and the existence of 

longitudinal vertex motions, which erupt at random to farm the vertex pairs, was 

found. These longitudinal vertices are reported by many authors: Blackwelder (1978) 

and Kline (1967). Their results show that the typical transverse dimension lies in the 

range of about 100 wall units. The conneetion between the wall region flow and the 

inclined vertex loops observed further out in the layer is not yet clear. But it is 

lew-speed 
high-s,eed streak •ia•-steed 

re"ion 

figure 1.21 counterrotating longitudinal vortices. Front view 
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concluded by Head & Bandyopadhyay that the occurence of a burst (as described by 

Kline and defined as an intermittent sequence of events, invalving significantly higher 

turbulence production than average) can be equated to the lifting of a vortex loop 

from the surface. 

Extensive velocity measurements combined with visualization studies in the turbulent 

boundary layer were done by Choi {1989). His data shows the existence of the 

longitudinal motions as well. Furthermore, the vortex pairs seem to be counter

rotating as figure {1.2) shows. Based on flow visualization he proposes a model for the 

sequence of burst events. The burst event takes place in three stages. See figure {1.3). 
Vorte' filament 

Stage I 

Stage 3 

Stage 2 

figure 1.9, bursting sequence according to Choi {1989} 

Low-speed 
region 

In stage one vortex filaments are deformed by the locally large velocity field created 

between the pairs of longitudinal vortices which bring the higher momenturn fluid 

towards the wall. Then the deformed vortex filaments are developed into hairpin loops 

by self induction mechanisms in stage two. After that, the hairpin loops move away 

from the wall with an angle of about 45o, towards the downstream direction (as 

described by Head & Bandyopadyay) in stage three. As the hairpin loops move away 

from the wall their neighbouring legs approach each other very closely to form pairs 

of vortices. The region in between is called a low speed streak. The region outside the 

vortex pair is called a high speed region (figure 1.2). The low speed streak is another 

coherent structure in the turbulent boundary layer. It was reported by other authors 

as well: for example Pulles {1988). It is this region of the flow where the burst is 

believed to originate from. 
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More detailed investigations on single point burst detection combined with 

simultaneons flow-visualisation was carried out by Bogard & Tiederman (1986). They 

made a clear distinction between a burst and an ejection. An ejection is defined as a 

rapid, relatively sudden ontward motion of the low speed streak. It is established that 

a burst is in fact a set of successive ejections (or, in an extreme case, one large 

ejection). When one is performing single point velocity measurements and a number 

of ejections is detected, it is physically important to discern ejections that are part of 

the same burst from ejections belonging to another burst. In their paper Bogard & 

Tiederman develop the tools to carry out this distinction. 

So far, we have only talked about bursts and ejections which transport low 

momenturn fluid upwards, away from the wall, into high speed regions further away 

from the wall. But of course, due to the continuity requirement, fluid must be 

transported downwards again, too. For this process other coherent motions seem to be 

appropriate: sweeps. They are defined as motions transporting outer, high speed fluid 

towards the wall. A schematic picture of ejections and sweeps is shown in figure (1.4) 

sweep 

///1711711177111171//1171///1 
figure 1.4, schematic representation of sweeps and ejections 

The arrows indicate the velocity during a sweep or ejection in so far as it differs from 

the mean local speed (i.e. the fluctuations on 1l(y)). The vertical velocity component 

of a sweep is negative (transporting fluid towards the wall) whereas the vertical 

velocity component of an ejection is positive. The streamwise component of a sweep is 

positive (accelerating) with respect to 17(y), the streamwise component of an ejection 

is negative ( decelerating). In this report a link is tried to be established between the 

different coherent structures (sweeps, ejections, low speed streaks, etc.) 

The measurements carried out by the various authors mentioned in this chapter range 

from visualization with smoke filaments to multiple point measurements. In the 

visualization studies the problem of detecting the coherent structure is that the smoke 
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filaments ( or the hydragen bubbles) have a certain inertia and therefore cannot 

respond to velocity fluctuations with a high frequency; furthermore buoyancy plays a 

role as well. The data in this report were obtained through single-point 

measurements. This means that the data is a time-series of velocity samples at only 

one point in the flow. On the basis of such time-series one should try to construct the 

spatial structure of the flow could be. This is impossible unless some, usually 

unmentioned, conditions are satisfied. For example the convection velocity of the 

coherent structures is constant or the shape of the structure does not change while it 

is passing the measuring point. Another impossibility is to discern whether or not a 

detected event is a combination of two spatially separated events accuring 

simultaneously in time. Furthermore, of course: what is an 'event' and what isn't? 

Analysing the velocity data one can think of some criteria where a coherent structure 

must answer to. This implies the use of a threshold level of some sort above which 

one counts the velocity fluctuations as an event and everything below it is ignored. 

The exact level of the threshold seem.s, in some detection methods, rather arbitrary. 

This hopefully gives an impression of the difficulties connected with the detection of 

coherent structures in a flow. It seems even harder to combine the bits and pieces of 

the experimental work into a self-containing theory. A lot of the experimental work 

comes down to reporting visualization studies because until now this self-containing 

theory which can be tested and corrected simply does not exist. However, some 

attempts to develop such a theory have been made. For example Perry & Chong 

(1982) describe the turbulent boundery layer as a 'forest' of vortices of the type Head 

& Bandyopadhyay described. Another model for the structures in the turbulent 

boundary layer was suggested by Sreenivasan (1987). On the basis of instability and 

vortex interactions he attempts to deduce the structure of the turbulent boundary 

layer. The key concept is that of a 'critica! layer' in the flow. This 'critica! layer' is 

an infini tely thin vort ex sheet located at a distance Yc + above the wall. For Yc + 

Sreenivasan gives the following equation: 

(1.13) 

in which 

R* = u*fl/v (1.14) 

with fJ the turbulent boundary layer thickness. Justification of the location of the 

criticallayer may be important in accepting Sreenivasan's model. 
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As mentioned before, this report deals with the comparison of the structure of the 

turbulent boundary layer between two different types of surface. In chapter 2 the 

equipment we had at our disposal to carry out the measurements will be described. It 

consisted of a low-speed water channel {velocity up to 40 cm/s), of which the wall 

could be detached in order to switch from one type of surface to another, and a two 

component laser doppier anemometer to perform the velocity measurements. The type 

of measurements and the procedure for carrying them out are described in chapter 3. 

A crucial chapter is chapter 4: it explains the methods used in extracting the relevant 

coherent motions from the raw data that was obtained with the laser doppier system. 

The results of the analysis are then presented in chapter 5. 
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2. Experimentalset-up 

2.1 The water channel 

The data presented in this report were obtained from experiments conducted in the 

water channel of the Turbalence division using laser doppier anemometry (LDA). The 

main dimensions of the channel are presented in figure (2.1). The flow is from left to 

right. 

1 
-----~-

~ .15 
---·-·-· -~ ·-·-·-·-·------·--------·-· ·---- -·· 

0 

r-t.5 
I I 

:.60 I ... ,. 
I I 
I I 

figure 2.1 a, top view, dimensions in metres 

wire free anface 

wall 
I .. u 

0 

t.U 

figure 2.1 b, side view, dimensions in metres 

The width of the channel is 30 cm, the height 28 cm, the length 590 cm. The location 

where the measurements were performed was 404 cm downstream from the edge of 

the wall. A tripping wire, located at 60 cm from the edge of the wall, was used to fix 
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the origin of the turbulent boundary layer. 

The speed of the free stream could be adjusted from zero to 40 cmfs This corresponds 

to Reynolds numbers of up to 16·105. This Reynolds number is based on the distance 

from the edge of the wall to the measuring location. The measurements were done at 

a free stream speed of 20 cm/s ( Re = 8.09·105 :.~: 0.08 ·105) 

The turbulent intensity, defined as the ratio of the mean velocity and the root mean 

square of the velocity fluctuations, in the free stream at the measuring location was 

determined as a function of the free stream speed. (See figure 2.2). Through an 

optimized shape of the inlet and filtering of the incoming flow, the turbulent intensity 

was made as small as possible. Only at very low flow-speeds it becomes very high. 

This is due to instrumental errors. The turbulent intensity at the flow-speed of 20 

cmfs was approximately 1%. 

2.11 r---------------------, 

~ ::• 
..: 1.51 ... 
= • ... 
~ ... • .; .... .. .. : 

t.5t L---------'---------L.---------1 
• .. 3t 

free atreaa nl.c1t1, U (ca/aec) 

figure 2. 2, turbulent intensity versus flourspeed 

The wall in the water channel was partly detachable. It was divided into several 

sections, which could be removed separately. This enabled us to compare 

measurements done above different types of walls. Two types of wali-surface were 

installed at the measuring location, one smooth surface and one riblet surface. (See 

figure 2.3.) 
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z.o 

figure 2.3, front view of the riblet wall, dimensions in mm. 

2.2 The laser doppier anemometer 

The velocity measurements were carried out with a two-component laser doppier 

anemometer eperating on the forward scattering reference mode. This configuration 

enabled us to measure two components of the flow field, namely the stream wise 

component (U) and the component normal to the wall (V). The laser itself and the 

optical components were mounted on a traversing mechanism in order to perferm 

measurements at different distances from the edge of the wall. (See figure 2.4.) 

With the traversing mechanism situated at one location, the measuring volume cou1d 

be moved in the vertical (y) and transverse (z) direction. The transverse displacement 

(Llp) could be controlled by the 140 mm lens according to: 

(2.1) 

Where LlLa is the transverse displacement of the lens and Nw the refractive index of 

water. For a derivation of equation (2.1) see Appendix A. The vertical displacement 

was controlled by a device that automatically moved the measuring volume to the 

height that could be indicated on this device. Of course the indication on the device 

had to be calibrated to the real height. For this purpose a little brass block was made 

with a pinhole in it (See figure 2.5.). The distance from the centre of the pinhole to 
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the bottorn of the block was known with an accuracy of :1:: 0.01 mm. 

2 

12 12 

14 

+ 

140 ""' 
+ 

~ 11 

figure 2.4, optical components mounted on the traversing mechanism, 
from A.D. Schwarz-van Manen & J.C. Stouthart {1990} 

1. fixing bolts and micrometers 8. perspex block 

2. laser 9. reference signal diode 

3. mirror 10. mirror 

4. adjusting screws 11. positioning sleds 

5. housing 12. channel side 

6. rotating grating 13. measuring volume 

7. fixed mirror 14. velocity signal diodes 

The procedure to calibrate the device is as follows (See figure 2.6. ). Because the 

radius of the measuring volume is smaller than the radius of the pinhole, the 

measuring volume was put firstly at h1', subsequently at h2'. For ht' and h2' the 

following equations are valid: 

ht' = ht + (rmv- Yt) 

h2' = h2- (rmv- Y2) 

(2.2) 

(2.3) 
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Where rmv is the radius of the measuring volume, X1 (X2) that part of the measuring 

volume that is visible through the pinhole and h1 ( h2) the distance from the top 

(bottom) of the pinhole to the bottorn of the block. By taking the mean of the read

out on the device, corresponding to h1' and h2' the read-out H, corresponding to the 

centre of the pinhole is known. 

.. 0.6 
-~)IIE 

11 

!! 

..... - ~ >--------- ;j"\ .,_ V 
o.o1 ___ 'L+-----------------+-·-

60 

(2.4) 

20 

figure 2.5, top and front view of the calibration block, dimensions in mm. 

Since the height of the centre of the pinhole is known as well (i.e. 10.00 :t: 0.01 mm.) 
it fellows that the read-out of the device has to be adjusted according to: 

H = 10.00 (mm) (2.5) 

By repeating this procedure the result reproduced within a range of :t: 0.015 mm. The 

total inaccuracy of the determination of the height is thus :t: 0.03 mm., corresponding 

to :t: 0.3 wall units at the velocity the measurements were carried out. The 

adjustments to the heights h1' and h2' were done by estimating the intensities of the 

laser beams behind the brass block. Due to differences in the thickness of the walls 

and inaccurate positioning, the offset level of the height shifts when another wall is 

installed. Therefore, every time the type of wall is changed, re-calibration is 
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figure 2.6, positioning of the measuring volume in the pinhole 

necessary. To compensate for temperature fluctuations the calibration was carried out 

before each experiment. 

More detailed information about the water channel is given by Pulles (1988), details 

on the LDA are found in the reports by Kern (1985) and A.D. Schwarz-van Manen & 

J.C. Stouthart (1990). 
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3. Measurements 

The measurements described in this chapter were carried out for both the smooth and 

the riblet wall. They can be divided into two major groups: 

1. profile measurements 

2. detailed point measurements 

In section 3.1 the profile measurements will be discussed and the results will be 

presented. In section 3.2 a brief introduetion to the detailed point measurements is 

given. As the analysis of the data from these experiments is rather complicated, it 

will be explained in chapter 4 before the results of it are presented in chapter 5. 

3.1 Profile measurements 

All velocity data were obtained at a free stream velocity of 20 cmfs, with a turbulent 

intensity of 1%. Determining the (mean streamwise-) velocity profile of the channel

flow, single-point measurements were done at several distances from the wall. 

-u e • .... 
a a -p 
.. .... .. -u • -• .... 

• • -• a • e .. .. • 
• • e 
I 
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++ 
E jE :.jE )I ++ 

i . ++ 
l5f ~++ 

I ++++ 
. +++ 

+-!I+ 
++ ... ++ 

++ 
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++ 

5f ~+ 
+I 

i 
• ••• I lf 

figure 9.1, velocity profile on a smooth wall, 
U0 = 20 cm/sec, u* = 8.9 mmjsec. 

lff 
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The timescale of the coherent structures ( and thus of the velocity fluctuations) is of 

the order of seconds, so for reliable measurements of the mean velocity, the averaging 

time must be at least one order of magnitude greater than that of the coherent 

structures. We decided upon a measuring time of ± 15 minutes. This limited the 

number of point-measurements that could be performed for each profile. It turned out 

that during one day approximately 30 measurements could be done to determine the 

profile (figure 3.1). These 30 measurement points were distributed logarithmically over 

the whole range of the turbulent boundary layer: from y = 0.5 mm. to y = 100 mm. 

Below y = 0.5 mm no measurements could be performed. This was due to reflections 

of the laser beam from the surface of the wall which affected the signal. The height of 

100 mm corresponds to a location in the free stream (i.e. outside the turbulent 

boundary layer). During the measurements the temperature of the water was kept at 

20 oe. The temperature fluctuations were not more than 0.05 oe. When the 

temperature was held within this range, the effect of the viscosity ( v) on the 

calculation of the dimensionless units was less than 1%. For the different regions in 

the boundary layer, there are equations which describe the mean streamwise velocity 

as a function of the height (y). For a deduction of these the reader is referred to 

chapter 5 of Tennekes & Lumley. The resulting equations in dimensionless units are 

mentioned here. For the viscous region (0 < y• < 7) is valid: 

For the logarithmic region (30 < y• < 300): 

u• = .!..Jn(y•) + A 
K, 

(3.1) 

(3.2) 

Where von Karman's constant (K.) and A are universa! constants. Von Karman's 

constant is 0.4 and A has, in a channel flow with smooth walls, a value of about 5. 

To scale real units to these dimensionless units, the friction velocity ( u•) must be 

determined first. This was done as follows: according to definitions (1.10) and (1.12) 

equation (3.2) can be rewritten. 

ii~~) = ~ ln(y•) + A 

ii(y) = ~ * In [u: y] + A u* 
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Ü(y) = !* ln(y) + B (3.3) 

Equation (3.3) gives the velocity profile in real units. When this equation is fitted in 

the log-region of figure (3.1) with the least squares method both the slope (u*/K,) and 

the cut-off at the axis ( B) are found. When the slope is known, the friction velocity 

can he calculated. This resulted in: 

u* = 8.9 ,., 0.8 mm.Jsec. 
B = 4.81 ,., 0.5 

(3.4) 
(3.5) 

The inaccuracy margin of 10% results from the fact that it is rather arbitrary where 

to locate the exact limits of the log-region. Trying different combinations of the lower 

and higher limit of this region the result for u* spreads. Although for the riblet wall 

there is another u*, the same value was used. This is because of the difficulties in 

determining the friction velocity on a rough wall, one can never he sure where the 

+ • 

15r-----------------------------------, 

l5 

lt 

5 

.L-~~~~~~~~~~~~~--~~~ 

I .. ... .... 
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figure 9.2, dimensionless velocity profiles, U0 = 20 cm/sec, 
u* = 8.9 mmjsec. +:smooth waU, ~: riblet waU 
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level of zero streamwise velocity is located (on a smooth wall this is of course on the 

surface). This gives more than one 'best fit' to the data points because the value of B 

is not known. Perry & Jouhert (1967) suggest a graphical methad to overcome this 

difficulty. However, it was impossible for us to use this methad as it requires several 

data points in the near-wall region and the measurement dosest to the wall we could 

do was about at y• = 5. Therefore the same friction velocity for the riblet wall was 

used. The non-dimensinal velocity profile on the smooth and the riblet wall is given 

in figure (3.2). From here on all the graphs in this report will be dimensionless. It is 

seen that the two graphs collapse, except for the region below y• = 10. There the 
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velocity above the riblet wall is higher. This effect may partly be due to the {act that 

the exact location of the zero streamline is not known for the riblet wall. Shifting the 

graph within this inaccuracy range (5 wall units, which is less than 0.5 mm.) would 

cause them to become alomost identical. Besides the mean streamwise velocity other 

statistics of the flow were calculated. The turbulent intensity, defined as the root 

mean square of the velocity fluctuations u', and the Reynolds stress are compared in 

figure (3.3). No significant differences are visible. The apparent differences are due to 

the uncertainty in the value of u* and the fact that for the riblet wall no friction 

velocity could be determined. Third order correlations of the velocity components are 

given in figure (3.4). 
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... 

These quantities are made dimensionless with the root mean square values of the 

streamwise (u') and normal ( v') velocity fluctuations. Especially the skewness-factors 

( uuu, vvv) are very scattered and again no clear differences between the two types of 

surface is found. The other third order correlations show no significant differences 

either. The following condusion may he drawn: the differences in the mean quantities 

between the smooth and the riblet wall are very small and may partly be due to the 
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use of u* to non-dimensionalize both walls. No differences whatsoever are found for 

y• > 100 wall units. 

Cernparing our differences in the velocity profiles to those found by Pulles (1988) we 

find discrepancies. The data from Pulles are cernparabie to ours because Pulles, as we 

did, used the friction velocity of the smooth wall to make the quantities for both the 

smooth and the riblet wall dimensionless but the type and size of the ribiets we used 

were different from the ribiets Pulles used. Nevertheless we will cernpare the results of 

both riblet walls on the basis of whether it produces drag reduction or not. Pulles 

carried out his experiments at two different free stream velocities: 95 mmfsec and 140 

mmfsec. For his riblet wall it means that at the lower velocity there is a marginal 

drag reduction where at the higher velocity there is an increase in drag. The riblet 

wall we used should give a drag reduction of about 10% (free stream velocity: 200 

mmfsec). This is based on the results presented by Walsh et al (1983). Bearing this 

in mind instead of comparing types of riblets, the best we can do at this stage is to 

cernpare data in- and outside the drag reducing region. Our velocity profiles show 

that above a drag reducing surface the mean streamwise velocity seems to be higher 

near the wall. Some precautions should be taken befere drawing conclusions from the 

stream wise velocity graphs since we don't know where the zero-streamline is exactly 

located. The height should be measured from the location of the zero-streamline. In 

this report the height above the riblet wall was measured from the top of the riblets. 

This may cause the graph for the riblet wall to shift to the right as the real 

zero-streamline is located below the top of the riblets. Above y• = 30 no differences 

between the smooth and riblet wall are seen. The data from Pulles shows that the 

less drag reducing a surface is, the lower the mean streamwise velocity becomes. 

Although Pulles' data seem to suggest that the differences are visible up to y• = 60. 

Hence: more drag reduction appears to give higher streamwise velocity in the 

near-wall region. 

Cernparing the turbulent intensities the picture is not so clear. In the drag-increasing 
region Pulles finds a 10% lower turbulent intensity above the riblet wall. For the 

marginally drag-reducing case Pulles finds a lower turbulent intensity as well. Our 

results show a lower turbulent intensity in the drag-reducing region. The condusion 

must be that a riblet wall gives lower turbulent intensities, irrespective of the fact if 

there is drag reduction or not. It even seems so that a drag increase produces the 

largest turbulent intensity decrease. Both our graphs and Pulles' for the shear stress 

are too noisy to discern any difference between the two types of walls, in- or outside 

the drag reducing region. The trend in the third order correlation curves is confirmed 

by our experiments although for a detailed comparison of the exact data points more 
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nneasurennents are necessary. 

The nneasurennents discussed in this section were nnainly done to check the 

characteristics of the flow and to obtain a correct value for u* in order to nnake all 

the quantities dinnensionless. The data fronn these nneasurennents were processed on 

line to calculate the nnean velocity, turbulent intensity etc. 

3.2 Detailed point nneasurements 

Contrary to the data of the profile nneasurennents, which were processed during the 

actual experinnents, the data fronn the detailed point nneasurennents were stored on the 

hard disk of the PDP /11, with which the nneasurennents were carried out. The data 

consisted of two velocity connponents which were sannpled (512 Hz) during 900 

seconds (i.e. a quarter of an hour). The direction of the two connponents is dependent 

on the installation of the laser doppier systenn. One connponent sannpled was in the 

(U- V)-direction, the other in the (U + V)-direction (U is the streannwise velocity, 

V the nornaai velocity). For the data analysis comprehensive FORTRAN-programs 

were written to extract the ejections and sweeps fronn the raw data. Before presenting 

the results, an outline of the method of analysis is given in chapter 4. 
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4. Data analysis 

In this chapter the methad to extract the relevant motions (sweeps, ejections, see 

chapter 1) from the raw data will be explained. The raw data consists of time series 

of sampled velocity-components. The analysis methad basically detects the motions 

defined as sweeps and ejections, their duration, period and strength. There are 

numerous methods to detect these. The methad we used is explained in the next 

section. 

4.1 The quadrant methad 

First of all a brief, general description of the methad will be given. The two sampled 

velocity-components (U and V) have to be split into two parts: 

U(t) =U+ u'(t) 

V(t) =V+ v'(t) 

(4.1) 

(4.2) 

Where "U and 'V are time independent mean velocities, the primed quantities are the 

deviations from this mean. An example of a velocity signa! is given in figure ( 4.1) 

U(t) 
u'(t) 

Umean 

0 
time 

figure 4.1, velocity signal of the instantaneous streamwise velocity 
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Figure (4.1) shows how the mean velocity remains constant and the deviations 

:fluctuate around it. Only the deviations from the mean are of concern to us. It is 

obvious that the deviations can be positive (i.e. U( t) > "U) as well as negative (i.e. 

U(t) < "U). Simultaneously with the U(t) signa! the V(t) signa! is sampled. As at 

every sample point we know the magnitude of both u' and v', we are able to 

compute the Reynolds stress. From definition (1.8) it follows that: 

Reynolds stress ~ u'(t)·v'(t)/urms·Vrms (4.3) 

Where Urms and Vrms are the root mean square values of the deviations used to non

dimensionalize the Reynolds stress. It is clear that at every sample point the quantity 

of Reynolds stress corresponds to a (u', v' )-pair. A convenient way to represent the 

Reynolds stress (i.e. the data pairs) is a quadrant as shown in figure ( 4.2). For 

example: u' is positive and v' is negative then the corresponding Reynolds stress-data 

point is located in the fourth quadrant. In this way all (u', v') pairs have a place in 

the quadrant. lt is recalled here that ejections and sweeps are coherent structures 

which are believed to carry most of the Reynolds stress in the flow. The proper way 

to look for these structures is to look for the largest Reynolds stress-peaks. That is: 

data points located far from the origin of the quadrant. Threshold levels are defined 

to sort out from the noise and the scatter of the measurements the relevant motions. 

V'/V,.. 

U'/U,. • 

•• 

figure 4.2, quadrant method. The axes are scaled with Urms and Vrms 
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movement of fluid is considered to be an ejection when its peak value is larger than 

the imposed threshold level and the corresponding (u' ,v' }-pair is in the second 

quadrant. A similar definition is used for sweeps which are motions represented by 

pairs in the fourth quadrant. The values of the levels H2 and H4 are, according to 

Camte-Bellot (1978), given by: 

1 
Hi = Ni}; (u' •v')i / Urms•Vrms ;i= 2,4 (4.4) 

in which Ni is the number of data points in the ith quadrant, (u'· v' )i are the data 

points found in the ith quadrant. Camte-Bellot argues that u' and v' should he 

simultaneously relatively large during an ejection. Hence, two more threshold levels, 

hu and hv, are necessary to restriet the relevant data to this area. With these 

threshold-levels only the data points in the shaded area in figure ( 4.2) are admitted, 

this is called the detection-area. The other data is rejected since this is considered to 

be irrelevant noise from the measurements. 

Other detection methods were discussed and compared with one another by Bogard & 

Tiederman (1984). In experiments they checked the different detection algorithms 

with their own visual data. The flow in a water channel was made visible and 

manually ejections were counted. These counts were compared to the results of the 

detection techniques. Amongst others Bogard & Tiederman looked at the detection 

probability P(E) (i.e. the detection algorithm indicated an ejection were they saw 

one) and the probability of a false detection P(F) (i.e. the detection algorithm 

indicated an ejection were they did not see one). A part of their results is presented 

in Table 4.1. 

detection algorithm parameters P(E) P(F) 

quadrant H=4 0.18 0.14 

quadrant H = 1.07 0.69 0.15 

quadrant H=O 0.94 0.47 

VITA k = 1.2, T~ = 10 0.09 0.18 

VITA k = 1.0, T ~ = 14 0.24 0.24 

VIT A with slope k = 1.0, T~ = 10 0.14 0.23 

U-level L = 1.0 0.76 0.26 

positive slope J = 0.053, T~ = 37 0.37 0.46 

table 4.1, comparison of detection algorithms according to Bogard & Tiederman 
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In the table six different detection methods are compared. The quadrant method is 

explained in detail in this chapter. The VITA-technique ( Variabie-Interval Time 

Averaging) detects events for which the varianee of the velocity (averaged over a 

short time 'Ta •) is greater than k times the long time mean. For more details the 

reader is referred to Blackwelder & Kaplan (1976). The VITA with slope was used by 

Johansson & Alfredson (1982) and is in essence the same as the VITA technique, now 

with an extra slope-condition added. The U-level method uses a threshold for the 

streamwise velocity fluctuations: L = u' /Urms· Simpson (1976) introduced the positive 

slope method which detects events above threshold J. It is defined as (v/u' u•2).dufdt 

averaged over "Tw+ (smoothing window). The result is that the quadrant method, used 

with the correct Hï value, shows a high detection probability combined with a low 

probability of a false detection. These qualities made us decide to use this method for 

our experiments. The method was firstly used by Lu & Willmarth (1973). Later 

refined by Comte-Bellot and Bogard & Tiederman. Another feature of the quadrant

analysis as we used it was the so called Tmax· It was introduced by Bogard & 
Tiederman as a tool to distinguish between groups of ejections coming from one and 

the same low-speed streak (bursts, see chapter 1) and those coming from different 

streaks. We will take a closer look at this in the next section. For details on the 

threshold-levels the reader is referred to the paper by Comte-Bellot. 

4.2 Different approaches to Tmax 

At this stage it is useful to provide a short, caricatural description of the burstfsweep 

cycle. It has been established that the near wall region of the turbulent boundary 

layer is dominated by the so called low-speed streaks. These are longitudinal regions 

where the velocity in the streamwise direction is significantly lower than elsewhere in 

the flow. In these streaks low speed fluid is accumulated until some sort of instability 

mechanism causes the fluid to be ejected into the outer region of the boundary layer. 

It is possible that this occurs in several, consecutive, short ejections (i.e. burst). 

Ejections are defined as rapid, sudden outward movements of fluid. Finally a new low 

speed streak is established through the process of high speed fluid being transported 

towards the wall (i.e. sweep ). 

Bogard & Tiederman (1984) introduced the concept of Tmax to distinguish between 

ejections emanating from the same low-speed streak and those originating from 

separate ones. The suggestion was to compare the probability-distribution of the 

period of the ejections to that of a random variable. Nieuwstadt suggests that Tmax be 
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chosen in such a way that the distribution of the duration of the grouped~jections 

(bursts) will be exponential (i.e. randomly distributed). We will take a closer look at 

these methods and campare their results. 

Methad of Bogard & Tiederman 

Bogard & Tiederman assume that two consecutive ejections coming from different 

streaks are generally separated by a time greater than the average time between two 

consecutive ejections from the same streak. Hence, a distinction between ejections 

coming from the same low-6peed streak and those coming from different streaks is 

made. A group of ejections coming from one and the same streak is called a burst. A 

burst is a physical reality which can be made visible by injecting dye in the near wall 

region of the flow. Bogard & Tiederman used this methad and simultaneously detected 

bursts using hot-film probes. They assume that when two consecutive ejections are 

separated by a time greater than a certain 'threshold'-period they belang to different 

bursts (and to different streaks). When their period is smaller they are believed to 

belang to the same burst. This 'threshold'-period they call Tmax· The methad used to 

determine Tmax is described next. 

Make the probability distribution of the ejection period (period = separation time + 
duration). Plot this curve and campare it to the probability distribution of a random 

function with the same average value and with the same cut-off at the axis. Such an 

exponential, random distribution has the following form: 

P (Te) = 1 - EXP [-Te - Ue] 
Te- Ue 

(4.5) 

In which Te is the period of the singl~jections and De the duration of the single

ejections. The overbar denotes the average value of the quantity. There will be a 

point of intersectien of these two curves; the "Te corresponding to this point is called 

Tmax· Consecutive ejections, separated by a time smaller than Tmax, are considered to 

belang to the same burst, others are considered to come from different bursts. (See 

figure 4.3) 
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1 - EXP [-Te - Ue] 
Te- Ue 

1 

figure .f..9, determination of Tmax according to the method of 
Bogard & Tiederman 

The distribution shows a clear deviation from the exponential, independent function 

for values of 'Te smaller than Tmax· This suggests a dependenee which can be explained 

by the fact that these ejections belong to the same burst. 

Method of Nieuwstadt 

Nieuwstadt (1989) approaches the problem in a completely different manner. Bogard 

& Tiederman draw conclusions from the distribution of the period of the ejections. 

Nieuwstadt prefers to look at the distribution of the duration of the bursts. He 

introduces a parameter centrolling the duration of the bursts ( r). Ejections separated 

by a time smaller than r are considered to belong to the same burst, others belong to 

different bursts. When r is varled (for example between 0 and 2 seconds) one will 

create different numbers of bursts with various durations. There will be a certain r 

causing the distribution of the duration of the bursts to be exponential. This value of 

r Nieuwstadt refers to as Tmax· The underlying hypothesis is that the distribution of 

the turbulent bursts is random. 
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Adapted method of Nieuwstadt 

A variation on Nieuwstadt's method is to assume that the period of the bursts will be 

randomly distributed instead of the duration. The ". has to be varled in the same way 

as Nieuwstadt suggested. But, the ". causing the best approximation of the 

exponential distribution of the period of the bursts will be called Tmax· 

Using these two last methods one will obtain diagrams as in figure ( 4.4). The curves 

in figure ( 4.4) points out the value of ". for which there is a minimum in the 

'distance' to the exponential distribution (this can be a distribution of periods as well 

as of duration of the bursts). This 'distance' was computed with the least squares 

method and is defined as follows: 

(4.6) 

in which P( Te) is the value of the exponential distri bution (as defined by equation 

4.5) and D( Te) the data points of the actual distribution. 

Results 

We will compare the results of the three methods mentioned above. First of all we 

must realize that Bogard & Tiederman, developing their method, checked it with 
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figure 4.4, Determination of Tmax according to Nieuwstadt's adapted method. 
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visual data. They made single-point measurements and visualization of the flow 

simultaneously. Bearing this in mind we will take a look at the other two methods 

first. 

Typical curves for the resemblance of the distribution of the period of the bursts to 

the exponential function is given in figure (4.4). Diagrams like this were made for all 

the heights, for both the smooth wall and the rough wall. The general features of 

these diagrams are the same for all the heights and both walls. There is a good 

correspondence with the exponential function when r = 0.2 seconds. Moreover, for 

both Nieuwstadt's and Nieuwstadt's adapted methad this minimum is found. We 

believe however, that this value is too small to correspond to an effective Tmax· The 

value of 'Te is of the same order of magnitude, thus when the Tmax is this small most 

bursts consist of only one ejection. In other words: this Tmax is probably corresponding 

to the more or less randomly distributed ejections. We therefore propose to take 'Te as 

a lower limit for an effective Tmax· We then obtain the values corresponding to the 

second minimum in figure (4.4). These are the values plotted in figure (4.5). 

Nieuwstadt's methad gives the same kind of diagram as in figure (4.4). An important 

difference compared to Nieuwstadt's adapted methad is that the second minimum, 

plotted against the height, gives a very scattered picture. The values computed this 

way differ from the values according to Bogard & Tiederman. Nieuwstadt's adapted 

methad produces a Tmax/height-plot which has the same tendency as the Bogard & 
Tiederman method. See figure ( 4.5). 
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Conclusions 

We conclude that the methad of Bogard & Tiederman results in a more or less 

random distribution of the bursts. This is confirmed by Nieuwstadt's adapted method. 

The results of both these methods show a similar tendency as a function of the height 

(figure 4.5). The resuits obtained with Nieuwstadt's methad show a large scatter. 

As mentioned befare the results of Bogard & Tiederman are confirmed by their 

visualization study. Important to notice is that the detection of the bursts was done 

simultaneously by hot-film measurements and visualization. It therefore seems 

reasanabie to use the methad of Bogard & Tiederman as a tooi to construct the 

bursts. 

4.3 Effect of threshold-levels 

It used to be quite arbitrary to set a value for the threshold Hï. For example Lu & 
Willmarth took H2 = 4, H4 = 2.5, Brodkey, Wallace & Eckelman Hï = 0 (i = 1..4). 

Camte-Bellot suggested a threshold-level based on the data recorded in a quadrant 

(and introduced hu and hv), see equation ( 4.4). The physical meaning of it makes it 

acceptable. It is a dimensionless mean of the Reynolds stress valnes in that quadrant. 
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However, the question remains how the values of Hï, hu and hv affect the quantities 

we are looking for: mean burst period CTb), mean burst duration (~) and so on. 

Varying the three threshold levels it is clear that not only "Tb and 'Dt> are affected but 

that Tmax changes as well. This can be explained as follows: Tmax depends on the 

distribution of the period of the detected ejections. When small ejections are filtered 

from the signal, the remaining large ejections ( befare belonging to the same burst) 

still must be part of the same burst. But, because the smaller ejections are removed, 

the time between two consecutive ejections becomes langer. With an unaltered Tmax 

they would become seperated. To compensate for this effect, Tmax is adapted. See 

figure ( 4.6). Finally, three combinations were selected to investigate their effect on "Tb 
and 'Dt>: 

1. varlation of hu and hv; H2 kept constant; Tmax adapted 

2. varlation of H2; hu and hv kept constant; r max adapted 

3. varlation of H2; hu and hv kept constant; Tmax kept constant 

In the versions 1. and 2. r max was adapted. Version 3. was conducted in order to 

campare our results with those of Bogard & Tiederman obtained. In this version Tmax 

was kept constant at the value computed according to equation (4.5). 

Viewing figure ( 4.6) it seems that the behaviour of Tmax is similar for all the data 

series investigated. We may expect that the behaviour of the burst-period and 

duration is similar as well. Hence, one data series was chosen to carry out this 

investigation. The data series above the grooved wall, at a height of 33 plus units was 

selected for verions 2. and 3. 

Results 

The results of the three different versions are presented in this section. 

Version 1. To evaluate the effect of hu and hv, five data series above the grooved wall 

were selected. In changing hu and hv simultaneously, Hi was kept constant (i.e. the 

value that was computed according to equation 4.4, which is < 0 for the second and 

fourth quadrant). Three different values were chosen, covering a range from 0 to the 

value obtained by the methad of Comte-Bellot. It turned out that the effect of the 

thresholds hu and hv on "Tb and ~ is limited. Table 4.2 gives the values of "Tb (on 

the left) and Dt> (on the right) in seconds. The values in table 4.2 are all within 10% 
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which is within the accuracy limit for this type of work. This means that the function 

of hu and hv is merely to filter noise from the data and will not alter the other 

features of interest. 

hu' = 0 

hv' = 0 

height(y•) 

10 1.28; 0.43 

25 1.97; 0.74 

33 2.42; 0.97 

50 2.96; 1.37 

70 2.85; 1.31 

hu' = à·hu 

1 
hv' = 2'' hv 

1.29; 0.43 

1.97; 0.74 

2.42; 0.97 

2.78; 1.24 

2.85; 1.31 

hu' =hu 

hv' = hv 

1.40; 0.45 

2.09; 0.78 

2.90; 1.20 

2.94; 1.32 

3.16; 1.49 

table 4-2, "Tb and ~ as a function of hu and hv, for different heights 
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Version 2. and 3. Contrary to altering hu and hv, changing H2 seems to produce a 

stronger effect on "Tb and ~. The results are presented in figure ( 4. 7). The two lines 

in the upper part of the graph represent the change of "Tb as a function of H2• The 

other two lines are for ~. The vertical line in figure ( 4. 7) represents the H2 value 

computed according to equation (4.4). Of course the graphs of version 2. and 3. 

interseet exactly at this H2 value. As mentioned before, the results of version three 

are obtained in a similar way as Bogard & Tiederman obtained theirs. The results of 

Bogard & Tiederman are reproduced in figure ( 4.8). 
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figure 4.8, Tb as a function of H2 according to Bogard & Tiederman 

In camparing the two graphs two remarks can be made. Qualitatively they match: 

there is a region where "Tb remains constant foliowed by a region where "Tb increases. 

The difference is that the region where "Tb is constant, reaches up to a Hrlevel of 

1.25 according to Bogard & Tiederman as in our experiments this region is up to 

H2 = 2.0. Although there is some change in the value of "Tb up to H2 = 2.0, this is 

less than the 10% accuracy limit and regarded as nat significant. The discrepancy 

may be due to the fact that our sampling frequency was higher. This gives a smaller 

time interval between two data points (~t + = 0.16 vs. ~t + = 0.9). It results in a 

much more detailed picture of the ejections. Figure ( 4. 7) can be divided into three 

ranges of H2.: 

I. 0 < if2 < 0.6; "Tb and ~ remain constant in bath versions 

IT. 0.6 < H2 < 2.0; version 2.: bath "Tb and ~ increase 

version 3.: bath "Tb and ~ decrease 
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m. H2 > 2.0; version 2.: both "Tb and ~ increase 

version 3.: "Tb increases, ~ stahilizes 

The changes in the three ranges can be explained as follows. 

Range 1.: H2 filters irrelevant noise. Only real ejections are being detected, this is 

what one would expect from a detection method. 

Range TI.: Two effects are playing a role in this range. The first effect causes an 

increase of "Tb because the smallest ejections and bursts are removed from the signal 

by the higher threshold level. For a good description of the second, which causes a 

decrease of "Tb, see figure ( 4. 9). 
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figure 4.91 formation of new bursts in adapting H2, constant rmax 

In this figure the sampled u' ,v'-pairs are represented by a continuous line as a 

function of time. Hold indicates the threshold level computed according to Comte

Bellot. Only the u', v' peaks that are larger than the threshold level are detected. So, 

with Hold six ejections are detected. With this distribution of the ejections 'Tmax is 

computed; 'Tmax joins two consecutive ejections seperated by a period less than 'Tmax to 

the same burst. With Hold this results in two bursts. Now, the threshold level is 

increased to Hnew· As a consequence, only three ejections are detected. This new 

situation results in three bursts when 'Tmax is kept constant. The ejection indicated by 

an asterisk was part of the first burst when Hold was used but in the new situation it 

becomes separated from that burst. This is physically not correct because the 

ejections that were part of the same burst wi th Hold are now separated into different 
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bursts. The physical significanee of a burst however (i.e. groups of ejections coming 

from the same low speed streak break-up) cannot he changed. To campensa te for this 

second effect (which causes a decrease of "Tb) Tmax must he adapted to join the same 

ejections as befare to the same burst. 

Range m.: only the ejections with the highest Reynolds stress-peaks are left over. 

Because of the small number of these ejections the number of bursts is limited as 

well. Hence "Tb and 'Dt> increases. 

Conclusions 

Looking at figure ( 4. 7) the condusion to locate the correct H2 value on the boundary 

between the ranges 11 and 111 seems justified. It is also clear that this value does not 

correspond to the value of H2 suggested by Camte-Bellot (indicated by the vertical, 

dotted line). However we will praeeed with the suggestion of Camte-Bellot because of 

the physical meaning of the threshold. The two other thresholds (hu and hv) are 

meaningful since they decrease the detection area in such a way that only noise is cut 

off from the detected events. 
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5. Results 

This chapter is in fact the continuation of chapter 3 where the results of the profile 

measurements were presented. This chapter deals with the results of the detailed 

point measurements. These measurements were performed at 17 different locations 

above the wall (y• = 7, 10, 15, 22, 25, 27, 30, 33, 35, 50, 55, 60, 65, 70, 100, 200, 

300) all at the same spanwise co-ordinate. To oompare the results of the two types of 

surfaces with each other, these locations were chosen above both the riblet wall and 

the smooth wall. In this way we will obtain a detailed development of the bursts and 

the sweeps with the distance from the wall. Bearing in mind the location of 

Sreenivasan's critica! layer (see chapter 1) we decided to conduct more measurements 

around this location (yc•= 60, at 20 cm/s free stream velocity). Furthermore it was 

concluded from the results, presented by Schwarz-van Manen et al (1989), that a 

discontinuity in the mean burst-period ("Tb) versus height plot was present at 

approximately half the height of Sreenivasan's criticallayer. More measurement points 

were located there as well. The rest of the measurements were distributed 

logarithmically over the turbulent boundary layer. The area of interest to us, 

concerning bursts and sweeps is approximately up to a height of 100 wall units. 

Above this height the large eddy-like motions of fluid which dominate the outer 

region of the turbulent boundary layer disturb the signa!. In other words: even in the 

outer region of the turbulent boundary layer (where the degree of coherence and 

organisation of the flow is much less than in the near wall region) second and fourth 

quadrant motions will be detected. However, the data points of measurements above 

100 wall units do not indicate bursts or sweeps but parts of the eddy structures which 

originate from other instability mechanisms than the structures in the near wall 

region. 

In section 5.1 the results of the analysis above the smooth wall will be compared to 

those above the riblet wall. The second quadrant (bursts) and the fourth (sweeps) will 

be compared. In section 5.2 some preliminary results of other investigations will be 

presented. In that section suggestions for further investigations will be made. 

5.1 smooth versus riblet wall 

The graphs in this section show properties of the grouped-ejections (bursts) and the 

grouped-sweeps unless otherwise indicated. Hence, these are the results of the analysis 

after the formation of grouped events using Tmax· The properties we are interested in 
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(mean period and mean duration) change as a function of the height when the type of 

surface is altered. See figure (5.1) to (5.4). The quantities were determined from the 

Reynolds stress data: a burst ( sweep) ends when the u' '11' -signa! leaves the second 

(fourth) quadrant. 
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figure 5.1 and 5.2 "'Tb and ~~ + : smooth wall, 1:1 : riblet wall 

First we take a look at the bursts (figure 5.1 and 5.2). Camparing the graph for the 

smooth wall and the riblet wall it is seen that there is a region (shaded in the figures) 

where there is a marked increase of both mean period ("'Tb) and mean duration (~) 

above the riblet wall. At y• = 25 the two graphs intersect, the region of interest is up 

to y• = 50 where the graphs cross again. Between these two boundary values, "'Tb and 

~ above the riblet wall are always greater than above the smooth wall. The 

difference varles from 2% (~ at y• = 33) to 40% (~ at y• = 27). The rest of the 

graphs (under y• = 25 and above y• = 50) shows differences as well. However, these 

are believed to be insignificant because the trend above the riblet and smooth wall 
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for y• < 25 is similar. In other words: there may be some differences but the tendency 

is the same. This argument goes for the region above y+ = 50 as well. Realise, 

especially at higher y+ values, that the height is plotted logarithmically. The following 

conclusions can be drawn. A greater mean duration means that events last langer, in 

other words: the accelerating and decelerating of the fluid is less, the motion is less 

vigorous. A greater mean period implies that less events are detected 
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figure 5.9 and 5.4, "Ts and Ds, + : smooth wall, !:1 : riblet waU 

Looking at graphs (5.1) and (5.2) we see that the bursts, in the shaded area, above 

the riblet wall last langer than above the smooth wall and that there are fewer of 

them. 

The results for the mean- period and duration of the sweeps ("Ts and Ds respectivally) 

are presented in figures (5.3) and (5.4). Camparing the sweeps with the bursts we see 
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that the region of interest now is from y• = 7 to y• = 25 and that the period and 

duration decrease above the riblet wall ( contrary to an increase for the bursts ). 

Notice also that the shaded area in figure (5.1) links up at the shaded area in figure 

(5.3) at y• = 25. Summarising these results we can state that above a riblet wall the 

number of sweeps in the near wall region (i.e. y• < 25) increases and that the 

duration is short er, hence strong deceleration and acceleration occur. 

In view of the distinct regions where the differences are found, further investigations 

were concentrated on these areas. In each data series a few hundred events (bursts or 

sweeps) were detected. Conditional averages were computed for the u', v' and u'v' 

components of these events. As the trigger point we chose the highest u' v'-peak in a 

burst or sweep because of the similarity between the resulting average and the Euler 

correlation suggested by Nakagawa & Nezu (1981) and shown by Schwarz-van Manen 

et al (1989). All three components, for both second and fourth quadrant, were 

compared for differences between the smooth and the riblet wall. We will start with 

the results of the second quadrant in the region 25 < y• < 50 (see figure 5.5). The 

general shape of the conditional average of the u' and v'-component in this quadrant 

is not symmetrie around the peak value. The lead of the signal is longer than the lag. 

This goes for both the smooth and the riblet wall. The stress component (u' v') on 

the contrary is symmetrie around the peak value. This means that the fluid takes 'a 

long run' in decelerating (accelerating) in the streamwise direction (normal to the 

wall) before reaching its minimum (maximum) velocity but afterwards accelerates 

(decelerates) relatively fast. However, the resulting stress grows and decays 

symmetrically. As figure (5.5) shows, the differences in the conditional averages are 

small. This is to be expected at y• = 33 since the duration differs only 2% and the 

period differs not much either according to figure (5.1) and (5.2). But at the other 

heights the differences in the conditional averages are negligabie as well, even though 

figure (5.1) and (5.2) show differences up to 40%. The u' conditional average at 

y• = 27 shows a slightly braader peak for the riblet wall. The greatest differences 

however are found in the tail, after the actual event. The mean duration of the 

conditional averages is (indicated by the width of the u' v'-peak) approximately 30 t• 
units. This is much shorter than figure (5.2) suggests. The results in graphs (5.1) and 

(5.2) are based u pon the u' v' signal therefore one would expect to see differences in 

the stress conditional averages. However, the stress conditional averages are almost 

identical for both the riblet and the smooth wall. 

The results for the fourth quadrant are presented in figure (5.6) 
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Contrary to the conditional averages of the bursts, the conditional averages of the 

sweeps show that the lead of the signal is shorter than the lag. Hence, the fluid 

accelerates (decelerates) in the streamwise direction (normal to the wall) relatively 

fast before the peak and then fades slowly. A feature not present in the second 

quadrant, is seen in the fourth: the peak value of the u' -component does not coincide 

with the trigger point. When the stress signal reaches a maximum the u' is already 

decelerating. In other words: the top of the u'-component is shifted to the left. The 

conditional averages above the two types of wall show minor differences, certainly not 

the amount that could be expected on the basis of figure (5.3) and (5.4). Again the 

differences in the tail are most pronounced. It seems that the differences in the mean 

period and -duration are no indication for differences in the conditional averaged 

signal. The reason for this is not yet clear but it appears that the averaging, done to 

obtain the conditional averages, smooths out the differences. The conditional averages 

may also be influenced by the number of events. Figure (5.1) and (5.3) show that 

there is a difference in mean period when the two walls are compared. This results in 

a different number of events over which the averages a.te computed. Another 

possibility is to compute weighted averages. A burst ( or sweep) that consists of a 

number of smaller events should have a greater weight than a burst (or sweep) 

consisting of just one smaller event in the resulting average. It is possible to scale the 

height of the u' v' -peak of each burst to unity before computing the average. In this 

way the shape (and not the strength) of the conditional average is emphasized. To 

judge the necessity of applying such changes to the computation of the conditional 

averages, a clearer insight in the u' v' -peak dis tribution is needed. For the same 

height as the conditional averages were obtained the distribution of the highest 

u' v' -peak per event was plotted. See figure (5. 7). For a good view of the distri bution 

longer data-series ( than 900 seconds) are necessary so more events can be detected. 

From the graphs in figure (5.7) a general condusion may be drawn. It seems that in 

the near wall region for the fourth quadrant most events have a relatively low 

u'v'-peak (down to approximately -4) whereas in the region 25 < y• < 50 for the 

second quadrant the events are more uniformly distributed over the u' v' -range. 

Differences are seen at y• = 22 in the fourth quadrant where more u' v'-peaks, in the 

range from 0 to -2, are found above the riblet wall. This is consistent with figure 

(5.3) which indicates a smaller 'Ts at this height and hence a higher number of events 

is detected. The same can be said at y• = 27 for the second quadrant. A smaller 

mean period obviously results in more small events while the number of larger events 

remains the same. This explains that the conditional averages change with the 
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figure 5. 7, distribution of the u' v' -peaks in the second and fourth quadrant 

+ : smooth wall, ó. : riblet wall 

number of events. Other significant differences are not found. Although the aceurenee 

of the events is distributed randomly in time (see sectien 4.2), the strength of the 

evenst is not. The fact that the u' v'-peak distribution is not uniform over the u'v' 

range indicates that the mean quantities in figure (5.1) to (5.4) and the most accuring 

ones are not the same. A weighted average of the events might provide a more 

complete picture. Another suggestion is to compute two averages. One with the 

smaller events (u' v'-peaks down to -5), another with the larger events. 

A different kind of analysis of the bursts and sweeps was done as well. As chapter 1 

explains there have to be a cycle of fluid motions where fluid is transported upwards 

and downwards again. This concept can be imagined as fellows: :first a burst 

transports lew-momenturn fluid into the higher regions of the turbulent boundary 

layer, foliowed by a sweep motion which transports fluid towards the wall to fill the 
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'gap' that the burst left. Although it isn't sure yet what happens first: the burst or 

the sweep, one can imagine that there is a succession of (two or more) sweeps and 

bursts. These two motions can have an overlap in time (i.e. the starting point of a 

sweep occurs before the end of a burst, or vice versa) as figure (5.8) shows. lt is 

recalled here that a burst and a sweep consist of a number of smaller events (see 

section 4.1). In figure (5.8) the smaller events (which are called ejections in the 

second quadrant) are represented by the vertical bars. During the time between the 

smaller events the fluid moves in the first or third quadrant. All the vertical bars 

have the same size although in reality there may be differences as to the height of the 

u' v' -peak and duration. The bursts and the sweeps are depicted by the boxes 

enclosing the vertical bars. lt was investigated how many of the total number of 

bursts and sweeps are 'coupled' (i.e. have an overlap) and how many are 'single' (i.e. 

have no overlap). The results are presented in figure (5.9) and (5.10). The single 

events are given as a percentage of the total number of events detected at that 

height. From these graphs we may conclude that there are no significant differences 

between the smooth and the riblet wall. The trend for both walls is similar. We see 

that espacially near the wall (y• < 30) the number of single sweeps is high 

( corresponding to 79% of the tot al number detected at that height ). The number of 

single bursts corresponds to 83% in the near wall region. Above y• > 30 the number 

of singles remains constant at about 40%. We conclude that only above 30 wall units 

the model of immediately succeeding bursts and sweeps is valid since there the 

majority of sweeps and bursts is indeed coupled. Below the value of 30 wall units the 

burst and sweep motion are uncoupled. They exist independently from one another. In 

the higher regions of the turbulent boundary layer there seems to be a coupled 

burstfsweep motion. 
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figures 5. 9 and 5.10 'single' events, + : smooth waU, !1 : riblet wall 

5.2 Other investigations 

Besides the analysis described in this report so far, a start was made with ether 

investigations as well. These will be described in the following section. 

First, there is the problem of Tmax· In previous work only the behaviour of bursts was 

investigated. Following the suggestion of Bogard & Tiederman a Tmax was defined. 

The visual confirmatien of the correctness of the use of Tmax was given by Bogard & 

Tiederman themselves. However, this was only for bursts. The present work deals with 

sweeps, too. The same criteria to form bursts out of ejections were applied to form 

grouped-sweeps out of single-sweeps. In ether words: a Tmax for the fourth quadrant 
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was defined, besides the Tmax that was already defined in the second. This seems the 

logical thing to do although no confirmation whatsoever is available. Bearing in mind 

the model of immediate succession of sweeps and bursts (let's assume that the 

sequence is a burst foliowed by a sweep), it may be possible that the Tmax for the 

second quadrant is dominating the fourth as well. Of course the other way around is 

possible, too. We did some investigation to clarify this subject. We computed the Tmax 

for the second quadrant and applied it to farm grocped events in bath the second and 

the fourth quadrant. The same was done for the Tmax of the fourth quadrant. Hence, 

four combinations of Tmax and a quadrant was obtained. For e.xample N2,4 means the 

number of detected events in the second quadrant with the Tmax of the fourth 

quadrant applied. For each combination the resulting number of detected events was 

plotted against the height. The result is shown in figure {5.11). It is seen that up to 

y• = 30 two pairs of similar curves can be discerned. One pair, with Tmax from the 

fourth quadrant applied, shows flat curves. The other pair, with Tmax from the second 

quadrant applied, decreasing curves. In this region the choice for a specific Tmax seems 

to determine the results. From figures (5.2) and (5.4) can be inferred that the number 

of sweeps (fourth quadrant) in this region is more or less constant and that the 

number of bursts (second quadrant) decreases. Figure {5.11) shows the same when for 

each quadrant its 'own' Tmax is used. These results confirm the conclusions drawn 

from figures {5.9) and (5.10), namely that bursts and sweeps occur un-coupled in the 

near wall region. In the region y• > 30, the four curves show similar behaviour except 

for N4,2 at y• = 45. 
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The results in graph (5.11) are obtained from data-sets used by Thijssen (1988). The 

results in graph (5.9) and (5.10) are obtained from our new data-sets. Although the 

sampling frequency and free-stream velocity don't match and the measurements were 

done at different heights, the conclusions from either data-set seem to confirm each 

other. 

The suggestion made by Ferre & Giralt (1989) was investigated. They developed a 

pattern recognition procedure designed to extract footprints of organized structures 

from turbulent signals. It is a general purpose analytica! tooi that makes no use of 

specific flow characteristics. We implemented it as a computer code in FORTRAN. 

The program uses a test-pattern (in streamwise velocity for example) to start up the 

procedure. This patternis shifted over the data as a window and cross-correlated with 

the data. Consecutive data frames with increasing values of the cross-correlation 

coefficient indicate that alignment between the test-pattern and the window of data is 

improving, until a local maximum is found in the cross-correlation function, i.e. until 

the best similitude between the test-pattern and the recorded turbulent signal is 

attained. Thus the decision of accepting or rejecting a data frame as belonging to the 

class represented by some prototype (i.e. the test-pattern) depends upon the values of 

the local extrema of the correlation function being higher or lower respectively than a 

pre-selected threshold value. All the accepted data frames are than averaged. This 

average is used as the test-pattern for the next run. The procedure continues until the 

resulting average and the test-pattern have a cross correlation coefficient higher than 

another preselected threshold level. The ultimate resulting average then is the 

footprint of some coherent structure in the flow. As initia! test-pattern the conditional 

averages were used. However, a satisfactory resulting average could not he obtained 

since the result depends heavily on the value of the first threshold (i.e. accepting or 

rejecting a data frame). When this threshold has a very low value many data frames 

are accepted but the resulting average will not he similar to the initia! test-pattern. 

The other extreme is to put a high threshold level so only few data frames will he 

accepted. Then the resulting average will not he a measure for the (frequently) 

accuring coherent structures. The expectation was that the number of selected data 

frames as a function of the threshold level would show a discontinuity at some value 

of the threshold. This could he an indication to select that value as the correct 

threshold level. In figure (5.12) this function is shown. No specific threshold value can 

he selected on the basis of this curve. It seems difficult to relate the conditional 

averages with the actual signal. The condusion from this negative result is that the 

present way of computing a conditional average results in a curve which bears little 

resemblance to the turbulent signal. This suggests that conditional averages should he 
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calculated in a different manner than the past several years. More investigation is 

needed. A possibility of the procedure of Ferre & Giralt is that the succession of 

bursts and sweeps can be investigated. By shifting two conditional averages ( one burst 

and one sweep) into one another a test-pattern fora burst/sweep (or sweep/burst) 
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figure 5.12, number of accepted data-frames as a fuction of 

the threshold value 

cycle is obtained. It is plausible that an event grows slowly until a maximum 

intensity is reached. After the peak-intensity the event slowly decays again. In view 

of the lead and the lag of the burst and sweep events as the conditional averages in 

figure (5.5.) and (5.6) show, a burst/sweep cycle is more probable than the other way 

around. 

Furthermore, a glance is taken at the burst-period distribution for each height. It 

seems that there is a preferenee for discrete periods accuring more frequently than 

others. This could be connected to the work of Bogard & Tiederman but also 

Blokland (1990) suggests discrete wave periods dominant in the flow. This part of the 

work is still in a very premature stage and further investigation needs langer data 

series (over 900 seconds) in order to obtain a more detailed distribution. 
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6. Conclusions 

A detailed comparative study of the near wall turbulent boundary layer over a 

smooth and a riblet wall has been carried out. The results indicate differences in 

structure and they will be compared to other authors' results. 

A major condusion is that burst- and sweep period and -duration are strongly 

dependent on the height. This proves that no unique period for bursts and sweeps can 

be defined for the whole sublayer. More specifically the differences in the two shaded 

areas in figures {5.1) to {5.4) are worth looking into in more detail. 

Sreenivasan's instability model introduces a critical layer in which all the flow's 

vorticity is concentrated. The critical layer is modeled as an infinitesimally thin layer. 

At the free stream velocity our experiments were carried out, 'Vc+ ~ 60, according to 

equation {1.13). Taking into account the limited accuracy of that equation and 

hearing in mind the fact that the critical layer in reality will be a fat layer {instead 

of infinitesimally thin) it seems plausible to identify the shaded area in figures {5.1) 

and {5.2) with Sreenivasan's critical layer. Changing from a smooth to a riblet surface 

the critical layer is liable to change as well in order to produce the drag reduction. 

The change of the critical layer can be identified with the change of the number of 

bursts {and hence the amount of vorticity) in this area. In this model the decrease of 

vorticity in the critical layer causes the drag reduction. 

Another possiblity is comparing our results with Choi's data. Choi identifies two pairs 

of vortices: one pair very close to the wall (y• < 20), the other pair higher in the 

turbulent boundary layer, approximately at y• = 35. Looking at figures {5.1) to {5.4) 

one could identify the lower and upper vortex pair to the shaded area in figure {5.3) 

and {5.1) respectively. It seems that changing the type of surface causes a shift in the 

activity of the two vortex pairs. Whereas in the upper vortex pair activity decreases 

(i.e. the number of bursts decreases in the area 25 < y• < 50), the lower vortex pair 

shows an increase in activity (number of sweeps increases). The bursts are connected 

with decelerating fluid, sweeps with accelerating fluid. As figure {3.2) shows there is 

indeed a higher velocity in the near wall region above the riblet wall. The shift of low 

speed fluid to high speed fluid in the two linked-up areas is responsible for the drag 

reduction. In fact this contradiets the assumption of a thickening of the viscous 

sublayer. It has been assumed that above a drag-reducing surface the viscous sublayer 

is thicker than above a smooth surface. This would cause a larger area with a 

proportional velocity profile and hence smaller velocity gradients (assuming that the 

velocity on the edge of the viscous sublayer is the same) which cause the drag 
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reduction. In this model the mean streamwise-velocity (close to the wall) above a 

drag reducing wall should be lower than above a smooth wall. We find the opposite 

result. One restrietion must be made: as mentioned before we do not know the exact 

location of the zero-velocity streamline above the riblet wall. Figure (3.2) should thus 

be interpreted with some caution. 

From visualization studies we know that in the near wall region (y• < 30) there is a 

periadie sequel, in the spanwise direction, of low speed streaks and high speed regions 

(see figure 1.2). Viewing in the flow direction they are positioned next to one another. 

Figure (5.8) and (5.9) show that in the near wall region the sweeps and the bursts are 

mainly un-coupled (i.e. no overlap). That can be explained by assuming that bursts 

are mainly connected with low speed streaks and sweeps with high speed regions. In 

this model it follows that bursts and sweeps occur mainly next to one another instead 

of after one another. This distinct division into different regions gradually becomes 

blurred at higher y• values, so in the outer region of the turbulent boundary layer 

bursts and sweeps can become coupled as the immediate succession-model prediets 

(see section 5.1). 

Our results show striking differences with the results presented by Choi (1989). Choi 

finds that the burst duration was reduced by a factor of two above the riblet wall 

whereas we find no differences except for the region 25 < y• < 50 where the burst 

duration increases above the riblet wall. The burst period decreases over a riblet wall 

substantially, according to Choi. Our measurements show an increase of 3% to 36%. 

The cause for these differences in results is as yet unclear 

Finally the time scale of the near wall bursts and sweeps seem not to scale with the 

inner variables, according to figures (5.1) to (5.4). The suggestion of Sreenivasan to 

compute auto-correlations of the velocity signa! for only a few hundred integral time 

scales could be carried out to confirm the timescale of the bursts and sweeps. More 

investigations are needed. 
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Appendix A 

From the report by A.D Schwarz-van Manen & J.C. Stouthart (1990) we reproduce 

the equation on page 10 of that report: 

p = [a-+ La- { (a'(~"rWNg> _ a2 } '/2 ]· [ Nw2 (1 + (+)•) -1 ]'/2 Al 

In which the used symbols are explained in figure AL With some algebra and the 

following approximations equation (A2) can be derived. We assume that: 

f2 
1 << (1 + ä2" ).Nw 

f2 
1 << (1 + ä2" ).Ng 

a2 << f2 

Hence: 

A2 

Differentiating (A2) with respect to La, the following is obtained: 

~a=- Nw A3 

For large variations of La this reads: 

2.1 
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figure Al, schematic drawing of the beam passage 


