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Summary 

In this project objective measures for coherent structures in a turbulent boundary 

layer have been examined, both theoretica! and experimental. These measures 

are based on isoshear contours in a z,t-map of the shear stress field measured 

by a hot film array-detector in a windtunnel. A new algorithm for finding these 

contours in the z,t-map has been developed. 

From close examination of the detector I concluded that its dynamica! response 

could not be related toa theoretica} model developed by Freymuth [Freymuth 1980]. 

It has, however, only a limited effect on the experimental results for the contour 

statistics. 

An overview of the literature on the statistics of zerocrossings in random Gaus

sian distributed signals is presented, because this problem is closely related to 

the discussed isoshear contours. It appears that for turbulence signals, that are 

clearly non Gaussian, these theoretica} results also hold. 

Furthermore I conducted experiments to determine the statistica} quantities of 

contours, these results are comparable to the preliminary results reported in 

[Water]. Also, the correlation between the hotfilms and a hotwire was measured 

and the 0-correlation reported earlier in [Brown] was found. Unfortunately these 

results are clouded because of problems with the detector. 

Finally a numerical model for the turbulent boundary layer based on the prin

ciple of Proper Orthogonal Decomposition was examined. Compared to our ex

perimental findings, the numerical results for the shear stress show too much 

regularity. 
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Chapter 1 

Intrad u ct ion 

As Reynolds showed one hundred years ago, a turbulent flow can be decomposed 

in a constant mean flow and time varying fluctuations. The mean velocity profile 

of a turbulent boundary flow, which is considered in this thesis, is fairly well 

known. Figure (1.1) shows a general mean velocity profilefora turbulent bound

ary layer. This picture is taken from [Kundu]. For comparison figure (1.2) shows 

a profile that has been measured in our experiment. On the basis of this profile 

the boundary layer can be devided into distinctive parts (see figure (1.1)): 

1. the laminar sublayer in which viscous effects dominate the flow so that the 

velocity increases linearly with the distance from the wall; 

2. the buffer layer in which neither viscous stress nor the Reynolds stesses are 

negligible, in this layer the velocity fluctuations are the largest; 

3. the log layer where viscous effects are negligible and the velocity increases 

logarithmically with the distance from the wall; 

4. a transition layer foliowed by the main flow. 

The velocity fluctuations are thought to be organised in coherent structures or 

eddies. These eddies have been the subject of research in many vizualisation 

and conditional sampling experiments. An overview of this research may for ex

ample he found in [Robinson]. This research has led to conceptual models for 

near-wall turbulence. Probably the best known conceptual model is the so called 

"bursting" process. This process starts with a low speed streak: a colledion of 

low speed fluid. This low speed streak becomes unstable through the inflectional 

velocity profile that is created at the interface between the low speed streak and 

the higher speed fluid just above the streak. This unstability leads to oscillations 

of the low speed streak. These oscillations grow and cause a roll up of the shear 

layer between the low speed streak and the higher speed fluid to form so called 

hair-pin vortices. These vortices consist of two counter rotating streamwise vor

tices, the legs that are connected through a spanwise vortex: the head. While 

the legs are stretched through streamwise vortex stretching, the head is lifted up. 

The low speed fluid between the legs is lifted by the counter rotating vortices. 

5 
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Figure 1.1: Turbulent boundary layer mean velocity profile (this picture was 

taken from [Kundu]) 
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Figure 1.2: Turbulent boundary layer mean velocity profile as measured in one 

of our hot wire experiments 
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Figure 1.3: The statistica! quantities of isoshear contours: their width w, their 

length 1 and their spanwise separation d. 

This leads to an ejection: a lift up of low speed fluid into a region with higher 

speed fluid. In order to maintain continuity, this ejection is foliowed by sweeps 

around the hair-pin vortices. The sweep consistsof high speed fluid moving down 

to a region of lower speed :fluid. Between the legs of the by now even more elon

gated hair-pin vortices, low speed :fluid is collected and a new low speed streak is 

formed. With this new low speed streak the process can start again. 

Until now experiments with these coherent structures have relied on subjective 

methods like visualization and conditional sampling. Development of objective 

measures for coherent structures is one of the main goals of the research con

ducted in the "heterogene media en turbulentie" group were this project was 

clone. One of the experiments involves one dimensional measurements of the 

shear stress field. The idea hereis tolook at isoshear contours in a z,t-map of the 

shear stress field. This allows more precisely defined statistica! quantities that 

contain morphological information. Figure (1.3) schematically shows a collection 

of contours and illustrates quantitative aspects. The figure shows the width w at 

a certain point on the contour centerline, the length 1 and the distance between 

centerlines d at a given instant. Another quantity that is considered, is the aspect 

ratio of a contour defined as its length over its width ( 1 j w). Preliminary results of 

the experiments may he found in the Physical Review Letter by W. van de Water 

and E. van de Wetering [Water]. The main objective of this project was to check 

the preliminary results and look into questions of datahandling. 
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First I developed a new algorithm for finding the contours because we were hav

ing trouble with the existing one. Then software was written to interface the 

experimental results with a standard graphics software package. This way we 

could easily visualize and check our results. A discription of these programming 

activities can he found in chapter 3. Chapter 3 also discusses the effect that 

aliasing and interpolation in the spanwise direction have on the results. 

In chapter 2 I discuss a theoretica! model for the dynamica! response of the hot 

film array-detector that is used in our experiments. The measured dynamica! 

response of the detector is also discussed here. 

In chapter 5, new measurements of the statistica! quantities are discussed. This 

chapter also discribes some correlation measurements I have made, using the hot 

film array-detector and a hot wire. 

Except for this datahandling and experimental work I have also looked into the 

problem of the statistics of zerocrossings. This subject is closely related to our 

statistics of contours. A lot of theoretica! work has been done in the literature 

on the statistics of zerocrossings in Gaussian distributed random signals. Fur

thermore some reports of direct measurements of the statistics of zerocrossings in 

one dimensional turbulence signals can he found in the literature. An overview 

of this work is given in chapter 4. 

Finally in chapter 6, a simple numerical simulation that has recently been de

veloped by Zhou and Sirovich [Sirovich 1994] is discussed. I reproduced their 

simulation in order to compute a z,t-map of the shear stress field predicted by 

this model. The statistica! quantities that have been developed are used on this 

shear stress field to compare the results with our experimental results. 



Chapter 2 

Experimental setup and Data aquisition 

2.1 Experimental setup 

The experirnents were clone in a low speed wind tunnel. Figure (2.1) shows a 

schematic drawing of the the experirnental setup. The rneasurement section is in 

the lower part of the tunnel. At the beginning of the measurement section the 

boundary layer is tripped by a rough obstacle (a saw blade). This tripping is to 

ensure that the turbulent boundary layer always starts at the sarne position in 

the tunnel. If we don't use a tripping device, a turbulent boundary layer will 

develop due to intrinsic flow instahilities but it is not certain exactly where the 

boundary layer will start. There are two blades, one at the bottorn side of the 

tunnel and one at the top side, in ordertopreserve the syrnmetry of the flow. 

At about 4 meters downstrearn of the blades there is an array of 24 hot films next 

to each other in a direction parallel to the wall and perpendicular to the direction 

of the rnean flow. The films are 700 p.m long with their centers separated by 

1400 p.m. The thin-filrn array decteetor and its instrumentation will he discussed 

in detailinsection 2.3. The detector is mounted flush with the wall. A standard 

hot wire anemometer can he positioned near a selected hot film. lts vertical 

position can he adjusted by computer with an accuracy of 10 p.m. 

2.2 Experimental conditions and sealing 

In order to be able to cornpare different experiments, the distances and veloeities 

in an experiment are scaled using characteristic length and velocity scales of 

the flow. For the turbulent boundary layer we use the so called inner sealing 

parameters that are based on the laminar sublayer and the logarithrnic region. 

The charaderistic length [* and velocity u* are given by 

u* - ~· (2.1) 

1* 
11 

(2.2) -
u* 

9 
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fan 

) 

tripping 

Figure 2.1: Schematic drawing of the experimental setup with the hot films 

detector and the hot wire 

with p the mass density of the gas, r 0 the shear stress at the wall and 11 the 

viscosity of the gas. A quantity that has been nondimensionalized using these 

scales is indicated with a + sign. 

The standard reference frame of a boundary layer flow is sketched in figure (2.2). 

In it the x( x1)-direction is chosen along the mean flow with the positive x-direction 

in the direction of the flow. The y(x 2)-direction is chosen perpendicular to the 
wall with y = 0 at the walland positive y-values above the wall (into the flow). 
The z( x3)-direction is the remaining spanwise direction perpendicular to the flow 

y 

u > x 

Figure 2.2: Standard reference frame for a boundary layer 
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Figure 2.3: The thin film decteetor (enlargement 2.7x). The filmscan heseen 

just above the gold strip in the bottom. 

direction and parallel to the wall ( and such that it forms a right handed coordi

nate system). 

To calculate the charaderistic scale in our experiments we use a well-establised 

empirica! formula to calculate To in equation (2.1) 

u.9/5 
To ~ 3. 75 10-3 x~/S (2.3) 

So that in our experiments at x= 4 mand U0 = 4 mfs 

u* ~ 11cmfs 

I* ~ 89pm. 

(2.4) 

(2.5) 

Using another empirica! relation we find that the boundary layer thickness 6 at 

these conditions is about 
x4/5 

6 ~ 39 10-3 UJ·S = 9.0cm. (2.6) 

2.3 The thin film shear-stress detector 

Figure (2.3) shows the layout of the dectector. It consistsof a row of thin films 

made out of titanium, which are 700 pm long and 70 pm wide. Each film is 
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DEC workstation 

PHYBUS 

Figure 2.4: Electronic setup of the experiments. The signal from the Wheatstone 

bridge that contains the wire or film, is amplified, sampled and send to the DEC

workstation. 

at both ends connected to a golden track that supplies the current from the 

electronics. These tracks are considered to have a very low resistance compared 

to the films so that they do not heat up. The operating principle of the detector is 

that the heat flow Q, from the decteetor to the flow is dependent in a non-linear 

fasion on the shear stress r. 

(2.7) 

Where T0 is the flow temperature and TJ the film temperature. This result fol

lows from a discription of the laminar velocity and temperature boundary layer 

[Bellhouse 1966]. 
The thin films are operated as constant temperature anemometers. Their instru

mentation is sketched in figure (2.4). The electronics consist of a Wheatstone 

bridge of which a film or a wireis a part, foliowed by an operational amplifier 

which enables us to "substract" an adjustable voltage from the bridgetop voltage, 

which again is foliowed by an amplifier with an adjustable gain. The resulting 

signal is sampled by an A/D-converter and then send to the workstation were the 

data processing takes place. These electronics make the setup very sensitive to 

small variations of the current through the film or wire. Our thin film decteetor 

has a good signal to noise ratio, but the problem is the highly frequency depen

dent sensitivity, which necessitates a dynamic calibration. The crudal point is 
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Figure 2.5: Heat diffusion problem. The situation in (a), heat losses Qe through 

the substrate to the flow, is modeled by the situation in (b), heat losses by 

diffusion through the substrate. 

the heat loss to the film substrate which, in turn, is cooled by the flow. The 
penetration depth of temperature fluctuations is 

Dt 
y = (-)2 

w 
(2.8) 

where D is heat diffusivity. For a substrate made out of glas with a thickness 

of 1mm this gives fc = ~ = 0.07Hz. Because we are interested in turbulent 

fluctuations, we can live with a low frequency cuttof at 0.07Hz. However it nec

essarily implies that a static calibration of the detector is useless. Therefore we 

have measured a dynamica! calibration which is discussed in the section (2.4). 

To obtain some insight in the measured transfer function we will describe a simple 

dynamica! model for the detector that was developed by Freymuth [Freymuth 1980]. 

The model prediets a transfer function that is parametrized by two parameters. 

One could, therefore, determine these parameters by adjusting them until the 

best fit of a model transfer function to the measured transfer function is ob

tained. 

We consider the actual situation depicted in figure (2.5a) which we model by the 

one in figure (2.5b) that contains all relevant heat flows. For the different heat 

losses to the flow we write 

Q, - a(r)(TJ- To) 

Qe - pa(r)(T-h- To) 

(2.9) 

(2.10) 

where p is factor that for example contains the ratio of the exposed area of backing 

material to the film area and o( r) discribes the dependency on the local shear 
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stress. Using equations (2.9) and (2.10) we can write for the energy balance at 
respectively the upper and lower boundary 

U2R 
(2.11) 

(2.12) 

in which A is film area and D the thermal diffusivity of the substrate. These 

equations are linearized around the static working point U =< U > +u, 
R =< R > +r, T =< T > +T', T =< T > +r', and we assume harmonie 
time dependenee of the fl.uctuations, for example u(t) = u(w)eiwt. 

The key physical mechanism that determines the dynamic behaviour of the de

tector is heat diffusion in the backing materiaL Therefore we assume that the 

response of the instrumentation electronics is instantaneous. 

The solution of the heat diffusion equation for temperature fl.uctuations is 

(2.13) 

with n = wh2 ID. The constants cl and c2 can be determined from the boundary 

conditions. Equation (2.13) can be used to eliminate the temperatures gradients 

in the linearizations of equations (2.11) and (2.12). The resulting transfer function 

IS 

H ( ) u(w) 1 do: (1 ~ ) 
.,. w = r'(w) = o:(r)dr +p(1 +x)2 (2.14) 

with 

2(in)l fu 
.;r,._ x 
'J.'- 1 1 

[<mJ 2 + 1]exp(in)l + [<mJ 2 
- 1]exp- (in) i 

(2.15) 

and where x is the "Biot" number 
ho:( T) 

x= AD. (2.16) 

Practically n determines the frequency and x and p are adjustable constants ( ac

tually only the ratio xfp matters). Figure (2.6) shows amplitude of the resulting 

transfer functions for different values of p. 

It can be shown that for small frequencies 

R.,.(w) = !H.,.(w)l = 1- Cw2 (2.17) 

after which there is a much more gradual decrease of R.,.(w) with increasing w. 
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0.2 

Figure 2.6: The transfer function RT for the local shear stress for different values 

of p. The graph shows the transferfunction for x = 1 and, from top to bottom, 

for p = 4, 8, 16. 
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y+ 

Figure 2. 7: The mean velocity profile of the flow close to the wall as measured 

by the hot wire 

2.4 Dynamic calibration of the hot films 

The idea of the calibration experiments was to find the frequency dependent 

transfer function of the hot filmsusinga hot wire which is positioned just above 

one of the films. The hot wire is statically calibrated using a nozzle ( actually 

the calibration involves a complete setup which has been build and automated 

by R. van Galen [Galen]). The frequency dependent transfer function of the 

wireis considered to beflat for the frequencies involved (! < 1 kHz), the cutoff 
frequency of a wire is usually of the order of 30 kHz. This calibration enables us 

to relate the signals from the hot wire directly to the local speed. The hot film 

signal, however, is proportional to the local shear stress. Therefore the hot wire 

is moved close to the wall where the turbulent velocity u depends linearly on the 

height y. So that the hot wire registers shear stress T = ufy. The diffi.culty is 

finding the linear viscous sublayer that is located very close (of the order of 0.5 

mm) to the wall. 

Figure (2. 7) shows the mean velocity profile just above the hot films measured 

with the hot wire (the films were cold during this measurement). As can beseen 

from figure (2. 7) the laminar sublayer extends to about 101* ( =800J.Lm) from the 
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Figure 2.8: The amplitude of the calculated transfer function 

wall (the deviation for heights below 31* (=300J.Lm) is a well known phenomenon 

caused by direct heat exchange between the walland the hot wire). On the basis 

of this measurement I chose to put the wire at 500 J.Lm from the wall for the 

calibration measurements. With the wire and 23 hot films I made 2 time series 

each consisting of 524,288 points at a main stream velocity U0=4 m/s. The first 

thing to do with these timeseries was to calculate the correlation function with 

all the hot films in order to find the film dosest to the wire. The reason for this 

is that the spanwise location of the wire was diffi.cult to measure. After this film 

had been identified I calculated the autocorrelation function of the shear stress 
computed from the calibrated wire signal and the crosscorrelation function of 

the shear stress signal with the scaled hot film signal. The hot film signals were 

scaled using 

Yi = 2 2 • < xi >t - < Xi >t 
(2.18) 

I used this sealing so that the computed transfer function would he applicable to 

all hot films. We can now calculate the transfer function H(w) by realizing that 

u(t) = ltoo h(t- t')r(t')dt' = fooo h(t')r(t- t')dt'. (2.19) 
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Figure 2.9: The phase of the calculated transfer function 

So that we can write for the crosscorrelation function ~u 

~u(9) =< r(t)u(t + 9) >=< fooo h(t')r(t)r(t + 9- t')dt' >= 

fooo h(t')R77.(9- t')dt' (2.20) 

with RTT the autocorrelation function. By taking the Fourier transfarm of equa
tion (2.20) we find 

or, 

STu(w) = H(w)STT(w) 

H(w) = STu(w) 
STT(w) 

(2.21) 

(2.22) 

with STu(w) the Fourier transfarm ofthe crosscorrelation function and STT(w) the 

Fourier transfarm of the autocorrelation function. This method of calculating the 

transfer function is discussed in great detail by Stevens (Stevens] and Priestley 

(Priestley]. Figure (2.8) shows the amplitude of the resulting transfer function 

and figure (2.9) shows the phase. The transfer function has meaning for frequen

cies below 200 Hz, above this frequency the estimated transfer function explodes 
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Figure 2.10: Histogram of velocity fiuctuations that were measured with the hot 

wire in the viscous sublayer. The vertical solid line indicates the mean value and 

the dashed lines indicate the standard deviation. 

due tothefact that we are deviding two small numbers. Above this frequency, the 

turbulence signa! registered by the hot film drops below the hot film noise level, 

whereas the hot wire signa! amplitude keeps decreasing with increasing frequency. 

The most interesting characteristic of the transfer function itself is the way in 

which the amplitude decreases as a function of the frequency. Fitting a straight 

line through the data of figure (2.8) for the low frequencies (! < 100 Hz) gives a 

slope of -0.29 which means that the amplitude decreases as f-0·29 • This result is 

in good agreement with the slope found by Stevens which is -0.25. 

In order to appreciate this result better the following important remark must be 

made. The measurement of a transfer function assumes a linear time-dependent 

dynamica! system that relates shear stress fiuctuations to registered voltage fiuc

tuations. However, the Bellhouse equation (2.7) is manifestly non linear. There

fore, a turbulence experiment for measuring transfer functions is only possible 

if the size of the turbulent fiuctuations is a small fraction of the mean. In fig

ure (2.10) we show a histogram of veloeities that was measured with the hot 

wire inside the viscous sublayer, therefore these are linearly related to the shear 
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stresses. From this histogram it is evident that the fiuctuation size is not a small 

fraction of the mean. We incidentally notice that velocity values smaller than 

0.3m/s could not he detected because of wire calibration problems at these low 

velocities. However, the large fiuctuations are predominatly at the low frequen

cies with a fiuctuation amplitude that decreases with frequency as fast as r oe f. 
Therefore we believe that the transfer function of frequencies > 50Hz can still he 

measured from turbulence data. 

It turns out that the measured transfer function can not be reproduced by the 

Freymuth model of the previous section. This model has a much stronger fre

quency dependence. Perhaps this is because the heat conduction to the air-cooled 

substrate is not adequatly represented in this model. We do not know. 



Chapter 3 

Datahandling and Contours 

3.1 Data sealing, interpolation and smoothing 

The detector array is not perfectly homogeneous. Along the array there are small 

variations in the temperature and sensitivity of each detector. Therefore, the 

data were normalized such that each detector sees the same mean and standard 

deviation of the signal 

Xi- < Xi >t 
Yï = 2 2 • < xi >t - < Xï >t 

(3.1) 

where the angular brackets denote a time average. The assumption, therefore, is 

that turbulent shear stress :fluctuations do not depend on the spanwise location. 

It was checked that the mentioned normalization was suffi.cient by verifying that 

the normalized speetral response of each detector was the same. 

The scaled data Yi is interpolated in the space-like direction and smoothed in 

the time-like direction. The data is interpolated so that the resulting number of 

points in the space-like direction is up to 8 times the number of measured points. 

Interpolation is done either with splines, with linear interpolation or with Fourier 

interpolation. These different ways of interpolation together with aliasing effects 

in the space-like direction are discussed in section(3.4). 

In the time-like direction we have enough resolution so interpolation is not needed. 

Because we use a sample frequency of 2kHz and we filter the signal with a low 

pass filter at 800Hz, according to the Shannon theorema there can be no alias

ing in the time-like direction. To suppress noise we do some smoothing in this 

direction. Normally we use a [1,2,1)-smoothing kernel, but we can also a use a 

[1,2,4,2,1)-smoothing kernel. Because we want to do statistics on contours in the 

data, the amount of smoothing is crucial. If there is to much smoothing we might 

join contours which in reality are separated. If on the other hand there is too 

little smoothing, noise might separate contours which are in reality just one con

tour. Noise will usually ruin only one sample in the row so the [1,2,1]-smoothing 

should do just fine. Smoothing in time-like direction is performed before the 

interpolation in space-like direction. 

21 
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Figure 3.1: Co lor coded map of wall shear stress 

a z-t plane. In vertical direction we see the 

time-direction with 1000 points ( =500ms) and in 

horizontal direction we see the z-direction that 

contains 192 points ( =3601*) after interpolation. 

The yellow /red spots are spots of relatively low 
shear stress and the blue/purple spots are spots 

of relatively high shear stress. 
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Figure 3.2: Color cocled 3-dimensional power spectrum. The color and the z

direction indicate the amplitude for a certain frequency. The frequency axis itself 

is pointing towards the reader, to the right . In the remaining direction we see 
the different channels. 
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The complexity of the setup and associated instrumentation requires a fast and 

convenient way of visualizing the 24 or 48-channel signal. In this way prob

lems can he recognized immediatly. An important part of the thesis project was 

building software interfaces to a standard visualisation package called A VS (A p

plication Visualization System). These interfaces enabled simple inspeetion of 

the signal in a color-coded z-t map as shown in figure (3.1), inspeetion of the 

P(z,!) power spectrum shown in figure (3.2) and representation of the signa! as 

a computer animated 3D scene. 

Figure (3.2) shows the power spectrum of a typical run. It is seen that the noise 

fioor of some the channels is larger than that of others. It turned out that this 

was crudal piece of diagnostic information. We discovered that the electranies 

of the channels with a relatively high noise fioor contained amplifiers that were 

generating a small amplitude, high frequency, signa!. Using these results we were 

able to correct the problem. 

3.2 Algorithm for contours 

Because of the large amount of data and because of the way we want to handle 

the results, a standard routine for finding contours in a dataset is not applicable 

to our measurement data. Therefore we developed our own software. A pro

gram written by a predecessor already existed. However, this program had a few 

shortcomings, it failed to find "holes" in contours and it had trouble handling 

contours which split up into two arms. In order to improve on this I developed a 

new algorithm and implemented it. A complete discription of this algorithm can 

he found in appendix A. Here we will only discuss the idea in short. 

The basic idea of the algorithm is to look first at a row of samples that are taken 

simultaneously. In this row we look for strings of data which lie above ( or under) 

the designated signallevel; next we try to put tagether the strings from adjacent 

timelines to form contours. This reduces the problem to a parent-child situation: 

we have the strings that existed in the previous timeline which we identified with 

a certain contour: the parents. We now have to conneet them to the new strings 

that we have found in the present timeline: the children. A child is identified to 

belong to a certain parent if, when the timelines are put on top of each other, the 

"child string" has overlap with the "parent string". This means that a parent 

can have more than one child in which case the contour is splitting up in two 
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( or maybe more) arms. Also a child can have more than one parent in which 

case two (or more) contours are merging together. We mark the parents with a 

family identification so that we can still identify a contour that has split up in 

two or more parents (strings) as belonging to the same contour. This family mark 

enables us to recognize types of contours, like contours with a hole or contours 

that split up. The children inherit this family mark. Sometimes a child can not 

he identified with a parent, in that case a new family is born which is entered 

in the list. When all the children have been handled we must verify that all 

parents have been identified with a child, if a parent has not found a child, the 

family apparently has died. The contour has ceased to exist, its charaderistics 

are calculated and stored, and the family is removed from the list. Strings that 

begin or end at one of the edges of the timeline (detector array) and the contours 

these strings belong to, are ignored for the calculation of statistics. 

The main advantage of this algorithm is that it "scans" through the dataset in 

the direction in which it is stored. This makes memory management easier, there 

is no need for pageing or something like that. 

Figure (3.3b) shows the contours (with a signa! level below 1 times the stan

dard deviation of the mean) found by the new routine in a part of the dataset 

shown in figure (3.1) ( the lines which interseet certain contours are generated by 

an artefact of the drawing program, they don't have any influence on the calcu

lated statistics). For comparison figure (3.3a) shows the contours found by the 

old routine in the same dataset. 

3.3 Characteristics of the contours 

From the point of view of datahandling two kinds of contour charaderistics exist, 

characteristics that are calculated at each time-line and charaderistics that are 

calculated after a contour has ceased to exist. The distances between neighbor

ing and next-neighboring contours as calculated from the contour center lines, 

belong to the first kind. These quantities are not charaderistics of a certain 

contour but of pairs or triples of contours. For each timelinea certain number 

of these distances (dep en ding on the number of strings found in that timeline) 

can be calculated. These distances are stored in a histogram. There is no need 

to separatly quantize the distances for the histogram because they are already 

restricted by the number of points in a timeline of the dataset ( which may be 
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Figure 3.3: The contours found at a signallevel of minus one times the standard 

deviation. The contours were found in the first part of the dataset shown in 

figure {3.1); (a) found by the old algorithm; (b) found by the new algorithm. 
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larger than the number of hot films due to interpolation). 

At each timeline we also store the position of the left and the right side of the 

existing contours. This information is used to calculate some of the character

istics of the second kind. These characteristics are calculated when a contour 

has ceased to exist. The information about both sirles of the contour is used to 

calculate the mean width of the contour and the mean position of the contour 

center line in the space-like direction. Because of the translation invariance of 

the turbulent flow in the spanwise direction, there is no interesting physics in 

the distribution of the contour centerline locations. However, it is an important 

diagnostic for the spanwise interpolation procedure. 

The length of the contour is also calculated when it has ceased to exist. The 

length is defined as the time between the point at which the contour started 

and the point stopped. As last charaderistic the aspect ratio of the contour is 

calculated, this ratio is defined as the length divided by the mean width of the 

contour. 

3.4 Aliasing and interpolation 

3.4 .1 Aliasing 

As we have explained before we only have an aliasing problem in the space-like 

direction of the dataset. This is a fundamental problem, however, due to the 

length of the hot films and the presence of gaps between adjacent films. In the 

following we will derive an equation for the effect of aliasing. This equation will 

enable us to understand the effect of gaps between the thin-film decteetors on 

the measured spatial distribution of shear stress. 

We start by examining a hot film with anideal sensitivity function given by 

g(x) = c for lxl ~ !a 
(3.2) 

for lxl > !a 

with a the size of one hot film. This function has a fouriertransform given by 

G( k) = :a sin(! ka). (3.3) 

We now define a measured signal 

h(x) = L: f(z)g(x- z)dz, (3.4) 
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with f(z) the signal we want to measure. This function h(x) represents the signal 

that would he measured by a hot film that has its center at the spanwise posi

tion x. Note that although this function is continuons it has no meaning except 

for the positions of the centers of the actual hot films. Calculating the Fourier 

transform of formula (3.4) results in 

H(k) - G(k)F(k) => 

H(k) - ~a sin(! ka)F(k). (3.5) 

We now consider an infinite number of thin-films (in doing so we discard the 

edges of the detector array) separated by a distance B. Therefore, we sample the 

function h( x) at the positions of the centers of the subsequent films 

00 00 

h(x) = L h(jB)ö(x- jB) = h(x) L ö(x- jB). (3.6) 
j=-oo j=-oo 

So that we find for the spectrum of the total detector array 

1 00 211" - - L: H(k- a-) => 
B a=-oo B 

ii(k) 

ii(k) _ 1 ~ 2 . 1 21ra 21ra 
- B a~oo (k- a1f)a sm(2a(k- B))F(k- B). (3.7) 

The aliasing effect is easily seen in the form of the summation in formula (3. 7). 

From this expression we can conclude that the best configuration is reached when 

the films are as close together as possible. However, even if there are no gaps 

between the films there will still be an aliasing effect in the space-like direction. 

Aliasing would be absent if the length of the array elements is smaller than the 

smallest spanwise wave length of the turbulent fluctuations. 

3.4.2 Interpolation 

Closely related to the aliasing problem in the space-like direction is the interpo

lation which we deploy in this direction. The interpolation method should not 

introduce any higher frequencies than those already present in the original signal. 

As will he shown in the next chapter these high frequencies greatly influence the 

number of zerocrossings ( contours) found in the signal. 

A histogram of the mean position in the space-like direction of the contours 



3.4. ALIASING AND INTERPOLAT/ON 

' 'PI 2-

~ 
V 

1 ~ ~ 

•t03 
0 

I 

\ 

100 

~ 

I 

200 
posit\on 

29 

I -

-

V -
V 

I 

300 

Figure 3.4: Histogram of the spanwise position of contour centerlines when spline

interpolation is used 

found in a dataset has shown to be a good way of checking the interpolation 

method used. Figure (3.4) shows such a histogram for the interpolation with (3-

spline interpolation. A "good" histogram would he smooth (without any peaks) 

with its maximum in the middle of the detector array and it would be zero at 

the edges. This ideal histogram is not flat because contours that hit one of edges 

of the array are not taken into account. The triangles in the figure depiet the 

position of the original measured points, the points in between were created by 
interpolation. Figure (3.5) shows the histogram when we use linear interpolation. 

As we can see linear interpolation is much worse than spline-interpolation. 

In both cases we see that it is much more likely to find a contour at a measured 

point than in between measured points. This can be understood if we assume 

that the signal inside the contour is more or less symmetrical with reference to 

the center of the contour. In that case we can replace the centerlines of contours 

by the positions where the signa! has its extreme values. For linear interpolation 

the extreme values will always be found on the originally measurement points. 

Therefore, the center of a contour is most likely to be found at a measured point. 

This also holds for spline interpolation: the most likely place to find an extreme 
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Figure 3.5: Histogram of the spanwise position of contour centerlines when linear

interpolation is used 

value is at or close to a measurement point. 

We can also look at this prohlem from the view of spectra. As is proved in 

the hook hy èizek [èizek] the spectrum X(w) of a function which statisfies the 

spline conditions can he expressed in the spectrum X(w) of the discrete points 

where the spline conditions must he met 

X(w) = TAn(w)X(w), (3.8) 

where T is the spatial sampling interval size and An(w) are coefficients that de

pend on the order n of the splines. So if we imagine the spectrum to he continuous 

after interpolation, formula (3.8) expresses the spectrum of the interpolated data 

in the spectrum of the original data. This means that An ( w) dictates the changes 

· in the spectrum. Figure (3.6), which is taken form the èfzek hook shows An(w) 
for n = 1, n = 3 and n = 5. The coefficients would heideal if 

A.(w) = {: 

for wT < l 
211' - 2 

for wT > 1 
211' 2 

(3.9) 
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Figure 3.6: Curve of the weight function An(w) for different orders n of the splines 

We see that for n = 1, i.e. linear interpolation, we are far from anideal situation, 

for n = 3, i.e. cubic splines (which we used), things are better but still not ideal. 

The most obvious solution to this problem is to use an interpolation method that 

does not introduce higher frequencies. This can be achieved by just interpolat

ing the signal with sine and eosine functions, or, more practically, calculate the 

Fourier transform of the measured signal and extend the spectrum with higher 

frequencies at which the intensity is chosen to be zero and perform an inverse 

Fourier transformation ( although this introduces some extrapolation which must 

be abandoned). This method of interpolation is called Fourier interpolation. Fig

ure (3. 7) shows the histogram with Fourier interpolation. It is better than splines 

but it still shows somepeaks at the middle of the detector. We do not understand 

the nature of these peaks. 
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Figure 3. 7: Histogram of the spanwise position of contour centerlines with 

Fourier-interpolation 



Chapter 4 

Zero-Crossings and Contours 

4.1 Introduetion 

In this chapter we will compute the width (w), length (l) and separation (8) of 

contours for random signals u(z, t), where u is the measured shear stress. More 

precisely the question is: how do the statisticisof w, l, 8 follow from the statistics 

of u? A very closely related problem is that of the zero crossings of a random sig

nal. The situation is illustrated in figure (4.1). The probability density function 

of the length of contours is related to the probability density function of intervals 

between successive zerocrossings in the time-like direction. But we must realize 

that it is not intirely the same. The lengthof a contourfora positive signallevel 

for example, tells us only about the interval between a crossing with a positive 

slope and the following one with a negative slope. It tells us nothing about the 

interval between crossings with a negative slope and the following one with a 

positive slope, or the interval between two successive contours. However, as the 

considered signal at which the contours were found gets closer to the mean signal, 

the two should become comparable. 

We will show that the mean frequency of zerocrossings of a turbulent signal is 

related to the Taylor-microscale of turbulence: a correlation length of turbulent 

fl.uctuations. We will explain in what sense this relation is surprising. 

A notorious problem in the measurement of zerocrossings is the preserree of noise. 

Noise will introduce many extra zerocrossings and will cut up long intervals be

tween subsequent zerocrossings of the original signal. It was shown by Sreeni

vasan and by Miller and Dirnotakis that noise can have a catastrofic effect on the 

statistics of zerocrossings. Because the measurement noise of different decteetors 

is uncorrelated, its infl.uence on the statistics of contours will be greatly reduced. 

For Gaussian signals, the statistics of the zerocrossings can be expressed in closed 

form in terms of the statistics of u. For Gaussian time dependent surfaces a sirn

ilar expression can be derived for the average length of contours. This will be 

33 
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t 

Figure 4.1: Zerocrossings for a random function. We are interested in the number 

of zerocrossings per unit of time and the distri bution fundion of intervals between 

zerocrossings. 

illustrated in the next three sections. Finally in section 3.5 we will summarize 

the applications to turbulence. 

4.2 Mean number of zerocrossings for lD signals 

In two articles (Rice 1944] [Rice 1945] Rice discusses the statistica! properties of 

random noise. His theory is valid for all one dimensional random signals with 

a Gaussian distribution. Rice derives an expression for the expected number of 

zerocrossings in such a signal and he derives an expression for the distribution 

function of the intervals between zerocrossings. In this section we follow Rice in 

deriving the expression for the expected number of zerocrossings. 

Conform Rice we will represent our signal by 

N 

F(t) = L: Cn cos(wnt- </>n), c! = 2w(fn)~J, 
n=l 

(4.1) 

with ~~ the spacing between the discrete frequencies fn· Any signa! can he 

represented this way when N goes to infinity. The restrietion that F(t) has a 

Gaussian distri bution is reflected in the demand that the <f>n 's are independent 
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Figure 4.2: Linearization of the signal around a specific zerocrossing 

random phases. The w(fn) in formula (4.1) represents for the energy density at 

frequency fn· 

For F(t) to go through signallevel I with a positive slope in a period tb t 1 + dt 
we require that Ç = F(t 1) 

I- 7]dt < Ç <I, with 7J = ~~ lt=tn (4.2) 

as shown in figure (4.2). We will call the probability that F(t) goes through I 
with a positive slope in the period tb t1 + dt, PI+. If p(Ç, 7Ji t1) is the probability 

that at t = t 1 the signal has value Ç and its derivative has value 7], we can find 

PI+ by integrating p(Ç, 7Ji t 1 ) over the area discribed by formula (4.2) 

PI+ = roo d7] ro dÇp(I- Ç, 7Jj it)· 
Jo JTJdt 

(4.3) 

If dt is small, Ç may he taken to he constant and zero so that formula ( 4.3) 

reduces to 

( 4.4) 

Doing the same for the probability PI- that F(t) goes through I with a negative 

slope in tt, t 1 + dt we find 

PI-= -dt j_: 7Jp(I,7];tt)d7J. (4.5) 

Combining equations (4.4) and (4.5) to find the probability PI that F(t) goes 

through I in tb t 1 + dt with either a positive or a negative slope results in 

PI = dt i: I7Jip(I, 7Jj tt)d7J. (4.6) 

Now weneed to find an expression for p(Ç, 7Ji t 1). This can he done if we realize 

that both Ç and 7J are a summation of sine or cosine-functions with independent 
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random phases, therefore p(Ç, TJ, t 1) is just a 2 dimensional Gaussian distribu

tion function. So we only have to calculate the different moments to find the 

distribution function 
N N N 

mu = Ç2 = L c~cos2 (wntl- 4>n) = ~ L c~ = L w(fn)D.f ~ 
n=l n=l n=l 

fooo w(f)df = 1/J(O), (4.7) 

where the overbar denotes an ensemble average over different realizations of the 

signal and where tiJ( T) is the correlation function that is related to the power 

spectrum through the well-known Wiener-Khyntchine relation 

!loT loo tiJ( r) = lim T F(t)F(t + r )dt = w(f) cos(27r fr )dj. T-+oo 0 0 

The other moments follow similarly 

N 

m22 = TJ 2 = L c!w~sin2 (wntl- 4>n) = 
n=l 

and, 

m12 = TJe = 0 

Using equations ( 4. 7), ( 4.9) and ( 4.10) we find 

1 2 2 

p(Ç, T]; tl) = 27r Vlt/J"(O)jt!J(O)e-2$(o) e -2lw'h(o)l' 

and substituting equation (4.11) in equation (4.6) 

l
oo 1 ~ r2 

P1 = dt ITJI-v'lt~J"(O)It!J(O)e -2W'(O)I e-2w(o) dTJ = 
-oo 27r 

_ r2 dt 11/J"(O)I e 2.p(o) _ 
7r 1/J(O) . 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

Equation (4.12) is the main result of Rice's articles, it gives the mean number of 

crossings through I in a period dt fora Gaussian distributed signal. The number 

of zerocrossings per unit of time N0 , therefore is 

1 
No= PI=O =-

7r 
fo00 J2w(f)df 

fo00 w(f)df 
(4.13) 
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As can beseen this rnean is totally defined by the behavior of the autocorrelation 

function of F(t) around r = 0. The f 2 in the integral in equation (4.13) clearly 

shows that high frequencies contribute more to the nurnber of zerocrossings than 

do low frequencies. This can be understood if we look at a signal consisting of a 

relatively low frequency with a large amplitude and a relatively high frequency 

with a srnall amplitude. The low frequency would cause 2 zerocrossings in each 

wavelength, the high frequency, however, will cause the signal to go through zero 

several tirnes when the low frequency component is near its zerocrossing. 

4.3 Distribution of intervals between zerocrossings 

In the sarne articles as rnentioned earlier Rice tries to derive an expression for the 

complete distribution function of the intervals between successive zerocrossings. 

This leads to a expression for the probability that F(t) goes through zero in the 

interval t 1 , t 1 + dt when it is known that F(t) goes through zero at t = 0. This 

probability can, however, only be regarcled as an upper limit for the probability 

density function of intervals between successive zerocrossings. Because the fact 

that F(t) goes through zero at t = 0 and at t 1 < t < t 1 + dt doesn't rnean that 

there are no zerocrossings in between t = 0 and t = t1• So that these zerocross

ings considered by Rice don't have to be successive zerocrossings. 

A more successful approach to find this distribution is foliowed by Longuet

Higgins [LH 1958]. He proves that the distribution function can be expressed 

as 

(4.14) 

in which N0 is the rnean nurnber of zerocrossings given by forrnula ( 4.12) and 

U(r) is the probability that the signa! is positive during an interval of length r. 
Forrnula (4.14) can be derived by consiclering U(t"- t'), the probability that 

F(t) is positive at all positions betweent = t' and t = t", and V(t"- t')dt", the 

probability that F(t) is positive at all points betweent = t" and t = t' and that 

F(t) goes through zero at sorne point betweent = t" and t = t" + dt". So that 

we have 

U(t"- t') = U(t" + dt"- t') + V(t"- t')dt". (4.15) 
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Because if F(t) is positive int'< t < t", than either is positive int'< t < t" +dt" 
or it is positive in t' < t < t" and it goes through zero in t" < t < t" + dt". In 

the limiting case that dt" tends to zero we can write equation ( 4.15) like 

V(t"- t') =- 8~"U(t"- t'). (4.16) 

Doing the same thing again we introduce W(t"- t')dt'dt", the probability that 

F(t) goes through zero somewhere between t' < t < t' + dt' and that F(t) is 
positive between t' < t < t" and that it goes through zero again at some point 

between t" < t < t" + dt". So that, by same reasoning as above, we can write 

V(t"- t'- dt') = V(t"- t') + W(t"- t')dt'. 

By taking the limit as dt' tends to zero we have 

W(t"- t') = ~V(t"- t') =-
82 

U(t"- t'). 
8t' 8t' {)t" 

(4.17) 

(4.18) 

We can also write W(t"- t') as the probability of an upcrossing in (t', t' + dt'), 
which is ~ N0 dt', times the probability of an interval in ( t"- t', t" + d"- t') between 

successive zerocrossings, which is p(t"- t')dt". So that we find 

W(t"- t')dt"dt' = ~N0p(t"- t')dt"dt', (4.19) 

which gives 

( " ') 2 ()2 U( " ') p t - t = - No 8t" 8t' t - t · (4.20) 

And on replacing t" -' t by T we find equation (4.14). 

Now all that remains is to find an expression for U( T ). Longuet-Higgins remarks 

that U( T) can be approached by 

(4.21) 

with 

Un(tt, ... , tn) = prob {F(tt) > 0, ... , F(tn) > 0}. ( 4.22) 

According to equation (4.22) Un expresses the probability that F(t) is positive 

at n points in a certain interval. When n approaches infinity, Un approaches 

U( T) with T the difference between the two most distant points. An expression 

for Un can easily be found by realizing that the signal values F(tt), ... , F(tn) are 
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distributed according to a Gaussian, and therefore the function Un is an integral 

over the n-dimensional half space a1 > 0, ... , an > 0 of an n-variable Gaussian 

distribution. 

In principle we can now calculate an expression for the probability density func

tion up to any accuracy we want. The number of points that have to evaluated 

to achieve a certain accuracy at a certain value of T depends on the spectrum 

of signal. If there are many short wavelengths compared to T, we will have to 

evaluate many points to get a good accuracy. However, calculating Un involves 

n integrations and for large values of n (n > 5) the expression can no longer be 

analytically evaluated. 

For a detailed discription of how to find all these results I refer to the appro

priate artiele by Longuet-Higgins [LH 1958], here we will just look at some of the 

results. 

An expression for p3(r) (associated with U3(r)) is found by Longuet-Higgins to 

be 

1P(O) 1P"(r)(1P2(0) -1P2(r)) -1P(r)1P'2(r) 
I1P"(O)I (1P 2(0) -1P2(r))~ 

( 4.23) 

Like the expression found be Rice, formula ( 4.23) involves the autocorrelation 

function. Figure (4.3) is taken from the Longuet-Higgins artiele and shows the 

different approximations for Pn up to n = 5. The figure shows the result for 

a low-pass spectrum (with a cuto:ff-frequency of 2~, so Wc = 1). The points in 

the figure are experimental results obtained by Campheli quoted by Rice. The 

di:fference between the experiment and the theory in the region of low T-values 

(below the first peak) is attributed by Rice tothefact that there wasnota sudden 

cuto:ff-frequency in the experiment. With this in mind and looking at figure ( 4.3) 

we can conclude that the theory derived by Longuet-Higgens is applicable up to 

values of T equal to the wavelength of the highest frequency present in the signal 

(so up toT= 21r in figure (4.3)). 

4.4 Two-dimensional signals 

In an other actiele by Longuet-Higgens [LH 1957], the theory is extended to the 

two (actually, taking time into account, three) dimensional case where f(x, y, t) 
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Figure 4.3: Graphs of the approximations p3 ( r ), p4 ( r) and p5 ( 1') for the distribu

tion function of intervals between successive zerocrossingsfora low pass spectrum 

with a cut-off period of 211'. The points are experimental data from Campbell. 

is expressed by 

j(x, y, t) = 2: Cn cos(unX + VnY + Unt + fn), (4.24) 
n 

where the fn 's are independent phases. For these 2-dimensional surfaces we will 

extend the Rice result with a dependency on the angle of view. So we willlook 

at zerocrossings of the signal along a line in the surface and we will consider the 

zerocrossing density as a function of the angle that this line makes with the frame 

of reference in the surface. 

We define the different moments as 

( 4.25) 

with E(u,v) the energy density as a function of u and v, the wavelengths in 

respectively the x and y direction. If we define a three dimensional correlation 

function by 

'1/J(x, y, t) = lim 
X,Y,T-oo 

BX~T j_: I: I: f(x', y', t')f(x' +x, y' + y, t' + t)dx'dy'dt', ( 4.26) 
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theeven moments (i.e. p + q is even) can he expressedas 

( )
r a2r"P(O, 0, 0) 

ffipq= -1 a a 'p+q=2r. xP yq (4.27) 

We now look at a the signal in one direction defined hy an angle () 

x' = x cos () + y sin(), y' = -x sin() + y cos (), ( 4.28) 

with x' the direction we are interested in and y' the perpendicular direction. The 

spectrum of this signal is found to he 

Ee(u') = 1: E(u, v)dv' (4.29) 

with, 

u'= ucosO + vsinO, v' =-u sin()+ vcosO. ( 4.30) 

So we can define the associated moments 

mn(O) = j_: Ee(u')u'ndu'= 1:1: E(u,v)(ucos0+vsinOtdudv,(4.31) 

hy expanding ( 4.31) we find 

( 4.32) 

With this information we can apply Rice's result to a crosseetion of a two dimen

sional map. Suhstituting the prohahility density function of the 2 dimensional 

signal in formula ( 4.6) and using the ahove we find 

( 4.33) 

Which is just the same as Rice found for one dimensional signals except for the 

dependency on 0. A (trivia!) result of (4.33) is that N0 , the zerocrossing density, 

has its maximum where Jm2(0)/m00 , which is the r.m.s.-wavenumher, has its 

maximum. Because 

m2(0) = m2o cos2 () + 2mn cos() sin()+ mo2 sin2 0, (4.34) 

the maxima of m 2(0) occur at 2 opposite directions, and the minima occur at 

right angles of the directions of the maxima. 
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4.5 Zerocrossings in turbulence 

There are some direct measurements of zerocrossings in turbulent signals which 

are in part discussed by Sreenivasan et.al. [Sreen 1983]. However he begins 

with rephrasing Rice's result for turbulence! The Taylor microscale, which is a 

measure for the scale of turbulent fiuctuations, is defined as the point at which 

a parabolic function that has been fitted to the autocorrelation function of the 

signal at T = 0 crosses the positive x-axis, or 

7/J(O) + ~ 7/J"(0)>.2 = 0, 

with >. the Taylor microscale. By rearranging formula ( 4.35) we find 

À= 
-27/J(O) 
7/J"(O) . 

( 4.35) 

(4.36) 

We now introduce a zerocrossingscale A (somewhat different from Sreenivasan's 

definition) 

A= ..fi. 
1rNo 

( 4.37) 

So that Rice's result for the mean number of zerocrossings can be rephrased as 

>.=A. ( 4.38) 

Formula ( 4.38) expresses that for Gaussian signals, the rate of zerocrossings is 

directly related to the Taylor microscale. The problem is that turbulent signals 

are markedly non Gaussian, especially the shear stress signals at the boundary. 

Sreenivasan et.al. experimentally verify relation (4.38) for measurements of the 

streamwise velocity fiuctuations at different heights in a boundary layer and for 

measurements of wall shear stress in a channel flow. As is also illustrated in 

figure ( 4.4), especially the shear stress signal is markedly non-Gaussian and it 

was concluded that relation ( 4.38) may even hold for st rong deviations from 

Gaussinanity, but this was not made quantitative. Sreenivasan et.al emphasize 

the disastrous effect that noise can have on the zerocrossing frequency. In fact, 

earlier disagreement with relation ( 4.38) that others had found was attributed to 

noise artefacts. 

More interesting is the distribution function pT ( r) of intervals between subsequent 
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Figure 4.4: Histogram of hot film signals 

zerocrossings. In section 3.2 it was illustrated that only for small r traetabie ex

pressions for P-r ( T) of Gaussian signals could be derived. In the other, large r, 

limit zerocrossings become independent and the intervals are a Poisson process 

with an exponential distribution 

( 4.39) 

Because high frequency noise will cut up larger stretches into shorter ones, it 

will affect the distri bution function P-r ( r) at all scales of r. This is in contrast 

with the manifestation of noise in the frequency spectrum where it will show up 

only at the high frequencies. Sreenivasan et.al. show that for boundary layer 

turbulence the function P-r( T) is characterized by two exponential decays. One at 

small T whose decay constant is determined by the inner scale /* and another at 

large T whose decay constant is determined by the outer scale 6. In a quite recent 

paper Kailasnath and Sreenivasan [Sreen 1993] study more carefully the system

atics of the Reynolds number dependence. It turns out that the distribution 

function P-r(r) for boundary layer turbulence can be written as 

T-A 
P-r(r) = exp(- ), 

Ky(r- A)2 
(4.40) 
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where the stretching factor K assumes two different values, Ks and KL, for 

smalland large values of T, respectively. It turns out that in the viscous sublayer 

there is a single exponential behavior, Ks ~KL. The same is true for the outer 

layer (y=0(8)). In the logarithmic layer Ks ~ TJ/À where TJ is the Kolmogorov 

microscale, KL is constant. As J( T- A)2 ~ ).., this implies that Ks*J( T- A)2 ~ 
TJ, so that it is determined by viscous effects only. We will return to this in Chapter 

5 where we will compare p7 ( T) to the histogram of contour lengths. 



Chapter 5 

Experiments 

5.1 The shape of isoshear contours 

In this section we will discuss the experimental results of the statistics on the 

shape of isoshear contours, their width, length, aspect ratio and their spanwise 

separation as discussed earlier. An important goal of this research project was 

to check preliminary results decribed in [Water]. In particular, it was a question 

how the significant improvement in data handling and deconvolution described 

in this thesis would affect the results. 

The results presented here were acquired from a dataset of 524,288 timelines 

which was made at a mean flow velocity U0=4m/s. The contours were found 

with the program described in chapter 4, using Fourier spanwise interpolation. 

Figure ( 5.1) shows the histogram of the spanwise separation of neighboring iso

shear contours at r = +1.50'. This result has been corrected for the finite 

length of the detector array by realizing that the measured distribution of sepa

rations P m ( .ó.z) can be expressed by 

(5.1) 

where Pd(z2 - z1 ) is the real distri bution of separations and P8 (z1 ) is the probabil

ity for finding a contour at z1• Assuming that these probabilities are independent 

and that Pd is only a function of .ó.z, we can write equation (5.1) like 

(5.2) 

with L the lengthof the dectector. Using equation (5.2) we can calculate the real 

distribution of separations from the measured one and the measured distribution 

of contours. 

Figure (5.1) shows preferred separation of d = 751*, which is somewhat smaller 

than the 1001* found in [Water]. This may be due to the fact that the results 

do not show a clear peak. I estimate from figure (5.1) that the error in the posi

tion of the peak is at least 201*. Figure (5.2) shows the histogram for widths of 
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Figure 5.1: Histogram of spanwise separation between neighboring contours 
at U0=4.0m/s 
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Figure 5.2: Normalized histogram of widths of contours 
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Figure 5.3: Normalized histogram of aspect ratios of·contours 
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contours at T = +1.5u and at T = -1.5u. We see that on average the contours 

at T = +1.5u are somewhat wider than those at T = -1.5u. The difference is 

better seen in figure (5.3) that shows the histogram of aspect ratios (these are 

scaled by t* jl* = l* /(U0 l*)) for contours at T = +1.5u and at T = -1.5u. This 

figure clearly shows that the high-shear contours are much more spotty than the 

low-shear ones. This justifies the name low shear streaks. 

Figure (5.4) shows the histogram of lengths of the contours at T = +1.5u and at 

T = -1.5u in which the lengths (time direction) have been scaled by t* = l* /U0 • 

Again the figure shows a difference between the two types of contours but not as 

clear as the histogram of aspect ratios. This histogram can he compared to the 

probability density function of intervals between successive zerocrossings in tur

bulence found by Sreenivasan et.al., which is discussed in section 4.4. However, 

as pointed out before, there not the same because figure (5.4) is only concerned 

with the length of contours and not with the time-like distance between them. 

They should only become comparable for contours at r=O. Figure (5.5) shows 

the histogram of lengths for contour at r=O. This graph might he fitted with 

2 exponentionals like Screenivasan does. This is difficult, however, because the 
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Figure 5.4: Normalized histogram of lengths of contours 
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Figure 5.5: Normalized histogram of lengths of contours at r=O 
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Figure 5.6: Histogram of spanwise separation between neighboring contours for 

the deconvolved data and the normal data 

region for exponent of small lengths is limited to lengths below 1500/'" and for 

large lengths there is too much noise to teil whether there is one exponent or not. 

Therefore the data is to inconclusive to he able to fit a complicated function like 

the two exponentials. 

I used the transfer function discussed in chapter 2 to deconvolve the hot flim 

signals creating a datafile which has been corrected (in part at least) for the fre

quency depedency of the films. The deconvolving results in an increase of the 

number of contours found by approximately a factor of two. So in agreement with 

the discussion in chapter 4 the number of contours increases with the relative in

crease of high frequencies in the signa!. The statistica} quantities of the contours, 

however, appear to he hardly affected. Figure (5.6), for example, shows the his

togram of distances between neighboring contours for the deconvolved dataset 

and the normal dataset. There is hardly any difference! We see only a small 

difference for large distances which are a little more unlikely in the deconvolved 

dataset. 

Figure (5. 7) shows the normalized histogram of aspect ratios for the deconvolved 

and the normal dataset. The histogram for the deconvolved dataset has a large 
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Figure 5. 7: Normalized histogram of aspect ratios for the deconvolved data and 
the normal data 

peak at small aspect ratios compared to the one for the normal dataset. For 

large aspect ratios, however, there is again not much difference in the number of 

contours with these aspect ratios. Because in the deconvolved dataset we found 

twice as much contours as in the normal dataset. So that through the normal

ization of figure ( 5. 7) the pro ba hilities for the deconvolved dataset will go down 

by a factor of 2. Correcting for this we see not much difference between the two 
graphs for large aspect ratios. 

Therefore we may conclude that the deconvolving introduces at lot of new, small 
contours, but leaves the large contours unaffected! 

One of the aims of this project was to investigate the sealing behaviour of the 

different charaderistics with the mean flow velocity. This will, however, require a 

larger range of Reynolds numbers than we can examine now. In order to he able 

to do this we will need a larger decteetor because at U0 =4.0mfs we see already 

that the present detector is only 3601" wide. This means that it is only nearly 

large enough to completely measure the large contours. Therefore we are devel

oping a new detector with 50 hot films and the same spacing of 1400ttm between 

each film. This detector can he used at the present high veloeities because the 
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separation between the films is the same and it can also he used at lower veloeities 

because it is twice as wide as the present detector. Unfortunatly we still do not 

have a working version of this detector at the time that I am writing this report. 

We have been testing some prototypes but none of them was good enough for use 

in experiments. Their failure has been caused by a variety of technica! problems. 

5.2 Correlations 

The correlation between shear stress fluctuations at the boundary and turbu

lent velocity fluctuations inside the boundary layer have been first measured by 

Brown and Thomas [Brown]. They calculated correlations between different wires 

in spanwise direction mounted in a rake. The rake could he put at a certain incH

nation with respect to the wall. They found that the best immidiate correlation, 

i.e. at r = 0, between the wires was reached if the rake was place at an angle of 

18°. 

In our setup we were able to extend the result of Brown and Thomas in the span

wise direction. The correlation fucntion is measured between the signa! VJ(t; Zi) 

of a thin film i at location Zi and the velocity signal u(t, x, y) of a hot wire above 

the thin film array. The wire x-coordinate is zero above the thin film array and 

increases in upstream direction. The wire z-coordinate is fixed at approximately 

the center of the hot film array. The correlation function is defined as: 

'1/JJw(z,r;x,y) = 

< [v,(t; Zï)- < VJ(zi) >tlfu(t + r; x, y)- <u( x, y) >t] >t 
(5.3) 1 1 • 

< [v,(t; Zi)- < VJ(Zi) >tF >l < [u(t + r; x, y)- <u( x, y) >tF >l 

Figure (5.8) shows a color coded measured correlation function at x=+8.0cm, 

y=+0.5cm and a mean stream velocity U0=4.0 mfs. It is seen that the 2-

dimensional correlation function has a simple structure, iso-correlation lines have 

a simple elliptic shape. 

The maximum of the correlation function appears to shift along the times axis 

in a charaderistic way that was already seen Brown and Thomas. In order to 

extract the relevant parameters of the measured correlation funcitons we have 

fitted their behavior near the time-shifted maximum with a quadratic surface 

•1• ( • ) _ •1• ( 1 (z- zo? (r- ro? (z- zo)(r- ro)) 
'f'/w z, r, x, y - 'f/0 + [2 + /2 + [2 

Z T ZT 

(5.4) 
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Figure 5.8: A color cocled picture of a typical correlation 

function . The vertical direction represents the 
time( r )-direction and the horizontal direction 

represents the spanwise( z )-direction. 
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Figure 5.9: Time position of the correlation peak for: ~ y=5mm; + y=lOmm; 

D y=15mm; V' y=20mm; x y=25mm. 

and determine 'I/Jo, zo, lz, 17 and lz7 in a least squares procedure. A complete 

overview of all the results of the correlation meausurements can he found in 

appendix B. 

Figure (5.9) shows the measured time delay r0 (x, y). It is seen that at a fixed 

value of y, the time delay decreases proportionally to the streamwise separation 

between the hot-film array and the velocity probe. The proportionality constant 

defines a convection velocity Uc(Y) 

ro(x,y) = -Uc~Y) +fo(x,y). (5.5) 

In figure (5.10) this convection velocity is plottedas a function of the height y. It 
is seen that, within the experimental error, it is proportional to the mean velocity 

at the same height y. We must he careful with conclusions based on this because 

I measured the correlation function between a wire at height y and an array of 

hot films at height zero. So it is not fair to say that we are just measuring the 

convection velocity at height y. 

Figure (5.11) shows the locus in the x,y-plane of measured zero's of ro(x, y). 
It can he well represented by a straight line that is inclined at an angle a of 
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Figure 5.10: Convection speed found with correlation measurements. The solid 
line represents the mean velocity profile. 
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Figure 5.11: The 0-correlation line: wire positions were To = 0 
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Figure 5.12: The width lz of different correlations peaks for: 6 y=5mm; 

+ y=10mm; D y=15mm; V' y=20mm; x y=25mm. 

about 12 degrees. The inclination angle should be compared to the result of 

Brown and Thomas [Brown] who found a = 18° in a slightly different setup. We 

conclude that the time delay can be written as 

1 y 
ra( x, y) = r;--( )( ( ) -x+ xo), 

uc y tan a 
(5.6) 

with a ~ 12° and x0 ~ -10mm. 

On the basis of comparable results, Brown and Thomas have coined the hypoth

esis that the behavior of the correlation function is caused by coherent structures 

that are inclined at an angle a in the direction of the main flow. These structures 

are also convected at the local mean velocity. 

The question is whether the correlation function behaves purely as if it is only con

vected past the detector. Figure (5.12) shows the dependenee of the width lz(x, y) 
(see equation(5.4)) ofthe correlation function. There is a large scatter in the data 

due to problems with the used thin-film array, but the data seem to indicate that 

the width does only depend strongly on y. The streamwise dependenee is much 

weaker and seems to support the convection hypothesis. 



56 CHAPTER 5. EXPERIMENTS 



Chapter 6 

Simulations 

6.1 Introduetion 

In past few years there has been a significant effort to reduce the Na vier Stokes 

Equations of the turbulent boundary layer to a set of coupled ordinary differential 

equations (ODE's) [Aubry 1988]. As the Navier Stokes Equations are non linear, 

so are the ODE's. The solution of these equations may have a transition to chaos 

at a critica! value of the Reynolds number. Such a model, therefore, may display 

inherent randomness. 

A key point in these models is the derivation of the spatial modes on which the 

velocity field is projected. The idea is to derive these modes from large-scale 

numerical simulations or even experiments by the technique of proper orthogonal 

decomposition (explained below). This ensures that the modes capture "most" 

of the activity in the real flow in a precisely defined sense. 

Our idea was to use these models for generation of a random shear stress field 

and subsequently study its contour statistics. Quite recently a six-mode model 

was described by Sirovich [Sirovich 1994] that exhibited a transition to chaos. 

It turns out that standard statistica! quantities, like the spectrum of turbulent 

fluctuations have a resemblance to experimental results. The question is whether 

this also true for contour statistics. 

6.2 Pormulation 

The flow considered for these simulations is a channel flow driven by a constant 

pressure gradient, -k. With the half height of the channel H, the friction velocity 

used for sealing is defined as 

u• = f!f, (6.1) 

and associated the length scale in defined in the usual way 1* = v/u*. 

The Navier-Stokes equations are decomposed in mean flow equations and the 
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equations for velocity fluctuations. All the variables in the equations are scaled 

using u* and l* and pu*2 is used to scale pressure terms. As far as the mean 

flow equations are concerned, there is only one of interest, namely the one for the 

mean flow in the channel in the direction of the pressure gradient, 

(6.2) 

In which the Re* is the Reynolds number for the scaled equations defined by 

Re*= u*H = H. 
11 l* 

(6.3) 

Equation (6.2) is integrated to become 

(6.4) 

The scaled equations for the velocity fluctuations can he written as 

a a2 

-a P - a 2 Uj = o, 
Xi Xj 

(6.5) 

with 8i1 the Kronecker delta and i = 1, .. , 3. The velocity fluctuations are incom

pressible so they also have to obey '\lü = 0. 

The idea is to reduce the infinite dimensional vector space of solutions to a finite 

dimensional vector space by writing ü as a finite sum of complex basis functions 

N 

ü(x) ~ ÜN(x) = E an(t)if(n)(x). (6.6) 
n=l 

We write ÜN to indicate that it is only an approximation of the real solution ü. 
The base functions are chosen so that each statisfies the incompressibility restraint 

so that '\lüN is statisfied automatically. And each of the base fundions statisfies 

the boundary conditions, y(n)(x2 = 0) = y(n)(x2 = 2Re*) = 0. The basis 

functions y(n) are obtained from a direct numerical simulation or an experiment 

that produced the time-dependent velocity field ü(x, t). From this the two-point 

correlation matrix is formed 

(6.7) 
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where the angular brackets denote a time average. The eigenfunctions of K, 
ordered with decreasing eigenvalue, form an optimally convergent set of basis 

functions 

(6.8) 

The details of this can be found in [Aubry 1991). lt is suffi.cient to know that due 

to homogeneity in streamwise and spanwise directions the base functions can be 

written like 
... ... ... 21rim 27rin 
ymnq(x) = 1P!tn(x2)exp( ~Xl + WX3) (6.9) 

with L the length of the tunnel, W the width of the tunnel and (m, n, q) the 

quanturn numbers for the different basis functions. In order to compensate for 

the absence of the large number of small structures ( which are evidently not 

accounted for in the small number of basis functions that we want to consider) 

an eddy viscosity term is added to equation (6.5). 

After we have found the basis functions, we have to project equation (6.5) onto 

the subspace defined by equation (6.6), so that 

(vmnq,N(üN)) = j vmnq.N(üN)dx = 0 (6.10) 

for all base functions. Equation (6.10) will result in a set of coupled, non-linear, 

ordinary differential equations for the time-dependent complex coeffi.cients an in 

equation (6.6). This set of equations forms the actual model. Numerical solutions 

of these equations can be easily calculated using standard software. 

6.3 The six-mode model 

The specific simulation we looked at is discussed by Sirovich in a Physical Review 

Letter [Sirovich 1994) and it involves only three basis functions and their complex 

conjugates. These basis functions have been found using a direct numerical sim

ulation at a Reynolds number (Re* = H/l*) of 180. The three modes considered 

are the (0,4,1), (1,2,1) and (1,-2,1) modes. So that ÜN can be written as 

ÜN = al V041 + a2 V121 + a3 li1- 21 + complex conjugates (6.11) 

Using the procedure sketched in the previous section results in the following set 

of complex equations 

aal at = /1a1- q1a;a3- at[Cnlatl2 + C12(la2l2 + la31
2

)) (6.12) 
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- l2a2 + q2aia3- a2[c21laii2 + c22(la2l2 + la312)] 

- l3a3 + q2a1a3- a3[c21latl2 + c22(la2l2 + la31 2)] 

e 
- 19.91r- 1.64-

r 

- (13.81 - 17.82i)r - 0.605:_ 
r 

- 0.910 

- 1.914 - 1.612i 

- 16.56r 

- 10.59r 

(10.59 - 12.58i)r 

- (8.582- 6.743i)r 

(6.13) 

(6.14) 

(6.15) 

(6.16) 

(6.17) 

(6.18) 

(6.19) 

(6.20) 

(6.21) 

(6.22) 

and with r = Re*/ Ree and e the eddy viscosity. The Reynolds number Ree is 

the Reynolds number at which the basis functions were calculated, so Ree = 180. 

The eddy viscosity is chosen to be 2. 7. 

Zhou and Sirovich [Sirovich 1994] have examined this system for different Reynolds 

numbers and find that for Reynolds numbers below 130.7 stabie periodic so

lutions exist; for Reynolds numbers above 130.7 there are quasiperiodic and 

chaotic solutions. Actually they devide the 130.7 < Re* < 180 region into 

3 parts, for 130.7 < Re* < 157.5 they find "simple" quasiperiodic solutions, 

for 157.5 < Re* < 166 they find "complicated" quasiperiodic solutions and for 

166 < Re* < 180 they find both complicated quasiperiodic solutions and chaotic 
solutions. These different types of solutions for ä(t) are shown in figure (6.1). 

Plotted on the x-axis is the shear stress at a point approximately in the center 

of the channel and on the y-axis the stress at a point at 1/4 of the channel. 

Figure (6.1a) shows the result for Re* = 156, so within the region where simple 
quasiperiodic solutions exist. This picture is fairly regular. In figure (6.1b) we see 
a complicated quasiperiodic solution at Re* = 158.4 in which it is much harder to 

find the regularities. Finally figure (6.1c) shows the phase diagram for Re* = 180 

at which a chaotic solution exists. 
For Reynolds numbers much larger then 180 the numerical solution exploded. 

Sirovich also shows that the average Reynolds stress and the root mean square 
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(a) (b) 

(c) 

Figure 6.1: Phase spaces for the results of the Sirovich model at: (a) Re*=156; 

(b) Re*=158.4; (c) Re*=180. 
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Figure 6.2: Temporal power spectrum of the results of the Sirovich model 

velocity in streamwise and wall normal direction as a function of the distance 

from the wall, predicted by this model resembie the results of the direct numer

ical simulation from which the basis functions were derived. Quantatively the 

difference with the prediction of the direct numerical simulation is about 10-50%. 

It is not quite fair to judge this particular simulation on the basis of quantatities 

as a function of the distance from the wall. Because these quantaties may just 

refl.ect the information from the direct numerical simulation that was put into the 

basis functions (remember that the basis functions are non trivial in wall normal 

direction). 

The temporal power spectrum of the model shown in figure (6.2) shows two peaks 

which seems to contradiet the our experiments, which were done at a much larger 

Reynolds number. Sirovich, however, refers to an experiment in which these two 

peaks have actually been found. 

6.4 Contour statistics 

We wrote to professor Sirovich and he was kind enough to give us the numerical 

values of the vertical derivative of the streamwise component of the non-trivial 
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vertical basis functions ( 8:
2 

'1/J';'nq). Using these we could reproduce his simu

lations to calculate the shear stress field predicted by this model and use our 

statistica} quantities on it. Figure (6.3) shows a piece of the resulting data that 

we examined (the complete dataset consisted of 1,572,864 time points and 192 

spanwise points). Because the Sirovich artiele [Sirovich 1994] didn't explain what 

values where used for the length L and the width W of the tunnel, we put L equal 

to 1 and based on the assumption that the wavelength of the n=2 spanwise roll 

mode must be 1001*, we put W on 2001*. The contours that we consider here are 

calculated at minus one times the root mean square value of the data ( r = -1o-). 

Figure (6.4) shows the histogram for the positions of the contours in spanwise 

direction. The peaks in this figure are not the result of interpolation as is the case 

for the experimental datasets. We didn't use any interpolation on these results 

because there is no need to, we can calculate as many spanwise points as we 

would like to. The 16 prefered positions are caused by the interference between 

the modes with wavenumbers 2 and 4. In the experiments there can of course 

he no prefered positions (this would imply a breaking of continuous translation 

symmetry in spanwise direction), there can only he an instantaneous preferred 

distance to a neighboring contour. 

Figure (6.5) shows the histogram for the distances between the centerlines of 

neighboring contours. We see the main peak at 1001* (just where we put it by 

our choice of W) caused by the n = 2 spanwise roll mode. The smaller distances 

at 251* and 751* are caused by overlap of contours in time direction. The small 

peaks in figure (6.5) clearly show that the results of the simulation are much 

too regular. The experimental datasets show a much broader distribution of the 

distance between neighboring contours. 

Figure (6.6) shows the histogram for aspect ratios, again the results are much 

too regular compared to experimental results. The main peak is found at an 

aspect ratio of approximately fö. Other, much weaker peaks are found at mul

tiples of this value. The secondary peaks are caused by the streamwise merging 

of contours forming one long, diagonal contour. The second peak in the power 

spectrum shown in figure (6.2) is a reflection of these elongated contours. 

One of the main results of our experiments, however, was the asymmetry between 

contours found at r = + 1u and those found at r = -1u, which is a reflection 

of the low speed streaks. However, the Sirovich model is completely symmetrical 
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Figure 6.3: A color coded z,t-map of the shear stress field 

predicted by the Sirovich model. The vertical direction 

represents the time direction and shows 2000 points. The 

horizontal direction represents the z-direction that contains 

192 points. 
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Figure 6.4: Histogram of the spanwise position of the contour centerlines pre

dicted by the Sirovich model. The position is expressed in scaled units (l*). 
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Figure 6.5: N ormalized histogram of the spanwise separation between neighboring 

contours predicted by the Sirovich model. The distances are expressed in scaled 

units. 
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Figure 6.6: Normalized histogram of aspectratiosof contours as predicted by the 

Sirovich model 

for positive and negative deviations from the mean. This means that the model 

has no low speed streaks. 

Concluding we may say that the model is far too regular although the power 

spectrum of the velocity fl.uctuations at one point is broad banded. This ex

presses the need for the statistica! quantities based on spatial information that 

have been developed. The condusion that the model is unsatisfying is, however, 

not justified because the model is examined for a Reynolds number of 180 and 

our experiments use a Reynolds number, Re= fl/1* of approximately 1000. And 

except for that, as Sirovich admits himself, this simple 6 mode model can not 
be expected to he able to represent all features in a turbulent boundary layer. 

However, the Sirovich model has shown to have intrinsic instahilities due to chaos 

whereas the model developed by Aubry et.al. continuously needs pressure fl.uc

tuations, which are brought in from outside the model, in order to preserve flow 

instabilities. The Sirovich model has shown that the method of proper orthogo

nal decomposition can result in an interesting set of equations. Therefore there 

is good reason to try more complicated versions of this models that include more 

basis functions. 



Chapter 7 

Condusion and Acknowledgements 

In conclusion, we recapitulate the main results of this project and present the 

subjects that are open for further research. 

We could not relate the Freymuth model for the dynamica! response of the de

tector to the actual, measured response. Fortunately, this dynamica! response 

does not have the profound effect on the results for the statistica! quantities that 

might have been expected from the theory of zerocrossings. It would, ho wever, 

he useful to try to find a model that agrees more with the measured dynamica! 

response in order to gain a better insight in the physics of the detector. 

The spanwise interpolation of the data should not he clone with splines but 

with Fourier-interpolation. The Fourier-interpolation method is, however, still 

not perfect. This interpolation problem, therefore neecis further investigation. 

The results for the statistica! quantities of contours found here resembie the 

results presented earlier in [Water]. Unfortunately the new detector was not fin

ished in time to do measurements on the sealing behaviour of these statistica! 

quantities. Based on the prototypes I have examined, I would expect a working 

version of the new detector within a few weeks from the moment that this report 

is written. 

The numerical results of the Sirovich model do not resembie the experimental 

results. Nevertheless the idea behind the model is very interesting. Therefore 

models that include more modes should he examined and perhaps one should cal

culate the basis fundions from an experimental dataset so that higher Reynolds 

numbers become feasable. 
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Appendix A 

The contour program 

This Appendix discusses the program that looks for contours in the data and 

calculates statitistics of contours. The total program consists of 4 files: 

-contour.f: contains the main program and the subroutines that go with it, they 

look for the contours. This part is written in Fortran. 

-conintp.f: contains the different interpolation routines, this part is written in 

Fortran. 

-usercont.f: this file contains the so called user routines that calculate the spe

cific statistics on the basis of the information supplied by the main program. 

The routines in this file are written in Fortran but routines written in C are also 

conceivable. 

-condatli.c: contains a dynamic datalink between the main program and the 

userroutines, it allows "global" variables that are invisible to the main program 

and it allows dynamic allocation of arrays for use in the userroutines. This part 

is written in C. 

The idea behind this setup is that the main program that finds the contours 

doesn't need to change and new user routines can easily he added as new ideas 

about the flow emerge. The datalink enables us to combine the ease (and tra

dition) of Fortran with the flexibility of C. 

Figures (A.l)-(A.4) show the flow charts for the main program. Figure (A.l) 

shows the flow chart of the heart of the main program, it contains a loop that 

the program goes through for each timeline in the dataset. After the timeline 

has been read from the datafile and the smoothing and interpolation have been 

completed, the loop calls the subroutine "findchildren". The flow chart for this 

subroutine can he found in figure (A.2). The subroutine looks for the strings 

of data that lie above ( or below) the designated signal level in the timeline at 

hand. After these strings have been found, the loop calls the next subroutine 

"findparents". The flow chart for "findparents" is shown in figure (A.3). This 

routine tries to conneet the new strings to the already existing contours. If no 

contour can he found for a certain string, a new contour and structure (a set 
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Figure A.l: Flowchart for the main routine of the contour program 
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Yes 

Figure A.2: Flow chart for the "findchildren" -routine 

of contours connected together) are created. After this has been clone the loop 

moves to the next subroutine "checkfordead" for which the flow chart is given in 

figure (A.4). This routine checks whether all contours have found a new string, 

if a certain contour has no new string it has ceased to exist and this contour 

is removed from the list. If this contour is the last contour of a structure that 

ceases to exist, the complete structure is also removed. After the contours have 

been found the userroutines can he called. These routinescan also he called if a 

contour or structure is removed. After the loop has thus completed all timelines 

in the dataset, the program rounds up and ends. 

In the following I will give a list of subroutines used in the main program, a 

list of the main variables and the form of the configuration file. 

Subrou ti nes: 

-Errorh: displays an errormessage if the program detects an error 

-Readdata: reads the data from file and performs the smoothing 

-Splindet/Linintp/Goniointp: perform respectively a spline, linear and gonio in-
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Figure A.3: Fow chart for the "findparents" -routine 
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Figure A.4: Flow chart for the "checkfordead" -routine 
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terpolation 

-Findchildren: looks for strings in a timeline 

-Findparents: look for contours to go with the strings 

-CreateC: creates a new contour 

-Checkfordead: checks whether contours/structures are still existing in the cur-

rent timeline 

Variables and Parameters 

Gener al: 

-MaxNchannels(parameter): maximum number of channels in the dataset 

-Nchannels: number of channels in the dataset 

-Interpolationf(parameter): interpolation factor 

-MaxNoutput(parameter): maximum number of points in a timelime after inter-

polation 

-MaxNgen(parameter): maximum number of contour types (signal levels) con

sidered in one run 

-Ngender: number of contour types considered in the run 

-genderlevel[MaxNgen]: signallevels for the different contour types 

-MaxNcont(parameter): maximum number of contours that can be listed 

-Npoints: number of timelines in the dataset 

-Nusers(parameter): number of userroutines 

-users[Nusers]: indicates whether a specific userroutine is to be used or not 

-MaxNst(parameter): maximum number of structures that can exist at one time 

-MaxNconSt(parameter): maximum number of contours in one structure 

-MaxNtimes(parameter): maximumlengthof a contour 

Strings: 

-Smid[MaxNgen,MaxNcont]: position of the center of a string 

-Slin[MaxNgen,MaxNcont]: position of the left side of a string 

-Srec[MaxNgen,MaxNcont]: position of the right side of a string 

Con tours: 

-Cmid[MaxNgen,MaxNcont,MaxNtimes]: position of the center of a contour 

-Clin[MaxNgen,MaxNcont,MaxNtimes]: position of the left side of a contour 

-Crec[MaxNgen,MaxNcont,MaxNtimes]: position of the right side of a contour 

-Cheadt[MaxNgen,MaxNcont]: time coordinate of the start of a contour 

-Cheadx[MaxNgen,MaxNcont]: place coordinate of the start of a contour 

-Cnump[MaxNgen,MaxNcont]: lengthof a contour so far 
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-Ctype[MaxNgen,MaxNcont]: type of contour (0 = only contour in structure, 

1 = contour merged withother contours, 2 = contour has split up, 3 = contour 

has split up and rejoined) 

-Cfound[MaxNgen,MaxNcont]: indicates whether contour has been found in cur

rent timeline 

-Cstruct[MaxNgen,MaxNcont]: number of the structure that a contour belongs 

to 

-Calive[MaxNgen,MaxNcont]: indicates whether a contour is still active 

-Cused[MaxNgen,MaxNcont]: indicates whether a contour number is used 

Structures: 

-Stconlist[MaxNgen,MaxNst,MaxNconst]: list of contours in the structure 

-StNcont[MaxNgen,MaxNst]: number of contours in the structure 

-Stused[MaxNgen,MaxNst]: indicates whether a structure number is used 

Contiguration file: 

character*30 

character*30 

character*30 

integer 

re al 

re al 

integer 

integer 

integer 

integer 

name of the data inputfile 

name of the output file 

name of the sealing file 

number of contour types to he considered 

signal level for first contour type 

signa! level for last contour type 

frequency at which the program indicates its progress 

smoothing type: 

0 no smoothing 

1 [1,2,1]-smoothing 

2 [1,2,4,2,1]-smoothing 

interpolation type: 

1 spline 

2 linear 

3 gonio 

input type: 

1 two bytes integers 

2 four bytes reals 
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boolean 

boolean 

boolean 

APPENDIX A. THE CONTOUR PROGRAM 

enable internal debug options 

enable first userroutine 

enable last userroutine 



Appendix B 

Correlation results 

This appendix lists the results of the correlation measurements. The results are 

listed as a function of the position (x ,y) of the wire. Listed are respectively: 

max: 

zmax: 

wideT: 

fitwideT: 

the value of the correlation function at its maximum 

the spanwise position of the maximum (film number) 

the time position of the maximum (*0.5 ms) 

the wideness of the peak (using a half height criterium) in 

spanwise direction (number of films) 

the wideness of the peak in time direction (*0.5ms) 

the length of the peak in time direction using the 

least square fit (*0.5 ms) 

the wideness of the peak in spanwise direction using the 

least square fit (number of films) 

fitcrossterm: the off-diagional element of the least square fit 

Tfitmax= 

Zfitmax= 
fitmax: 

the time position of the maximum of the fit (*0.5 ms) 

the spanwise position the maximum of the fit (film number) 

the value of the fit at its maximum 

The results can be found at the next page and the following one. 
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x y max Zmax Tmax widez wider fitwider 
100.00 10.00 0.2429 15 -132 9 192 146.14 
100.00 15.00 0.2528 13 -142 14 210 148.75 
100.00 20.00 0.2404 15 -153 11 278 159.12 
100.00 25.00 0.1988 16 -167 16 261 160.74 
100.00 30.00 0.1710 15 -195 12 278 172.17 
100.00 35.00 0.1807 16 -196 16 299 182.91 
80.00 5.00 0.2825 14 -112 8 186 164.53 
80.00 10.00 0.2758 14 -122 10 179 146.29 
80.00 15.00 0.2594 14 -129 13 205 151.09 
80.00 20.00 0.2223 12 -140 15 211 153.58 
80.00 25.00 0.2110 12 -152 16 244 160.55 
80.00 30.00 0.1855 13 -162 16 284 168.91 
60.00 5.00 0.2709 13 -88 7 143 147.46 
60.00 10.00 0.2917 14 -101 11 161 141.23 
60.00 15.00 0.2410 14 -107 14 173 134.23 
60.00 20.00 0.2277 14 -121 14 217 153.46 
60.00 25.00 0.1952 13 -135 15 227 152.86 
40.00 5.00 0.3157 13 -69 5 123 146.00 
40.00 10.00 0.2812 13 -77 11 144 135.89 
40.00 15.00 0.2304 13 -85 15 182 133.92 
40.00 20.00 0.2192 14 -97 16 204 142.16 
30.00 5.00 0.3198 13 -59 6 132 153.23 
30.00 10.00 0.2945 13 -75 10 171 148.17 
30.00 15.00 0.2689 13 -86 11 187 145.84 
10.00 0.20 0.6461 13 -12 1 63 138.54 
10.00 0.30 0.6673 13 -13 1 67 144.40 
10.00 0.40 0.6789 13 -14 1 65 150.22 
10.00 0.50 0.6897 13 -15 1 63 154.60 
10.00 2.00 0.6049 13 -24 2 82 167.04 
10.00 3.00 0.4622 13 -29 4 103 174.02 
10.00 4.00 0.4066 13 -34 6 118 166.40 
10.00 5.00 0.3645 13 -38 6 143 168.35 
0.00 0.20 0.6668 14 -4 1 74 161.20 
0.00 0.40 0.6404 13 -7 1 76 157.53 

-2.00 0.50 0.8638 13 -3 2 64 149.98 
-2.00 0.50 0.8521 13 -3 2 66 156.42 

-20.00 1.00 0.5529 13 13 2. 78 157.28 
-20.00 3.00 0.4418 13 -1 4 102 165.60 
-20.00 5.00 0.3730 13 -11 6 128 158.15 
-50.00 5.00 0.2876 13 14 8 146 162.74 
-50.00 10.00 0.2900 13 -2 10 177 151.90 
-50.00 15.00 0.2497 13 -18 13 205 148.99 
-90.00 5.00 0.2342 13 47 10 162 158.10 
-90.00 10.00 0.2727 12 24 11 185 147.75 
-90.00 15.00 0.2448 12 3 11 180 140.86 
-90.00 20.00 0.2067 12 -7 13 206 141.73 
-90.00 25.00 0.1849 14 -28 17 222 146.60 
-90.00 30.00 0.1619 16 -39 18 235 152.17 
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x y fitwidez fitcrossterm Tfit.m::~v Zfit.m::~Y fitmax 
100.00 10.00 11.79 150.80 -136.39 14.18 0.1962 
100.00 15.00 11.56 566.68 -148.14 13.84 0.2121 
100.00 20.00 13.55 282.81 -165.23 13.11 0.1971 
100.00 25.00 14.49 111.51 -175.37 14.25 0.1777 
100.00 30.00 12.26 -145.01 -192.00 14.21 0.1464 
100.00 35.00 12.00 226.83 -201.59 14.06 0.1507 
80.00 5.00 9.91 183.98 -108.75 13.91 0.2050 
80.00 10.00 10.66 225.43 -125.41 13.95 0.2217 
80.00 15.00 12.08 140.18 -138.37 14.00 0.2131 
80.00 20.00 12.30 -236.93 -148.76 13.14 0.1963 
80.00 25.00 13.41 174.05 -161.62 13.69 0.1801 
80.00 30.00 13.35 251.16 -170.77 13.20 0.1698 
60.00 5.00 9.50 -211.95 -87.29 13.13 0.1806 
60.00 10.00 10.84 -613.84 -105.22 13.90 0.2319 
60.00 15.00 12.35 186.06 -116.51 13.84 0.2041 
60.00 20.00 12.18 -155.25 -128.23 13.78 0.2045 
60.00 25.00 13.06 638.60 -142.68 13.82 0.1790 
40.00 5.00 9.48 -451.81 -72.42 13.30 0.1894 
40.00 10.00 11.13 406.73 -86.30 13.26 0.2173 
40.00 15.00 12.81 320.38 -96.15 13.40 0.1955 
40.00 20.00 14.10 -253.69 -110.60 12.73 0.1927 
30.00 5.00 9.79 245.18 -65.73 13.12 0.1906 
30.00 10.00 10.28 1579.17 -80.95 12.92 0.2287 
30.00 15.00 10.36 7428.72 -93.36 12.37 0.2127 
10.00 0.20 8.59 -326.04 -22.79 13.38 0.1908 
10.00 0.30 8.62 996.27 -22.89 13.12 0.2083 
10.00 0.40 8.61 -402.67 -23.22 12.76 0.2084 
10.00 0.50 8.30 -337.05 -24.10 12.88 0.2014 
10.00 2.00 8.40 -534.20 -30.78 12.85 0.2289 
10.00 3.00 8.83 -238.46 -35.80 13.21 0.2247 
10.00 4.00 9.52 229.01 -40.14 13.17 0.2309 
10.00 5.00 9.66 183.32 -45.04 12.91 0.2329 
0.00 0.20 8.35 126.57 -20.76 13.87 0.1869 
0.00 0.40 8.26 -148.98 -21.40 13.27 0.1915 

-2.00 0.50 8.20 -428.76 -15.53 13.26 0.2095 
-2.00 0.50 7.83 -116.46 -18.44 13.11 0.2122 

-20.00 1.00 8.06 385.90 -4.59 13.15 0.1717 
-20.00 3.00 8.19 -138.38 -11.33 13.01 0.1932 
-20.00 5.00 9.08 337.66 -21.37 13.30 0.2175 
-50.00 5.00 9.17 233.66 2.56 12.92 0.1879 
-50.00 10.00 10.30 200.30 -16.26 12.50 0.2314 
-50.00 15.00 11.45 193.13 -33.98 12.61 0.2187 
-90.00 5.00 9.67 158.96 33.00 12.16 0.1715 
-90.00 10.00 9.74 161.08 12.13 11.45 0.2199 
-90.00 15.00 11.54 -292.45 -4.35 12.23 0.2055 
-90.00 20.00 13.15 -192.57 -16.70 12.84 0.1811 
-90.00 25.00 15.32 -158.25 -30.92 13.25 0.1640 
-90.00 30.00 16.21 191.71 -43.35 12.62 0.1491 


