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Abstract 

The statistica! properties of free surface turbulence are studied in a water channel with a length of 
7 m. The turbulence in the channel is generated with an active grid, which makes it possible to have 
high Taylor-scale-Reynoldsnumber (Re>.. = 247) turbulence in a relatively small set-up. The purpose 
of this study is to find a model to link the statistica! properties of the free surface deformation to the 
statistica! properties of the bulk turbulence in the flow. 

The focus in this report is on the measurement techniques used to measure several quantities. The 
subsurface velocity field is measured using Partiele Image Velocimetry (PIV). PIV determines the 
velocity field from correlation functions of the intensity fields of images of advected particles. For 
turbulence research, the statistica! properties of the velocity field are of interest. These properties will 
be affected by the averaging that is inherent to PIV. A statistica! analysis of PIV is presented and the 
effect on PIV on measured turbulence properties is discussed. 

Surface elevation measurements in one point have been carried out with a laser light refraction 
technique. However, data from one-point measurements do oot cantaio suftkient information to in
terpret the surface elevation spectra in terms of the capillary and gravity waves which deform the 
surface. Not only is there an ambiguous relation between the measured frequency and the real fre
quency, but also the propagation direction of the surface waves is undetermined when doing one-point 
measurements. 1t cao be concluded that a space-time measurement is crucial to interpret the surface 
spectra. Ideas fora design of such a set-up, which is able to scan the surface shape along a line, are 
also presented in this report. 
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Chapter 1 

Introduetion 

1.1 General introduetion 

The interest in turbulent flows has increased rapidly over the last decades. This is because first of 
all, turbulence still is, from a physical point of view as well as from a mathematica! point of view, an 
unsolved problem. Secondly, from a practical point of view, turbulence is aften the limiting factor in 
solving teehoical flow problems. Examples of turbulent flows are numerous, for instanee in industrial 
processes, where turbulent flows can be found in pipes, heat exchangers, compressors and pumps. 
Another very well known example is the turbulent flow around rnaving objects like cars and airplanes. 
But turbulentflowscan also be found on larger scales like the flowsin the Barth's atmosphere and in 
the solar photosphere. [18]. 

The turbulence studied in this report is the turbulence near a free surface. Turbulence near free sur
faces has recently been of interest because of a number of important applications. For example, 
the exchange of heat and mass between the previous mentioned Barth's atmosphere and the Barth's 
oceans, occurs at the free surface and depends strongly on the structure of turbulence near the free 
surface. Studying the free surface turbulence, can be of help to gain a better insight into the processes 
that influence weather and climate. Another example of free surface turbulence are ship wakes. 

Turbulence bounded by a free surface behaves essentially different from turbulence near a fixed no
slip boundary. At a fixed no-slip boundary the velocity components of the velocity field 1!. = (u, v, w) 
satisfy different boundary conditions then at a free surface. Consicter a flow with a mean velocity in 
a direction parallel to the plane z = 0. At a fixed no-slip boundary, the velocity components parallel 
to this boundary, u and v are equal to zero. The velocity gradients ~~ and ~~ on the other hand, are 
not necessarily equal to zero. In the case of a free surface, both u and v have finite values and the 
velocity gradients, ~~ and ~~ are equal to zero, which implies that vortex tubes end perpendicularly 
at the surface. If the velocity component perpendicular to the free surface w is zero at the surface, the 
free surface remains in one plane, but if w =/= 0, then the free surface deforms. So, although the free 
surface acts as a boundary layer for the flow, the shape of the surface itself is defined mainly by that 
same flow. To learn more about the relation between the surface shape and the properties of the flow 
near the surface, this subject will be studied in terrus of statistica! turbulence quantities. The emphasis 
in this thesis is on the usage of experimental techniques that give access to these quantities. 

At the university of technology in Eindhoven, statistica! quantities of free surface turbulence are stud-

1 



--------

2 CHAPTER 1. INTRODUCTION 

ied experimentally in a water channel. The water channel bas a length of 7 mand a cross-section of 0.3 
x 0.3 m2 . The flow in the water channel is generated by pumping the water around in a closed circuit. 
An active grid is placed in the channel to create a turbulent flow bebind that grid, which decreases in 
intensity downstream. An active grid is an array of moving flaps, this in contrast to a passive grid, 
which bas no moving elements and which is a common tool to generate well-defined turbulent flows 
in experiments. The purpose of using an active grid is to create a turbulent flow, which effectively bas 
the same properties as a large scale turbulent flow, but without having to use a large scale experimental 
set-up. The moving flaps of the grid are attached to axes which are controlled by a certain protocol. 
Similar grids have been used in wind tunnel experiments [12], [15] and also in water. [20]. A water 
channel with grid-generated turbulence forms an ideal set-up to study the decay-properties of free 
surface turbulence. 

To study the behaviour of free surface turbulence in the water channel, several techniques are 
available: 

1. Laser Doppier Velocimetry (LDV) for measuring the velocity in one point 

2. Partiele Image Velocimetry (PIV) for measuring the velocity field 

3. Laser light refraction for measuring the free surface slope in one point 

LDV is a technique to measure the velocity of the flow in one single point. It is a very suitable tech
nique to obtain flow statistics. To get a better insight on how quantities like the velocity field and 
the vorticity field of the subsurface are related to the shape of the free surface, the following two 
mentioned techniques have been used: PIV is used to measure the velocity field very close to the free 
surface and laser light refraction is used to measure the free surface slope in a point. Because data 
from one-point measurements does not provide sufficient information about the free surface shape, an 
extension of the laser light refraction set-up is planned for the near future, which makes it possible to 
scan the surface along a line. This enables a measurement of not only the surface slope in a single 
point, but also the actual shape of the surface along that line. 

This report is organised as follows: In chapter two a theoretica! model is developed to link the shape 
of the surface to quantities like the vorticity and the strain of the subsurface flow field. This model 
is intended to serve as the framework for camparing surface slope data measured with the laser light 
refraction set-up, to velocity field measurements done with PIV. Chapter three gives a description of 
the experimentalset-up of the water channel with the active grid and the two measurement techniques 
PIV and laser light refraction, used to measure the subsurface velocity field and the surface slope in a 
point, respectively. Chapter four gives an analysis of PIV applied on turbulent flows, foliowed by the 
presentation of some experimental results obtained with PIV and the laser light refraction technique 
in chapter five. In chapter six, a designfora set-up to scan and measure the surface slope along a line 
is presented, foliowed by chapter seven, the overall conclusions. 

1.2 Technology assessment 

Observation of nature bas always been very important. Leonardo Da Vinci was able to make very de
tailed drawings of structures within a water flow by mere observation. However, by mere observation 
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alone the description of the properties of the flow is restricted to qualitative statements only. In the last 
20 years teehoical progress in areas like opties, lasers, electronics, and video and computer techniques 
bas made it possible to make quantitative measurements of velocity fields. This can be achieved by 
PIV. 

In this report PIV is applied for measuring turbulent velocity fields for determining the statistkal 
properties of turbulence quantities near the free surface. Therefore, it is important to have detailed 
knowledge on how PIV measurement results should be interpreted and how PIV influences the statis
tical properties of turbulence quantities. 

Another important goal in free surface fluid dynamics is to have access to the height of the surface over 
a large area. lt is very difficult to measure the profile of the free surface of a fluid. Many techniques 
have been tried to accomplish this task, ranging from optical systems using interferometry to radar 
back scattering. However, these techniques are aimed at measuring large wavelengths, or are too slow 
to resolve the temporal spectrum. In this report a design of a set-up is presented to measure the shape 
of the surface along a line, which does have the required properties. 
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Chapter 2 

The Relation between the Free Surface 
Slope and the Subsurface Velocity Field 

The free surface slope of the flow in the water channel, can be measured in one point with the laser 
light refraction set-up and the velocity field ofthe subsurface flow can be measured with the PIV set-up 
both described in chapter 3. Since both quantities can be measured, a possible re lation between those 
two can be experimentally verified. In this chapter a theoretica[ relation between the free surface 
slope and the subsurface velocity field is deduced in the case that the shape of the free surface is 
formed by a vortex structure under the surface. The model described in this chapter, is largely based 
on work done by A. Andersen [3]. Inthelast section of this chapter, the subject of capillary waves 
and gravity waves is discussed, since these are phenomena that also occur in the water channel and 
influence the shape of the free surface. The presence of surface waves also gives rise to problems on 
how data from one-point surface elevation measurements should be interpreted. 

2.1 The Euler equations for an ideal two-dimensional free surface flow 

If one assumes that the vertical velocity component below the free surface is negligible, which implies 
that the surface is only weakly deformed, the flow close to the free surface can be described by a two
dimensional velocity field Q = (u, v). In addition, if we assume that the flow is incompressible and 
non-viscous, the flow is described by the two-dimensional stationary Euler equations: 

au au lap 
u-+v-= ---

ax ay pax 
(2.1) 

av av lap 
u-+v- = ---

ax ay pay 
(2.2) 

and by the continuity equation: 

(2.3) 

Furthermore, the pressure p is assumed to be hydrostatic: 

5 
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p(x,y,z) = pg[ h(x,y)- z] +Pa (2.4) 

In this expres si on h( x, y) is the surface height: the distance between the bottorn of the water channel 
and the free surface. The z-coordinate is choosen in such way that z = 0 at the bottorn of the channel. 
Pa is the atmospheric pressure. 

Substituting equation (2.4) into the Euler equations (2.1) and (2.2), yields: 

8u 8u 8h 
u-+v- =-g-

8x 8y 8x 
(2.5) 

8v 8v 8h 
u-+v- = -g-

8x 8y 8y 
(2.6) 

The question now is whether (2.5) and (2.6) allow a simple relation between experimentally accessible 
invariant quantities, such as the voîticity and the magnitude of the surface slope. From the next 
sections it will be clear that in general this is not the case. The velocity field itself always seems to 
enter in an essential way. Thus, the simple assumption that the statistics of the surface deformation is 
directly related to the statistics of the vorticity field does not stand up. Of course, for simple vortices 
a relation between the vortex structure and the surface shape above the vortex can be established as 
will be illustrated in sections 2.4 and 2.5. If these simple vortices can be used as building blocks for 
turbulence, a model can be constructed that relates the surface structure to turbulence. 

2.2 Relations between vorticity, strain and surface slope 

When the two-dimensional velocity field Q = (u, v) in a plane parallel to the free surface is known, 
quantities like vorticity w and strain CT can be calculated. 

The square of the vorticity w2 of a two-dimensional flow is given by: 

w2 = (8v _ 8u)
2 

8x 8y 

and the square of the strain CT 2 in a two-dimensional flow satisfies the equation: 

(2.7) 

(2.8) 

For a further analysis of the relation between strain, vorticity and surface slope, the square of the 
surface slope 82 is used. 82 is given by: 

(2.9) 



2.3. CIRCULARLY-SYMMETRIC VORTICES 7 

Following Andersen [3], two special cases can be distinguished: the special case where 0'
2 is zero 

and the case where w2 is zero. When 0'
2 is zero, it is evident from (2.8) that ( ~~ - ~~) 

2 
= 0 and 

( ~~ + g~) 2 
= 0, which, in combination with the continuity equation (2.3) yields: 

8u=8v=O 
ax 8y 

(2.10) 

and 

av au 
ax 8y 

(2.11) 

Substituting these expressions in the Euler equations (2.5) and (2.6) gives a direct relation between 
the surface slope s2 and the vorticity w2: 

(2.12) 

The other special case was the situation in which w2 = 0. This situation results in a similar equation 
for the surface slope: 

1 
82 = -(u2 + v2)0'2 

4g2 
(2.13) 

The previous two relations (2.12) and (2.13) are only valid when one of the two terms, 0' or w is equal 
to zero. The model does not give a direct relation between either vorticity or strain and the surface 
slope, but always involves the velocity itself. 

Coherent vortices are common features of two-dimensional flows. If we look at the free surface as 
a set of coherent vortices, then there will be regions near the center of the vortices, dominated by a 
large vorticity and regions in between the vortices where the vorticity is close to zero and strain is the 
dominant quantity. According to equation (2.12), in the vorticity dominated regions, there will be a 
close re lation between the surface slope and the product of the velocity and the vorticity. 

2.3 Circularly-symmetric vortices 

In the previous section, it was shown that in the special case of zero strain, there is a direct relation 
between surface slope and vorticity. Similarly, in the case of zero vorticity, there is a direct re lation be
tween the surface slope and the strain. These two relations (2.12) and (2.13) foliowed from the Euler 
equations in combination with the assumption of hydrostatic pressure, applied on a two-dimensional 
velocity field Q = (u, v). 

Applying the Euler equations and the hydrostatic pressure assumption on a two-dimensional circularly
symmetric vortex, willlead to a direct relation between the surface slope and both the vorticity and 
strain. This will be illustrated in the following. 
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Working with circularly-symmetric vortices, it is convenient to introduce polar coordinates (r, 8) with 
the corresponding velocity components given by: Q = (vr, ve). Fora circularly-symmetric vortex the 
radial velocity component Vr is negligible: ( Vr, ve) = ( 0, ve) and the azimuthal velocity component 
is only a function of the r-coordinate: ve = ve ( r). In this case the two Euler equations reduce to one 
single Euler equation: 

(2.14) 

The vorticity field in this case, is given by: 

1 d(rve) dve ve w=---=-+-
r dr dr r 

(2.15) 

and the strain field is given by: 

O" = r.!!:_ ( ve) = dve _ ve 
dr r dr r 

(2.16) 

With equation (2.15) and (2.16) the Euler equation (2.14) can be rewritten as: 

dh 1 
- = - ve(w- O") 
dr 2g 

(2.17) 

Using squared quantities like in the previous section this equation becomes: 

(2.18) 

Equation (2.18) is a direct relation between the surface slope s2 and the vorticiy fieldwand the strain 
field O". This equation is valid in general for any circularly-symmetric vortex. In the special cases 
where O" or wis equal to zero, equation (2.18) reduces to equation (2.12) or (2.13) respectively. 

2.4 The Rankine vortex 

The relations found in the previous section can be applied to any circularly-symmetric vortex. The 
use of model vortices can illustrate the effect of different regions of that vortex on the shape of the 
surface. It can also help to quantify the surface deformation given the strengthof the turbulent fluctu
ations (which are taken as the typical strengthof a vortex) Ultimately, we can try to make turbulence 
from random sets of these vortices and arrive at a relation between the turbulence properties and the 
wrinkles of the surface. As an example, we will work out the free surface shape above a Rankine 
vortex. 

A Rankine vortex is a manopalar vortex, which means that it has a single set of closed streamlines 
around some common centre, see for instanee [8]. The velocity profile of the Rankine vortex is given 
by (2.19) and is shown in figure 2.1. 
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V 

"' = { 

L 

~r 
L 

9 

if r :=:; L 
(2.19) 

ifr > L 

r 

Figure 2.1: The Rankine vortex velocity profile: the azimuthal velocity vo as a .function of r, the 
distance to the centre of the vortex. 

In these equations V is the characteristic velocity scale of the Rankine vortex and L is the character
istic length scale of the vortex. The region of the vortex where r < L, is called the vortex core. Note 
that the vortex core has a width of 2L. 

The vorticity and the strain of the Rankine vortex can be calculated, using equations (2.15) and (2.16). 
The vorticity is 2[ inside the vortex core and zero outside the core, whereas the strain is zero inside 
the core and equal to - 2~L outside the core. The surface slope can be calculated using equation 
(2.17), which results in: 

if r :=:; L 

ifr > L 

The surface shape h(r) can be found by integrating the previous equations with respect tor: 

Working out these integrals results in: 

h(r) = { 

V 2 2 
29pr +co 

if r :=:; L 

ifr > L 

if r :=:; L 

if r > L 

(2.20) 

(2.21) 

(2.22) 
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co and c1 are constants which can be found by applying boundary conditions on (2.22): 

limh(r) = limh(r) =}Co+ V
2 

=Cl 
r.j.L rtL 2g 

(2.23) 

and 

v2 
lim h ( r) = ho ==? q + - = ho 

r-+oo 2g 
(2.24) 

In this equation ho is the surface height with no vortex present. The boundary conditions yield: 
co = ho - vz and c1 = ho - v2 

2 
• 

9 9 

Thus, the surface profile is given by: 

{ 
~; [ ~ - 2] + ho if r ~ L 

h(r) = 
y2 L2 . 

ho - -2 ::z 1f r > L 
9 r 

(2.25) 

This surface profile is sketched in figure 2.2, the r-axis is extended in both directions in this picture for 
a clearer view of the situation. Above the core region of the vortex where the vorticity has a constant 
value of 2i, the surface profile has a parabolic shape. Outside the core region, where the vorticity is 
zero, but where the strain has a constant value of- 2~L, the surface profile drops off as"' ~· 

iz 
z = h -----------------------------------------------------------------------

0 

"··· .. ·· .. 
·· ..... 

····· .... 

Free surface profile 
h(r) 

z=O r 

2L 

Figure 2.2: Schematic representation ofthe surface shape h(r). The r-axis is extended in both direc
tions. 
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2.5 A more realistic vortex velocity profile 

A more realistic vortex velocity profile than that of the Rankine vortex which bas a discontinuous 
velocity gradient, is given by: 

l:::.r 
V(}= -""-L-" 

1 + (f)2 
(2.26) 

This profile smoothly interpolates between the velocity profile of the core region and the outer region 
of the Rankine vortex. See [3]. The velocity field of this profile is pictured in tigure 2.3, with V = 1 
mis and L = 1 m. The vorticity field follows from (2.15) and is given by 

2VL3 

w=---..",-
(L2 + r2)2 

(2.27) 

And the strain field follows from (2.16) and is given by: 

(2.28) 

Velocity profile 

0.6 
~ .s 0.5 
ë 
(]) 
c 
0 0.4 a. 
E 
0 
0 

~ 0.3 

8 
(ij 0.2 > 
(ij 
.;; 
:::l 0.1 E 
-~ 

0 
0 2 4 6 8 10 

r(m) 

Figure 2.3: The smooth Rankine velocity profile (2.26), with V= 1 mis and L = 1 m 

Again the surface slope is given by (2.17) and is pictured in tigure 2.4 as a function of r. V = 1 m/s 
and L = 1 m in these plots. In this curve the contributions to the surface slope from strain alone and 
vorticity alone, are also plotted. The highest value of the surface slope can be found in the core region 
of the vortex where vorticity dominates over strain. 
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10 

Figure 2.4: The surface slope for the smooth Rankine vortex, with V = 1 m/s and L = 1 m. The 
contributions ofvorticity and of strain to the surface slope arealso plotted in this figure. 

2.6 Surface gravity waves and surface capillary waves 

In the previous sections a relation between the subsurface velocity field and the surface shape was 
investigated, in the case that the surface shape was the direct result of the presence of a vortex under 
the surface. However, the surface also has a dynamics of its own in the farm of surface waves. In this 
respect, free surface turbulence is the coupling of subsurface dynamics to surface dynamics. There
fore we will briefly summarize the dynamics of surface waves here. 

A common type of wave is the surface gravity wave. Gravity is the stahilizing force bebind these 
waves. To examine the features of surface gravity waves some assumptions have to be made. First of 
all a situation is considered where the waves propagate in the x-direction only. The motion of the free 
surface is two-dimensional in the xz-plane. See tigure 2.5. 

17(x, t) is the free surface displacement, H is depth of the fluid and a is the amplitude of the waves. 
Assuming the amplitude a is small compared to the fluid depth H and the wavelength, the problem 
cao be linearized. Furthermore, if viseaus effects are ignored, the fluid motion is irrotational, which 
means a velocity potential cjJ cao be introduced, with: 

Öc/J 
(2.29) u=-

äx 

and 

äcjJ 
(2.30) w=-

äz 
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z 

H 

--------------------------~~----z=-H 

Figure 2.5: Wave definition in the xz-plane 

Substituting these expressions in the continuity equation: 

gives the Laplace equation: 

which cao be solved with the appropriate boundary conditions: 

the kinematic boundary condition: 

and the dynamic boundary condition: 

~ = 0 at z = -H 

0l-~ atz=O 8z- 8t 

W[ = -grt at z = 0 

13 

(2.31) 

(2.32) 

(2.33) 

(2.34) 

(2.35) 

Since the boundary conditions in (2.34) and (2.35) are taken at the equilibrium surface z = 0, and oot 
at the actual surface z = 'fl, they are the linearized boundary conditions.[lO]. In order to apply the 
boundary conditions, weneed to assume a farm for rt(x, t). An obvious choise is a sinusoidal form 
with wavenumber k and frequency w: 

rt(x, t) =a cos(kx- wt) (2.36) 

Assuming a separable salution of the farm <P = f ( z) sin( kx - wt) and substituting this expression in 
the Laplace equation (2.32) and into the boundary conditions, gives a salution for </J: 
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"'_ aw cash k(z + H) . (k _ ) 
'f' - k sinh kH sm x wt (2.37) 

Substituting (2.37) and (2.36) in the dynamic boundary condition (2.35), gives the dispersion relation 
w(k): 

w = y'gktanhkH (2.38) 

The phase velocity c = w / k is given by: 

c = VttanhkH (2.39) 

When the frequency of the waves becomes large enough, capillary forces due to the curvature of 
the free surface come into place. For the combined problem of gravity and capillary influences, the 
equation to be solved is still the same equation as for pure gravity waves, namely the Laplace equation 
(2.32). However, the boundary conditions in this case are different from the previous one, because 
of the influence of the surface tension (), expressed in force per unit length. When the surface is 
curved, the surface tension tends to restore the shape of the fluid into the uncurved state. The dynamic 
boundary condition (2.35) needs to be replaced by: 

f!.P_ - f!.. 
82 "~ - at z = 0 at - P fu2 9"1 (2.40) 

Where p is the density of the fluid. This again is a linearized boundary condition, which follows from 
the linearized Bernoulli equation, see for instanee [10]. The salution of the Laplace equation (2.32) 
with the boundary conditions (2.33), (2.34) and (2.40), is the same as for the case of pure gravity 
waves and is given by equation (2.37). However, the dispersion relation is different in this case and is 
given by: 

w= ( 
(Jk3) 

gk+ p tanhkH 

which yields a phase velocity: 

c= (
g (Jk) k + p tanhkH= (

g>.. 211"()) h 27rH -+-- tan --
271" pÀ À 

(2.41) 

(2.42) 

c is plotted in tigure 2.6 as a function of the wavelength >.., for an air-water interface, which has a 
surface tension of()= 0.074 N/m at room temperature. 

1 

The phase velocity has a minimum at Àmin = 271" jfi = 0.0173 mof Cmin = [ '!9f) 4 
= 0.232 m/s. 

Cmin is the point that seperates gravity dominated waves from waves dominated by surface tension. 
At this point the frequency is 13.41 Hz, which is well within the region of interest in the experiments 
described in chapter 3. Moreover, the wave velocity is also of the order of the mean velocity in the 
water channel, approximately 0.3 m/s. So, we have to think carefully about what we measure, as will 
be explained in the following. 
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Figure 2.6: The Phase velocity as ajunetion ofthe wavelengthfor a water-air-interface 

The shape of the deformed surface can be represented by a Fourier integral: 

'fl(X, t) = -- A(w)ez(k(w)x-wt) dw, 1 100 . 
V2ir -00 (2.43) 

with k(w) following from (2.41) and A(w) the wave amplitude. According to the principle of equipar
tition of energy, which is valid for conservative dynamica} systems undergoing small oscillations, the 
average kinetic energy equals the average potential energy. Thus, the total energy of the waves per 
unit area Es can be written as two times the potential energy per unit area: 

(2.44) 

In order to study the relation between the surface deformation energy and the bulk turbulence energy, 
the surface elevation spectrum A 2 ( w) should be measured. 

2 
log A (ro) 

0 
-------"--------

û) 

Figure 2.7: The expectedfonn ofthe surface elevation spectrum 
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Naturally, the surface elevation spectrum A 2 ( w) is expected to be zero at zero frequency and is as
sumed to roughly look like the curve drawn in tigure 2. 7. Incidentally the surface slope would have 
the energy spectrum k2 (w)A2 (w). 

In the experiments described in section 3.3, we measure the surface slope in a point. We will now argue 
that with such a measurement the energy spectrum k 2 (w)A2 (w) is inaccessible due to an ambiguity 
caused by the tinite convection velocity, more precisely, the ambiguity is caused by the fact that the 
location of the souree of the waves is unknown. For example, a measured frequency zero may actually 
be the result of waves with a certain frequency w traveling upstream, with a fase velocity that equals 
the convection velocity U ~ 0.3 rnls. Thus, in general a measured wave traveling upstream is given 
by: 

A(w )ei(k(w)x-(w-Uk(w))t) (2.45) 

with an observed frequency of Ww = w - k ( w) U. The convection velocity in the water channel, 
described later, is on the order of U ~ 0.3 rn!s. The relation between the observed frequency f w = ~ 

and the true frequency f = ~ is shown in tigure 2.8, for waves traveling upstream. 
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Figure 2.8: The re lation between the observed frequency f w and the real frequency f 

It is clear that f w = 0 corresponds to a real frequency of approximately 60 Hz, so that the actual 
measured one-point surface elevation spectrum looks like the plot in tigure 2.9. 
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Figure 2.9: Theform ofthe surface elevation spectrum by taking thefrequency ambiguity into account. 

Since it is not the wavenumber k that is measured, but the frequency w, the computation of the surface 
energy from measured spectra of one-point surface elevation measurements becomes impossible. Not 
only is there an ambiguous relation between the measured frequency and the real frequency, see tig
ure 2.8, but also the propagation direction of the surface waves is undetermined when doing one-point 
measurements. It can be concluded that a space-time measurement is crudal to interpret the surface 
spectra in terms of capillary and gravity waves that are excited by the bulk turbulence. 
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Chapter 3 

The Experimental set-up and 
Measurement Techniques 

To study the statistica[ properties of free surface turbulence experimentally, a water channel is an 
ideal set-up. The water channel used for the experiments and the active grid to generate turbulence 
in the channel are described in this chapter. The surface slope of the free surface in a point has 
been measured with a laser light refraction set-up. The subsurface velocity field has been measured 
with Partiele Image Velocimetry (PIV). These two measurement techniques arealso described in this 
chapter. 

3.1 The water channel and the active grid 

3.1.1 The water channel 

Tbe water cbannel bas a lengbt of 7 mand a cross-section of 0.3 x 0.3 m2 and is tilled witb water 
to a certain beigbt. Tbe water in the cbannel is pumped around in a closed circuit by a pump with 
adjustable power, so that the mean velocity of the flow in the cbannel can be controlled from zero to 
approximately 0.30 mis. To generate turbulence in tbe flow, a grid is placed in the cbannel. Tbe water 
is pumped througb the grid, becomes turbulent and decays in intensity downstream. In tbis set-up an 
active grid is used. An active grid is an array of moving flaps, this in contrast to a passive grid whicb 
bas no moving elements. Tbe water cbannel witb the active grid is scbematically pictured in tigure 3 .1. 

Tbe complete water cbannel is situated in a laser laboratory. A laser laboratory bas special facilities, 
necessary for safety operating a class 4 laser. Tbe class 4 laser in tbe laser laboratory is part of the 
partiele image velocimetry (PIV) set-up wbicb will be described later in this cbapter. With PIV it is 
possible to measure tbe velocity field of the flow. It is a very suitable technique for measuring velocity 
gradients. Tbis is of use wben the link between tbe subsurface velocity field and tbe surface defor
mation is investigated, see cbapter two. Tbe surface deformation in one point can be measured witb a 
laser refraction set-up. 

Otber measurement equipment around the water cbannel is a laser Doppier velocimetry set-up. Tbe 
Laser Doppier Velocimetry (LDV) set-up, is not the focus of this report, but is mentioned bere for tbe 
sake of descrihing the complete set-up of equipment around the water cbannel. LDV measures tbe ve
locity in one point of the flow and is a suitable technique for determining flow statistics. Tbe principle 
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direction of the 
mean flow 

Figure 3.1: Schematic drawing of the water channel with the active grid. 

of LDV is based on the measurement of the shift in frequency from laser light that is scattered from 
small particles carried with the flow. Knowing this frequency shift, the velocity of the particles in the 
flow can be calculated. 

The water channel consists of a number of sections bolted together. It bas a transparent bottorn as 
well as transparent sidewalls, to enable the previously mentioned optical measurement techniques. 
The work presented in this report focusses on PIV and the laser refraction set-up. 

3.1.2 The active grid 

The traditional metbod of generating isotropie turbulence in a flow is by means of a passive grid. The 
passive grid is usually a rectangular array of bars which have a square cross section, placed at the 
entrance of the test section of the flow set-up. With a contiguration like this it is possible to generate 
homogeneous, quasi-isotropie turbulence in for instanee a wind tunnel, see [6]. For turbulence exper
iments a high Taylor-scale-Reynolds number Re>-. is desirable, because if Re>-. is not sufficient large 
enough, the inertial subrange in the turbulence energy spectra is not very clear. With large Re>-. a clear 
seperation between the large scales and the small scales in the turbulent flow can be established. The 
Taylor-scale-Reynolds number Re>-. is given by: 

R 
ÀUrms 

e>-.=-
v 

(3.1) 

In this expression Urms is the root-mean-square velocity, vis the kinematic viscosity of the fluid and 
>. is the Taylor-micro-length-scale, which is the correlation length of turbulent velocity fluctuations. 
The Taylor-scale-Reynolds number is based on turbulence quantities, and is therefore relevant for the 
research described in this thesis. The Taylor-scale-Reynolds number is related to the large scale mesh 
Reynolds number as: 
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In which ReM is the mesh Reynoldsnumber given by: 

MU 
ReM=-

v 
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(3.2) 

(3.3) 

In this expression M is the mesh size of the grid and U is the mean velocity of the flow. The constant 
C depends on the way in which the turbulence is forced. The only way to increase Re>.. while using a 
regular passive grid is to increase ReM. This can be achieved by a higher mean velocity, a much larger 
set-up or a much smaller viscosity. An alternative way is modifying the way in which the turbulence 
is forced, by means of an active grid. This increases the constant C in (3.2), as will be shown in the 
following section. Active grids have been used previous in wind tunnels, see for instanee [12] and 
[15] and also in water, see [20]. 

Figure 3.2: Picture ofthe active grid with the 12 axes with vanes attached to them. 

To generate turbulence in the water channel, water is pumped through the active grid. The active grid 
consists of twelve axes, six horizontal and six vertical axes. Each axis has vanes attached to it, see 
figure 3.2 and 3.3. The area of the grid is 0.3 x 0.3 mand the distance between the axes is 0.05 m. 
The axes are controlled by DC motors which are controlled by a PC. The DC motors are capable of 
rotating the axes in two directions (clockwise and counterclockwise), with an nomina} angular veloc
ity between 0 and 14 revolutions per second. With a decelaration of 1:4.3 the actual maximum angular 
velocity of the axes becomes 3.3 revolutions per second. 

The way the twelve DC motors (one for each axis) are controlled is schematically illustrated in more 
detail in the block diagram in figure 3.4. Two DAC-cards, which are inserted into two PCI -slots of the 
computer are connected with each other through a special IlO-connector, the RTSI-bus. The DAC
cards both have FIFO-memory (= "First In, First Out" -memory) and operate in a master/siave con
figuration. The master-card has a clock generator. Using the clock generatorand the FIFO-memories 
on the DAC-cards, a setpoint is generated every 50 ms. These setpoints are used to control amplifiers 
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Figure 3.3: Picture of the active grid turbulence generator. 

(labeled Alto A12 in the block diagram), which in turn control the DC motors. (labeled Ml to M12 
in the block diagram) 

In the design of the grid, calculations where made to determine the torque on the axes. These results 
determined the type of motor that was chosen. Tests with a single motor revealed that during oper
ation, the temperature of the motors could get too high. Therefore, every motor is cooled by water. 
The water flows through a circuit which has cooling elements situated at each motor. Theset-upis 
contigured in such way that it is only possible to start up the power supply of the motors when run
ning cooling water is detected, see figure 3.4. If during operation the cooling water stops flowing, the 
power supply shuts down and the motors are stopped automatically. 

The setpoints used to control the motors define the angular velocity of the axes and are calculated 
using a certain protocol. The calculated setpoints for each motor are then stored in a single file on the 
computer. In general these files are very large, so turbulence can be generated without interruption for 
periods of a few hours. The frequency used for forcing the turbulence with the grid, should be in the 
lower part of the inertial subrange of the turbulence. The upper limit of this frequency is defined by 
the mean velocity of the flow, U ~ 0.3 mis and the integrallenght scale of the flow which is equal to 
the mesh size of the grid, M = 0.05 m and is given by: 
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Figure 3.4: Block diagram ofthe grid control 
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= 6 Hz (3.4) 

As stated earlier, every 50 ms a setpoint is generated. The value of these setpoints stays constant for 
a certain time interval t:l.t. This time interval is defined randomly, t:l.t = n x 50 ms, with n random, 
but there is a minimallimit to it of 2 x 50 ms, which corresponds toa maximum frequency of 10Hz, 
which is in the order of !Limit· The value of the amplitude of the setpoints is also generated randomly 
within a certain interval. The angular velocity of the axes, to which the amplitude of the setpoints is 
directly related, lies within an interval that ranges from -14 revolutions per second to + 14 revolutions 
per second. In tigure 3.5 a typical time depence of an axis is sketched. 

Grid control takes place using an user-interface written in LabVIEW. With this user-interface it is 
possible to load and run the setpoint-files. The interface also displays the status of the turbulence 
generator and how much seconds it will still be operational. For testing purposes the user-interface 
also has the possibility to control each motor seperately. 
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n 

Figure 3.5: Sketch ofthe angular velocity n of an axe as ajunetion of time. 

3.2 Comparison of turbulence quantities between active grid and pas
sive grid 

Turbulence generated by a grid is to a good approximation homogeneaus and isotropic, which means 
that the statistica! properties of turbulence are invariant with regard to translation and rotation. Fora 
turbulent flow the Kolmogorov length scale, time scale and velocity scale are given respectively by: 

(3.5) 

(3.6) 

1 
V= (vE)4 (3.7) 

The Kolmogorov scales characterize the microstructure of the turbulent flow. In these equations E is 
the viseaus dissipation and v is the kinematic viscosity coefficient, which is 1.0 x 10-6 m2ç 1 for 
water. The viseaus dissipation can be calculated from the inertial subrange of a measured energy 
spectrum. Figure 3.6 shows spectra of the streamwise velocity component u, measured for both the 
active grid and a passive grid in the water channel. The velocity was measured with Laser Doppier 
Velocimetry (LDV) at 2 m distance from the grid and at approximately 7 cm below the surface of the 
fluid. Both grids have the same mesh Reynoldsnumber ReM = 1.5 x 104 , given by (3.3), with U= 
0.3 m/s and M = 0.05 m. 

In the wavenumber domain, the inertial subrange of the one-dimensional energy spectrum for the 
streamwise velocity component is given by: 

(3.8) 

with a the Kolmogorov constant given by a~ 0.55, see for instanee [15]. The measured spectra with 
LDV are frequency spectra and not one-dimensional wavenumber spectra. Assuming that the Taylor 
hypothesis can be used, these are related as: 
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(3.9) 

with k(f) = t f. Now the viseaus dissipation ean be ealculated using (3.9) and the inertial range of 
the frequeney spectrum shown in tigure 3.6. From this the three Kolmogorov seales (3.5), (3.6) and 
(3.7) ean be ealculated. 
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Figure 3.6: Energy spectrafora static grid and an active grid, measured with LDV. 

The Taylor-seale Reynolds number given by (3.1) ean be ealeulated if the Taylor length seale >. and the 
rms-velocity Urms are known. The rms-velocity ean also be determined from the LDV measurements, 
by measuring the velocity over a fairly long amount of time. The Taylor length seale ean be ealculated, 
with the dissipation € for isotropie turbulenee, see for instanee [7] . 

15v u;ms 
€ = ).2 (3.10) 

The values of the mentioned turbulenee quantities ean be found in table I for both the passive grid and 
the aetive grid. 
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Quantity: Passive Grid Active Grid 
Viscous disspiation E 1.7 x 10 -:> m:ts -3 1.3 x 10 -4 m:ts -3 

rms-velocity Urms 8.9 x 10-3 m/s 2. 7 x 10- :l m/s 

Turbulence intensity uYF' 3% 9% 

Kolmogorov velocity scale v 2.0 x 10 -3 m/s 3.4 x 10 -3 m/s 

Kolmogorov time scale T 0.24 s 0.09 s 

Kolmogorov length scale 'fJ 4.9 x 10 -4 m 3.0 x 10 -4 m 

Taylor length scale >. 8.36 x 10- 3 m 9.17 x 10-3 m 

Re>. 74 247 

Table /: Calculations of some turbulence-quantities from LDV measurements at 2 m distance from the 
grid, 0. 07 m below the surface 

The comparison between the active grid and the passive grid shows that for the same mesh Reynold
snumber ReM, the active grid results in a much larger value for the Taylor-scale Reynoldsnumber. 
(roughly a factor 3 higher.) The constant C in the relation between the mesh Reynoldsnumber and 
the Taylor-scale Reynoldsnumber (3.2) is C = 2.0 for the active grid and C = 0.6 for the passive grid. 

According to equation (3.4), the time scale basedon the largest eddies is 6 Hz for both the active grid 
and the passive grid. The smallest eddies can be found at: % = 3 _ 0 ~·{0 4 = 1 kHz, for the active grid 

and at % = 5 _ 0 ~-{0 4 = 0.6 kHz for the passive grid. Thus, the separation of scales is larger for the 
active grid. These frequencies are well above the maximum frequency of the forcing protocol of the 
active grid !limit = 10 Hz, calculated in the previous section. 

3.3 Measuring the free surface slope in a point 

The slope of the free surface in a point can be measured using laser light refraction. In this section the 
experimental set-up of the laser light refraction metbod will be described. A laser situated under the 
channel and aimed vertically upward, shines a laser beam through the transparent bottorn of the chan
nel, through the water to the free surface. At the free surface the laser beam will refract according to 
Snellius law. A section of the water channel with the laser light refraction set-up is pictured in figure 
3.7. 

After the laser beam is refracted by the free surface, it is detected by a sensor, which is situated ap
proximately 30 mm above the free surface. The sensor used is a Position Sensing Detector (PSD), 
which is an opto-electronical sensor which generates electrical signals related to the position of a light 
spot on its surface. The response linearity of a PSD is best in the central area of the PSD and is usually 
defined over a specific part of the active area of the PSD. The PSD used in the laser refraction set-up is 
quoted to have a response linearity better than 0.1% over 64% of the central area of the PSD. The PSD 
is aligned that the central part of its area is used as much as possible while doing measurements. The 
electrical signals coming from the PSD are processed by a Philips PSD processing unit (Type CTR-
531-91-0017). The response speed ofthis set-up is limited by the processing electTonics toabout 150 
kHz. The output signal of the PSD is low-passed filtered with a cut-off frequency of 10kHz, after 
which it is sampled with a 12 bit ADC at a sample frequency of 10kHz. 

The quantity measured with the laser light refraction set-up is the position of the center of the laser 
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Figure 3.7: Schematic drawing of a section ofthe water channel with the laser light refraction set-up. 

spot on the surface of the PSD as a function of time. Knowing the distance between the free surface 
and the PSD, which is approximately 30 mm, we can calculate the free surface slope from the laser 
spot positions, using Snellius' law. 

In the laser light refraction set-up, the laser has gat a fixed position and the free surface slope is 
variable, so the angle of incidence ei is only dependent on the free surface slope. The refracted 
laser beam hits the PSD and the position of the laser spot on the PSD area is measured. With this 
measurement, the outgoing angle et can be calculated, using geometrical opties. Knowing et. the 
angle of incidence fh can be calculated using Snellius' law. So the surface slope can be calculated 
directly from the laser spot position on the PSD. Deriving the expressions for the surface slope as a 
function of the laser spot position on the PSD yields: 

ah 
a x 

8h 
8y 

-xpsv 

-ypsv 

l- n,Jz2 + x~sv + Y~sv 

(3.11) 

(3.12) 

In these expressions (x p s D, y p s D) are the coordinates of the displacement of the laser spot from the 
rest position. g~ is the free surface slope in the x-direction, which is also the direction of the mean 
velocity of the flow and g~ is the surface slope in the y-direction. l is the perpendicular distance be
tween the PSD and the free surface. Formally l is nat a constant because of the movement of the free 
surface, but if the fluctuations of the surface height are small compared to the distance between the 
PSD and the free surface when there is no flow in the channel, then this value, which is 30 mm, can 
betaken as a good approximation for l in calculations. n f is the refractive index of water, which is 1.33 

Equations (3.11) and (3.12) can also be derived using the Fennat principle insteadof Snellius' law. 
Perrnat's principle states that a light beam traveling from a certain point A toa certain point B, chooses 
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its path between A and B in such way, that the optica! path lenght is minimaL Fermat's principle falls 
in the class of problems that can be solved by using variational calculus, a technique that determines 
the form of a function that minimizes a definite integral, see for instanee [14]. Because the refracted 
light beam remains in the plane of incidence we can work with just two coordinates, x and y, the path 
of the light beam is represented by the function y (x). The integral that has to be minimized to find the 
form ofthe function y(x) is the optica} path lenght L:[y], given by (3.13). 

C[y] = f n(x,y)l- (~~)' dx (3.13) 

Minimizing equation (3.13) and substituting the proper coordinates for the laser spot displacement on 
the PSD in the the function y(x), also results in the previous mentioned equations (3.11) and (3.12) 
for the free surface slopes. 

3.3.1 Testing the linearity of the PSD 

Before the PSD is used in the laser light refraction set-up its outputsignalis measured as a function of 
the laser spot position on the active surface of the PSD. A laser spot is projected on the PSD and the 
output voltage is measured each time the laser spot has been moved a little bit over the PSD surface. 
Two calibrations have been made in this way: one in the x-direction and one in the y-direction of the 
PSD surface. The position of the x-axis and the y-axis is chosen in such way that the intersection of 
these two axes is situated in the middle of the PSD surface. The results of these calibration measure
ments are presented in tigure 3.8 and tigure 3.9. 

From both figures it can be concluded that the measured active area equals the quoted active area of 
10 x 10 mm. When the laser spot hits the PSD outside this active area, the outputsignalis not equal 
to zero as can be seen in both figures. Therefore it is crucial that during the laser light refraction 
measurement, the refracted beam stays focussed on the active area of the PSD. If the laser beam hits 
a spot on the PSD surface that is outside this active area an output signal is generated which will be 
misinterpreted. The fact that the PSD still gives an output signal not equal to zero when the laser beam 
hits the PSD on a spot outside, but still close to, the active surface of the sensor, is caused by scattered 
light from the beam that still makes it onto the active area. According to the specifications of the PSD, 
when a light spot with a certain area hits the PSD, the output signal of the PSD will be related to the 
position of the centre of this spot. 

A linear fit is made of the measured data belonging to the active area of the PSD, which is also plotted 
in figures 3.8 and 3.9. From this fit, it can be concluded that the response linearity of the PSD is quite 
good, although the measured data at the edges of the active area of the PSD deviate more from the 
linear fit than the measured data close to the centre of the active area. Therefore it is important that 
during measurements the PSD is aligned in such way that the refracted beam hits the active area in the 
central part of the PSD as much as possible. From the two linear fits of the calibration data it follows 
that the conversion factor, needed to calculate the laser spot positions on the PSD in millimeters, using 
the output signal of the PSD in Volts, is 1.72 Volt/mm for the y-direction and 1.67 Volt/mm for the 
x-direction. 
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The processing electtonics are quoted to deliver an output signal relative to the light spot position on 
the PSD in the range from -10 Volt to + 10 Volt. However, the output interval measured, ranged from 
-7.6 Volt to +7.8 Volt in the x-direction and from -8.5 Volt to +8.7 Volt in the y-direction. 



30 CHAPTER 3. THE EXPERIMENTALSET-UP AND MEASUREMENT TECHNIQUES 

--0 
> --Q) 
0) 
ctS -0 
> -:::J a. -:::J 
0 

PSD calibration measurement in x-direction 

10 .-------,-----,\,\,_-----,,------,,------,,------, 

-1~\\ 

5 

0 + + + 

-5 

+ 

\~' 
'\\ 

\\ 

\\\ + 
+ 

'\\ + 
+ 

+ \\\ 

+\\, 

\::\ 
-10 ~----~----~------~----~~--~~--~ 

-1.5 -1 -0.5 0 0.5 1 1 .5 

x-position (cm) 

Figure 3.8: Output voltage of the PSD as a function of the laser spot position in x-direction on the 
PSD surface. 
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Figure 3.9: Output voltage of the PSD as a function of the laser spot position in y-direction on the 
PSD surface. 
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3.4 Measuring the subsurface velocity field with PIV 

A two-dimensional velocity field in a flow can be measured with a technique called Partiele Image 
Velocimetry (PIV). PIV is a measurement technique in which the velocity field is found by camparing 
images of particles in the flow at timet with images taken at timet+ b..t. So the technique is based 
on the direct determination of the two fundamental dimensions of the velocity: time and length. On 
the other hand, the technique itself measures indirectly, because it is not the velocity of the flow itself, 
but the velocity of the particles in the flow that is measured. This means that the actual velocity field 
is sampled at discrete positions. In contrast to other velocity measurement techniques like the use of 
probes, pressure tubes and hotwires, PIV is a non-intrusive measurement technique. Another advan
tage of the PIV-technique is the fact that it is a whole field technique, which is an unique feature of 
the PIV technique. Therefore PIV is suitable for measuring velocity gradients. This is of importallee 
because the vorticity field and the strain field of the subsurface are functions of velocity gradients, see 
equations 2.7 and 2.8 and are related to the surface slope, see equations 2.12, 2.13 and 2.18. 

The particles of which the recordings are made are added to the flow. Since these so-called tracer 
particles are assumed to move with the local flow velocity, the size and mass of these particles should 
be chosen carefully. To record the images of the particles, the particles within a certain plane of the 
flow must be illuminated at least twice within a short interval. The duration of the illumination pulse 
must be short enough that the motion of the particles is frozen during the pulse exposure in order to 
avoid blurring of the image. 

The pairs of PIV-recordings are divided into small areas called interrogation windows. The local dis
placement vector of the images of the particles is then calculated for each interrogation window. This 
calculation is done by means of cross-correlation analysis, which will be discussed in more detail in 
chapter 4 tagether with the consequences this has for interpreting the measurement results. The time 
delay between the illumination pulses must be long enough to be able to determine the displacement 
between the images of the tracer particles with suftkient resolution and short enough that the dis
placement of the particles is still smaller than the interrogation window size. 

The particles are illuminated by a laser light sheet in a plane of the flow. The light sheet is formed 
and focussed by laser sheet opties. The light of the light sheet is scattered from the particles and is 
then focussed by a lens on a recording medium like a photographic film or a video sensor. The light 
scattered from the tracer particles must be intense enough to be detected, therefore the light souree is 
usually one of very high power, which can be seen as one of the disadvantages of the PIV-technique. 
The recording medium captures the images of the particles, after which the images are stored in a 
computer memory for further processing. A more extensive description of PIV can be found in for 
instanee [23] and [26]. 

3.4.1 The PIV set-up at the water channel 

The PIV set-up used at the water channel for measuring velocity fieldsis pictured in tigure 3.10. The 
set-up exists of three basic parts: a laser, laser sheet opties and a recording equipment to record images 
of the tracer particles in the flow. 
The tracer particles added to the flow are little hollow glass halls. The glass halls contain air and have 
a diameter of 10 J.Lm. The laser used in the PIV set-up to supply light for the light sheet is a Dual 
SL454-10 pulsed Nd:YAG Laser from Spectron Laser Systems. This type of laser is a class 4 solid 
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Laser beam Laser sheet 

CCD-camen 
Laser sheet opties 

Figure 3.10: Schematic drawing of a section of the water channel with the PIV set-up. 

state laser with a Neodymium (Nd) doped Yttrium Aluminum Garnet (YAG) crystallaser medium. 
In general, Nd: YAG lasers have high amplification and good mechanical and thermal properties. The 
laser sends out light pulses with a pulse energy of 170 mJ at a wavelength of 532 nm and a repetition 
rate of 15 Hz. The pulse duration is 13 ns. 

A sheet of laser light is made from a beam of laser light, comming from the YAG-laser, using laser 
sheet opties. The laser light sheet is focussed parallel to the free surface, through the water and 
illuminates the tracer particles, present in the flow. Images of these illuminated tracer particles in the 
light sheet are made with a 10 bit Kodac ES 1.0 digital CCD-camera at a frame rate of 1000Hz. This 
type of camera distinguishes 1024 gray levels and produces images with an image size of 1018 x 
1008 pixels. With this set-up, pairs of images are made every ls s with a time separation of 10-3 s 
between the two images of a pair. 

3.4.2 Processing of PIV-data 

The images recorded with the CCD-camera are stored in files on a computer. These raw data files need 
to be processed to obtain the desired velocity fields. To obtain the two-dimensional velocity fields out 
of the raw data files, several steps are needed. In the following, a short description of the steps in the 
data processing are given. 

The first step is to convert the images from 10 bit to 8 bit. This is because the images are made by 
a 10 bit CCD-camera and for the PIV-algorithm to work, they need to be coded in 8 bit. After this 
conversion the PIV-algorithm is applied to provide the velocity fields from pairs of image files. The 
PIV-algorithm divides the images into interrogation windows. The position of the particles in each 
window of the first recorded image is compared to the position of the particles in the corresponding 
window of the second recorded image. This is done by a cross-correlation technique described in the 
next chapter. The PIV-algorithm calculates a velocity vector for each interrogation window. This re
sults in a discrete velocity field with a velocity vector for each window. These velocity fields however, 
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are nat given in "normal" world-coordinates but instead are given in pixel coordinates. Therefore a 
calibration is neccessary to be able to convert the velocity fields from pixel-coordinates into world
coordinates. For this calibration, an image of a calibration grid is made. The calibration grid is a dark 
plate with white dots at the grid points. 

The velocity fields may contain some errant velocity veetors which are much larger in size than the 
surrounding vectors. These errant veetors generally originate from interrogation windows that contain 
insufficient partiele image pairs. In practice the number of errant veetors in a PIV data set is relatively 
low: typically less than 5%. However, their accurance is more or less inevitable: even in carefully 
designed experiments there remains a finite pobability that processing of PIV-data yields an errant 
vector. These errant veetors are fittered out of the velocity field. The open spaces in the velocity 
field are filled with velocity veetors calculated with a Gaussian interpolation procedure. For a more 
detailed description of the PIV data processing procedure, see [27]. 
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Chapter 4 

Analysis of PIV for Thrbulence 
Measurements 

PIV delermines the velocity field from correlation functions of the intensity fields of images of ad
vected particles. For turbulence research, the statistica[ properties of the velocity field are of interest. 
Clearly, these properties will be affected by the averaging that is inherent to PN. In this chapter a 
statistica[ analysis of PN is presented and the effect on PN on measured turbulence properties is 
discussed. 

4.1 Cross-correlation analysis of PIV 

The PIV algorithm calculates two-dimensional velocity fields from pairs of image files by using 
cross-correlation analysis. This cross-correlation analysis is explained in for instanee [9], [23] and 
[24]. Adrian [2] describes an auto-correlation technique for analysing PIV images of double exposed 
PIV-recordings, which is a technique very similar to cross-correlation analysis of single-exposed PIV
recordings. For cross-correlation analysis, the images are also divided into interrogation windows. 
For each window of the image taken at time t, the image intensity field is cross-correlated to the 
image intensity field of the corresponding window in the image taken at time t + !:lt . The average in
plane displacement of the particles in a window is given by the location of the maximum value of this 
cross-correlation function as will be shown in the following, which was adapted from [2], [9] and [23] . 

A partiele i in the flow that moves in the light sheet, bas a position Xi = (Xi , Yi, Zi) at timet. The 
position of the image of partiele i in the image plane is X i = (X i, Yi). See tigure 4.1. 

Assuming that all particles are equal and that the size of the image of a partiele is independent of the 
Z -position of the partiele in the light sheet, the intensity distribution in the image plane is given by: 

M 

I(x, X) = L V(X)r(x- Xï) , (4.1) 
i=l 

in which M is the number of particles in the image plane and V (X) is the intensity dis tribution in the 
light sheet. ris the point-spread function of the particles, which is often assumed Gaussian: 

35 
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Image 
Plane 

Lightsheet 

y 

Figure 4.1: The coordinate systems XYZ in the light sheet and xy in the image plane. 

T(x) = K exp (- ~;:) 

With K and a constants. V(X) can be written as: 

V(X) = T(X, Y)R(Z), 

(4.2) 

(4.3) 

in which T(X, Y) is the intensity distribution in the light sheet in planes where Z = constant. A 
Gaussian shape is often chosen to represent T(X, Y). The intensity distribution of the light sheet in 
the Z -direction, R( Z) is often assumed to be Gaussian as well. However, for now, a top-hat function 
will be used to represent R(Z), which is a good approximation for many commonly used PIV lasers: 

{ 

Ro if I Zl < ~z 
R(Z) = 

0 otherwise 
(4.4) 

fl.Z is the thickness of the light sheet. In the following the partiele displacement in the Z-direction 
in the light sheet is assumed to be negligible and therefore there will be no loss of partiele pairs due 
to particles moving out of the light sheet in Z-direction. For completeness we have retained the light 
sheet coordinates (X, Y, Z) in equation (4.1). 
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For PIV analysis the image plane is devided into several interrogation windows. The interrogation 
window at position x 0 in the image plane can be described by a window function W(x, xo), for 
instance: 

{ 

1 if lx- xol < ~ andly- Yol < ~ 
W(x,xo) = 

0 otherwise 
(4.5) 

This function describes a square interrogation window centered around (x0 , Yo), with linear size L. 

The intensity distribution in the image plane (4.1) is related to the intensity distribution V(X) in 
the light sheet, defined in light sheet coordinates (X, Y, Z) and a point-spread function T defined in 
image plane coordinates (x, y). If the interrogation window W(x, x 0 ) is small compared to the size 
of the laser sheet, the value of the intensity distribution T(X, Y) in the light sheet in planes where Z 
= constant, can be approximated by a constant To when observed through the interrogation window. 
Now the intensity distribution in the light sheet, when observed through an interrogation window, 
bas become completely independent on the light sheet coordinates (X, Y, Z) and can be written as a 
constant Vo = T0Ro. PIV correlates the intensity field in a window at position (xo, Yo) and timet 
with the intensity field of a corresponding window at the same position (xo, Yo) at timet+ b..t. The 
intensity field in the fust window is given by: 

N 

h(x,xo) = '2.:VoW(x,xo)T(x-xi) (4.6) 
i==l 

N is the number of particles within a window. At time t + b..t the positions of the particles in the 
window have changed. The displacement of partiele i in the image plane is given by di. Assuming 
that the properties of the light sheet have not changed, the intensity field in the window at time t + b..t 
is given by: 

N 

I2(x,xo) = '2.:VoW(x,xo)T(X-Xi -di) (4.7) 
i==l 

The cross-correlation function of the image intensity fields h (x, xo) and h (x, x 0 ) is given by: 

R(s) = (h(x,xo)I2(x + s,xo)), (4.8) 

in which ( ... ) denotes a spatial average calculated by integration over all x. Substituting (4.6) and 
(4.7) into (4.8) leads to: 

N 

R(s) = (V0
2W(x,xo)W(x + s,xo) '2.: T(x- Xi)T(x- Xj- dj+ s)) (4.9) 

i,j 

For further analysis it is convenient to rewrite the intensity fields h (x, x 0 ) and I 2 (x, xo) as: 
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h(x,xo) = VoW(x,xo) I g(x',t)r(x- x') dx' (4.10) 

with 

N 

g(x',t) = L8(x' -xi(t)) (4.11) 
i=l 

and 

I2(x, xo) = Vo W(x, xo) I g(x', t + D.t)r(x- x'+ s) dx' (4.12) 

with 

N 

g(x', t + D.t) = L 8(x'- xi(t)- di) (4.13) 
i=l 

From now on we will write the microscopie partiele density g(x, t) as Dog( x, t) to indicate the part of 
g that will have non-zero correlations. The associated correlation function is: 

Rn(s) ( Vo2W(x, xo) [I Dog( x', t)r(x- x') dx'] 

x W(x + s, xo) [I D.g(x', t + D.t)r(x- x'+ s) dx']) (4.14) 

Rn is the displacement correlation, which gives the image displacement. 1 The product of the two 
integrals in ( 4.14) can be rewritten as a double integral: 

Rn(s) ( V0
2W(x, xo)W(x + s, xo) 

x I I dx' dx"r(x- x')r(x- x"+ s)D.g(x", t + D.t)D.g(x', t)) (4.15) 

Rn is a peak-shaped function and the centraid of this peak is a measure for the average displacement 
of the particles in the image plane as will be shown next. 

Our task is to de termine the correlation function R D ( s) for window xo, as averaged over the turbulent 
velocity field u. Therefore we first consicter Rn fora given velocity field. To this aim we introduce 
the conditional average (Rn Iu), that is the average of Rn, obtained from an ensemble of partiele dis
tributions for one single realization of the velocity field u. To calculate the centraid of the correlation 
peak Rn. the conditional average (Rnlu) must be used. This conditional average can be calculated 
if (D.g(x, t)D.g(x', t + D.t)lu) is known. The microscopie distribution function D.g(x, t) is a eaUee
tion of 8-functions that tell where particles are. 1t is reasanabie to assume that the correlation is only 
non-zero if the particles have moved exactly according to u (x, t). Thus, 

1 D denotes displacement 
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(~g(x, t)~g(x', t + ~t)lu) = C(x, t)8(x'- x- u(x, t)~t), (4.16) 

where C(x, t) arises due to the normalization condition. Further arguments are given in Appendix A. 
Substituting this expression into (4.15) and employing the the filter property of the 8-function while 
performing the integrals leads to: 

(Rn(s)lu) = CV0
2 (W(x, xo)W(x + s, xo) f dx'T(x- x')r(x- x'- u( x, t)~t + s)), 

(4.17) 

when the average concentration is assumed to be independent of x and t within the interrogation win
dow: C(x, t) = C. 

Following Adrian [2], a new notation is introduced: 

( ) f r(x)r(x + s) dx 
FT s = 2 

ro 

with 

ro = J r(x) dx 

Substituting these expressions in ( 4.17) yields: 

(4.18) 

(4.19) 

(Rn(s)lu) = CV~r6 (W(x,xo)W(x + s,xo)FT(s- u(x, t)~t)) (4.20) 

Writing out the spatial average explicitly as a surface integral over the image plane, with a the area 
over which the integration takes place, yields: 

c0~ 2 (Rn(s)lu) =~fa W(x, xo)W(x + s, xo)FT(s- u( x, t)~t) dx (4. 1) 

If the width a- of the point spread function of the particles (4.2) is small compared to the dimeosion 
va over which is integrated, then FT can be approximated by a 8-function. 

The centraid J.t(xo) of Rn is given by the normalized first moment of (Rn(s)lu): 

J.t(xo) = fa s(Rn(s)lu) ds 
fa (Rn(s)lu) ds 

(4.22) 

Using the 8-function approximation for FT and applying the filter-property of the 8-function when 
integrating over s, this yields: 

1 cv;27 2ll s(Rn(s)lu) ds = 0 0 sW(x, x 0 )W(x + s, xo)8(s- u( x, t)~t) ds dx, 
a a a a 

(4.23) 
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1 cv?~21 s(RD(s)lu) ds = 0 0 u(x, t)~tW(x, x 0 )W(x + u(x, t)~t, xo) dx, 
a a a 

(4.24) 

and 

1 cv;2~2

11 (RD(s)lu) ds = 0 0 W(x, x 0 )W(x + s, x 0 )8(s- u( x, t)~t) ds dx, 
a a a a 

(4.25) 

1 cv;2~2

1 (RD(s)lu) ds = 0 0 W(x, xo)W(x +u( x, t)~t, xo) dx, 
a a a 

(4.26) 

yielding the centroid: 

( ) Ia u(x, t)~tW(x, xo)W(x +u( x, t)~t, xo) dx 
~ xo = ~~~~------~--~--~--~~~---Ia W(x, xo)W(x +u( x, t)~t, xo) dx 

(4.27) 

~(xo) _ Ia P(x, xo, u)u(x, t) dx 

~t Ia P(x, xo, u) dx 
(4.28) 

with 

P(x, xo, u) = W(x, xo)W(x +u( x, t)~t, xo) (4.29) 

Equation (4.28) states that the position of the centroid of the cross-correlation peak RD is equal to 
a weighted space-averaged velocity. The velocity is averaged with a weight factor P(x, x 0 , u). P 
is a product of two window-functions W(x, x 0 ) and W(x +u( x, t)). Consider the particles located 
within the window W(x, xo) at timet being advected to new locations at timet+ ~t. The window 
W (x+ u(x, t)) can be seen as a material surface that has been advected with the flow. Only particles 
that end up in the overlap between the two windows W(x, x 0 ) and W(x + u(x, t)), play a role in the 
average, since these are the particles that are present in both pictures. Thus, the effect of in-plane loss 
of partiele pairs is decribed by the product of the two window functions W. 

This means that the end-result is biased towards lower velocities. If the velocity near the edge of a 
window is large, the particles present stand a far greater chance of being excluded from the averaging 
than particles present at low velocity spots near the edge. Exactly what the effect of this will be on 
the statistics is hard to predict. A few things are clear. First of all, the problem increases for windows 
that are small relative to the partiele displacement, since an ever larger number of particles is being 
excluded. Secondly, this problem illustrates the benefit of window shifting. If aprediction is available 
for the velocity in a region, shifting the second image relative to the first image such that most of the 
particles present in one window are also present in the second one, has advantages. 

A final remark should be made about the number of assumptions in the previous analysis that lead to 
expression (4.28). Some of them are quite rigorous, like the assumption that the width of the point
spread function is small compared to the window size, which is doubtful for small windows. The 
assumption that all particles are equal is also quite doubtful in practise. 
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4.2 The effect of averaging on PIV-data 

From the previous section it can be concluded that the velocity vector calculated for a specific inter
rogation window, is in fact a weighted spatial average of the real velocity field over the window area. 
This averaging process will affect the measured turbulence statistics, and the question is how. The 
literature on the subject of averaging effects on turbulence statistics is scant. Therefore, it is useful for 
turbulence research to study it. To this aim we will process PIV data with different interrogation win
dow sizes to see what the effect of averaging is on the measured turbulence statistica! properties. In 
good approximation we may assume the window sizes to be independent of the fluctuating part of the 
velocity field, and only dependent on the mean part. In our channel flow this implies that the x -extend 
of the window is slightly smaller than the y-extend. The smallest window used bas size 3 x w-3 m, 
the displacement due to the mean velocity is U ll.t ::.::= 3 x w-4 m. therefore, we assume a velocity 
independent window W(x,xo), so that the measured velocity is given by: 

u(xo) = fa W(x, xo)u(x, t) dx. 
a 

(4.30) 

So the velocity at coordinate xo, sampled with a window of dimensions a = L x Lis the average 
velocity over the area a. 

4.2.1 Spectra and rms-velocities 

In this section the influence of PIV-averaging is shown for the velocity spectra and for the rms veloc
ities. First consider the velocity spectra: 

The Fourier transform of the average velocity u( x) in one dimension is given by: 

u(k) = 1 e-ikxu(x) dx (4.31) 

Writing u(x) as an average in one dimension results in: 

u(x) =I W(x- x')u(x') dx', (4.32) 

W denotes a block function which is 1 for lx- x' I < ~ and zero otherwise. Substituting this in (4.31) 
and working out this expression as is done in Appendix B, results in: 

u(k) = u(k)W(k) (4.33) 

The condusion from this result is that the velocity spectrum of a velocity field averaged over a window 
function W, called E" ( k) is equal to the velocity spectrum of the real velocity field E ( k) multiplied 
by I W 2 ( k) I, in one dimension. W ( k) is the Foutier transform of W (x). For a simp Ie average over a 
length L, W(k) is given by: 

W(k) =~sin kL 
k 2 

(4.34) 
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Figure 4.2: The actual velocity spectrum and the measured velocity spectrum 

Thus, by sampling the data with a window size L, essentailly a cut-offis introduced in the measured 
velocity spectrum at a wavenumber kmax = 2

{ , as is shown in figure 4.2. 
The rms-velocity is directly related to the energy spectrum, through 

(4.35) 

The measured rms-velocity, when averaging over a certain window size L is directly related to the area 
of the modified spectrum. Since the spectrum decreases rapidly in the inertial range, the change in area 
resulting from a change in kmax is relatively small, provided that kmax lies within the inertial range. 
Thus, for window sizes that lie far below the largest length scale in the turbulence, the measured rms 
velocity does not change dramaticallly with the windowsize. In other words: the small-scale vortices 
that are not vissible, because of the limitited spatial resolution of PIV, contribute little to the overall 
energy of the turbulence, and thus do not influence the rms velocity. 
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Figure 4.3: Histograms of the streamwise velocity component u, for three different interrogation win
dow sizes. ( 16 x 16, 32 x 32 and 64 x 64 pixels) 
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Figure 4.4: Histograms of the spanwise velocity component v, for three different interrogation window 
sizes. ( 16 x 16, 32 x 32 and 64 x 64 pixels) 
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To see what the effect of the interrogation window size is on measured data from the subsurface flow 
at the water channel, PIV data from an experiment at the water channel, measured 0.08 m below the 
surface at a distance of 1.55 m from the grid, was processed with several different window sizes. Both, 
the streamwise velocity u and the spanwise velocity v were calculated and are plotted in histograms 
in figures 4.3 and 4.4. 

The histograms in figures 4.3 and 4.4 are normalised so that they represent PDFs of the streamwise 
and the spanwise velocity component. The histograms are plotted for three different interrogation 
window sizes, namely, 16 x 16, 32 x 32 and 64 x 64 pixels. The shape of the spanwise velocity 
histograms 4.4 resembles a Gaussian distribution, with an average value, of v = 0.01 cm/s, somewhat 
larger than zero. This could be caused by a slight mis-alignment of the coordinate system with regard 
to the direction of the mean flow. The shape of the streamwise histograms is somewhat distorded 
from a Gaussian distribution, this may be caused by the filtering of errant veetors and replacing them 
with reinterpolated vectors. From the histograms in figures 4.3 and 4.4 it follows that the effect of 
the window size on the rms-velocity is rather small. The three histograms for the streamwise and 
the spanwise velocity almost completely overlap each other. This is in agreement with the previous 
analysis in this section. 

4.2.2 Velocity gradients 

The effect of averaging data over different window sizes is much larger for velocity gradients than for 
velocity components. Velocity gradients are calculated using a central difference method, see tigure 
4.5, 

·-··- ---

(Xo-L, Yo) (x0, Yo) (x
0
+L, y

0
) 

______.. • ------· 
UL UL 

Figure 4.5: Central difference method, for calculating velocity gradients. 

which determines the velocity gradient as: 

ou(xo, Yo) I 
8x L 

uL(xo + L, Yo)- uL(xo- L, Yo) 
2L 

(4.36) 

in which uL(xo, yo) is the weighted average of the veloeities in the window with dimensions L x L 
centeredat (xo, Yo). 

In tigure 4.6 normalized histograms of the calculated velocity gradient ~~ from PIV-data are plotted 
for five different interrogation window sizes. (16 x 16, 32 x 16, 32 x 32, 64 x 32 and 64 x 64 pixels). 
It is clear that the width of the velocity gradient distributions is much smaller for larger window sizes 
than forthesmaller ones. The rms-velocity gradient can be determined by calculating the varianee of 
(4.36): 



4.2. THE EFFECT OF AVERAGING ON PIV-DATA 

0.7 

0.6 

en 0.5 -c 
:J 
0 

0.4 0 
"'C 
Q) 

.!Q 0.3 ca 
E 
0 

0.2 c 

0.1 

0 
-15 

Histograms of velocity gradient du/dx 

-10 -5 0 5 

16 x 16 -+--
32 x 16 ____ * ___ _ 
32 x 32 -----JOE-----

64 x 32 El -

64 x 64 ---·--

10 

Velocity gradient du/dx (1/s) 

45 

15 

Figure 4.6: Histograms of vorticity, calculated for jive different interrogation window sizes. 

(4.37) 

which is equal to 

( ('"~L )') = 4~2 { { ( uL(xo + L, Yo) )2
) + ( ( uL(xo - L, yo))2

) - 2 (uL(xo + L, Yo)uL( xo - L, Yo))) 

(4.38) 

In tigure 4. 7 the rms velocity gradient, which is equal to the square root of ( 4.38), is plotted as a func-
tion ofthe window length L. Assuming homogeneity ofthe turbulent fiuctuations, both ( (uL(xo + L, y0 ))

2
) 

and ( ( uL(x0 - L, y0 ) ) 2 ) are equal to (ui), which is the varianee of the velocity field sampled with 
windows of size L. (uL(x0 + L, y0 )uL(x0 - L, y0 )) is directly related to the longitudinal velocity 
autocorrelation function of turbulence, see for instanee [21], so that 

(uL(xo +L,yo)uL(xo +L,yo)) = f(2L) (ui), (4.39) 

where f (x) is the two-point correlation function. With this we can write: 

( ( t,~L) ') = ~11 (i- f(2L}) (4.40) 
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Figure 4.7: The rms-velocity gradient as ajunetion of L 

Thus, the autocorrelation function of the L x L -averaged velocity field can be computed from the 
measured rms velocity fluctuations. The result is shown in 4.8. Because of homogeneity we know 

apriori that f(x) must behave quadratically bear x = 0: f(x) ~ 1 - (x) 2
, with À the Taylor mi

croscale, if the velocity fields were unaveraged. Since the Taylor mieraseale is À ~ 9.2 x 10-3 m 
(see section 3.2), we expect the correlation only todrop at comparable length scale. Moreover, since 
the correlations are between L x L averaged fields, the fall-off will be even slower. This is consistent 
with 4.8 since its last point is only at L ~ 6 x 10-3 m. Therefore, the narrowing of the histograms of 
4.6 is simply the geometrie factor L - 2 . 
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Figure 4.8: Autocorrelationfunction f(L) 
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4.2.3 Interpolating and bad veetors 

The determination of partiele image correlations in PIV does not always work, and some windows 
may give highly impropable velocity vectors. The proces of filtering bad veetors from the measure
ment results foliowed by a reinterpolation to fill the empty space in the vector field with a new vector is 
recommended for further analysis, as these procesess turn out to be of big influence on velocity fields 
processed with small windows. The percentage bad veetors in a window is mainly caused by a lack of 
image pairs of particles. When small windows are considered, the displacement of the particles within 
a window is large compared to the window size, which results in a large loss of image-pairs. With a 
small amount of image pairs left, the cross-correlation analysis calculates a velocity vector which is 
not representative for the average velocity vector of the window. 

In our programs, the bad veetors are filtered out of the vector field by applying a crude filter of the 
form: 

(4.41) 

in which a is the maximum fluctuation allowed. The filter removes all veetors for which (4.41) is not 
valid. After the filtering, the empty spots in the vector field are tilled with veetors calculated with a 
Gaussian interpolation method. This metbod calculates the interpolated velocity vector u' (x, y) as: 

1 
'E~ exp (- (x-x;)~~Jy-y;) 2 ) u(xi, Yi) 

u (x y) - ---..:.....__-,.-------'-----,.--
' - L~ exp (- (x-x;)~~Jy-y;)2) 

(4.42) 

u(xi, Yi) are the velocity veetors calculated with the PIV-algorithm for each window. a is the char
acteristic width of the Gaussian, which is chosen to be a = t, with L being the window length. 
The interpolated vector at a certain position is a weighted average of the velocity veetors around that 
position. The effect on interpolation on velocity fields calculated with small windows can be seen in 
figures 4.9 and 4.10. 

Figure 4.9 represents the field after filtering bad veetors out but befare the Gaussian interpolation 
was applied and tigure 4.10 shows the field after interpolation. The difference between the two is 
quite substantial. Because small windows contain a relative large amount of bad vectors, the Gaussian 
interpolation contributes much to the appearance of the final measured velocity field. This is a subject 
which must be looked into more thoroughly. 
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Chapter 5 

Some Experimental Results 

5.1 Decay of surface slope fluctuations 

With the laser light refraction set-up described in this chapter, the surface slope bas been measured. 
Eight series of data have been measured at eight different distances from the active grid in the water 
channel. Each series consists of ten million measurements. During each measurement, both ~~ and 

~Z are measured and stared in a file on a computer. The direction of the mean velocity of the flow is 
chosen as the x -direction. 

Histograms are plotted in figures 5.1 and 5.2 of ~~ and ~Z for four different distances from the grid. 
The histograms have been normalised so that the area under each histogram is equal to one. The y-axis 
is a logarithmic one, this enables a better distinction between the histograms. 

From these plots it is clear that the range of slopes becomes smaller, moving away from the grid. This 
is not unexpected because the turbulence intensity also decreases in the direction away from the grid. 
The other four histograms, the ones which are not plotted, follow this same trend. Using a Gaussian 
fit, thermsof the slopes was calculated. The result is shown in tigure 5.3. The distance is scaled with 
the mesh size M which is 0.05 m. 

From the plots in tigure 5.3 it can be concluded that roughly every histogram follows the same trend. 
The width of the histograms decreases with the distance from the grid. The rms of the slope in the 
x-direction is practically equal to the rms slope in the y-direction. 

From a series of slope measurements in one point, a time spectrum can be calculated. In tigure 5.4 
a number of time spectra is plotted for several different distances from the grid. Also plotted in this 
tigure is a fit of the sealing range of the spectra. This fit is of the form: ,...., f- 5 ·5 . The spectra in tigure 
5.4 are those of slope measurements in the x-direction. The spectra of slopes in the y-direction are 
similar. 
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Figure 5.1: Normalised histograms of the slope ~~. measured at several disfances from the active 
grid, in the direction of the mean flow. 
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Figure 5.2: Normalised histograms of the slope ~Z· measured at several disfances from the active 
grid, in the direction perpendicular to the mean flow. 
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Figure 5.4: Frequency spectra of the surface slope for different disfances from the grid 



52 CHAPTER 5. SOME EXPERIMENTAL RESULTS 

The surface energy can nat be calculated from these one-point measurements, since this requires 
a wavenumber spectrum. With one-point measurements it is impossible to determine which wave, 
determined by its wavenumber k and frequency w is present. This is an important motivation to look 
at line-measurements instead of one-point measurements. In the next chapter the possibilities are 
discussed to extend the one-point measurement set-uptoa set-up which is able to measure the surface 
slope in several points along a line. 

5.2 The subsurface velocity field at the water channel 

PIV measurements series were made of the turbulent flow in the water channel at different postions in 
the flow. Measurements were performed at three different distances from the grid and at four different 
heights, close tothefree surface. Soa total of 12 measurement series were made. The distances from 
the grid were respectively, 1.55 m, 2.75 mand 3.87 m. The heights were respectively 1 cm, 3 cm, 
8 cm and 13 cm under the free surface. Forthese twelve series the root-mean-square velocity was 

1 

calculated, Urms = ( u2 ) 2. The results are pictured in figure 5.5 for the streamwise component of the 
velocity and in figure 5.6 for the spanwise component of the velocity. In these figures the root-mean 
square velocity is scaled with U2 , which is the square of the mean velocity of the flow, approximately 
U = 30 cm/s. The distance from the grid x is scaled with the mesh size of the grid M = 5 cm. For 
normal grid turbulence, the root-mean-square velocity scales with the distance to the grid according 
to: 

2 (x)-1.3 
(urms) "' M , (5.1) 

See [13]. 

Although the measurements are only done for three different distances from the grid, it is clear that the 

rms of the spanwise velocity matches the normal grid turbulence decay: (urms)2 "' ( ~) -1.3 
rather 

well. The rms of the streamwise velocity however, does nat. Though the surface deformations seem 
equal in the x and y-directions, the veloeities are nat. An interpretation of this is one of the ebaHenges 
in the free surface turbulence project. 
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Figure 5.5: Decay ofthe streamwise r.m.s. velocity 
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Chapter 6 

Measuring the surface slope along a line 

In chapter 3 a method was described to measure the free surface slope in just one point. A laser in a 
jixed position sends a beam of laser light to the free surface, where the beam is refracted. The position 
of the refracted beam is then measured with a sensor. In this chapter we look at the possibilities there 
are, to extend this set-up to a set-up which is able to scan a set of points on the free surface along a 
fine. With such a set-up it wil! be possible to measure the free surface shape. 

6.1 Scanning the free surface 

It is very difficult to measure the profile of the free surface of a fiuid. Many techniques have been tried 
to accomplish this task, ranging from optical systems using interferometry [ 4] to radar back scattering 
[16]. However, these techniques are aimed at measuring large wavelengths, or are too slow to resolve 
the temporal spectrum. To measure the surface shape profile, requirements as to linearity, speed and 
spatial resolution have to be satisfied. As was explained in chapter 2, a measurement of the surface 
shape in both space and time is essential for quantifying the energy exchange between the bulk tur
bulence and the surface. As a possible solution to this problem a set -up with a scanning device is 
presented in this chapter, which makes it possible to measure the time dependent surface profile along 
a line. 

As seen from a typical surface slope spectrum calculated from one point measurements in chapter 5, 
the highest frequency is of the order of 1 kHz. Applying the Nyquist theorem, this means that the laser 
beam must be able to scan each individual point on the surface at minimal twice this speed, namely 
at 2 kHz. The upper limit of the scanning frequency is defined by limiting factors in the experimental 
set-up. The output signal of the PSD will be sampled with a PARSAM with a sample frequency of 
100 kHz. A PARSAMis a set of parallel working ADCs. This sample-rate together with the number 
of points n to be scanned, defines the upper limit to the scanning frequency. Assuming that the n 
points scanned in the back and forth half of the period of the scanning sweep coinside, this upper limit 
is given by: ~~~~~z. Choosing a reasonable number of scanning points, for instanee n = 5, the upper 
limit to the scanning frequency is 12.5 kHz. 

Several possibilities to scan the free surface at high speed have been investigated. The following three 
options have been found and will be discussed next: 

55 



56 CHAPTER 6. MEASURING THE SURFACE SLOPE ALONG A LINE 

1. Piezo-scanners 

2. Scanners based on electro-optic material 

3. High-speed resonant scanners 

Piezo-electric material is material which is able to convert electrical energy into mechanical energy 
and vice versa. An application of piezo-electric material of interest for our purpose is the so-called 
piezo-mirror-positioner. A piezo-mirror-positioner is a device that is able to position a mirror very 
precisely in a eertaio position, using piezo-electric material and applying the inverse piezo effect. 
Such a device would be very useful to scan a laser beam over the free surface, if it would respond fast 
enough. None of the piezo-mirror-positioners, commercialy available, seemed fast enough for using 
it as a scanner in our set-up. 

Another option for high-speed scanning would be the application of electro-optic materiaL Electro
optic material is material with a refractive index which is dependent on the electtic field applied to 
this materiaL By sending a laser beam through electro-optic materialand adjusting the electtic field, 
where the material is placed in, we can make a scanning laser beam. Electro-optic material is known 
to have faster response times than piezo-electric materiaL So a scanner based on this principle would 
be a better option then a piezo-scanner. However, scanners based on the application of electro-optic 
material are not (yet) commercially available. 

A last option for scanning the free surface are the high frequency optical scanners available at a com
pany called Electro-optical Products Corporation. These scanners are resonant scanners and operate 
at one fixed frequency, available from the range of 200 Hz to 20 kHz. While the scanning frequency is 
a fixed number, the scan amplitude can be modulated. High speed resonant scanners are used in both 
projection and data-acquisition applications. The scanner consists of a box with a small mirror on top 
of it, that oscillates with a sinusoidal motion. 

To operate the resonant scanner a driver is needed. The driver is a feedback amplifier which controls 
the mirror angle and provides a reference signaL From the three mentioned options in this section 
the high-speed resonant scanner seems the logical choice for our purpose: scanning the free surface 
at high speed. Therefore the SC-30 resonant optical scanner with the AGC-220 driver was purchased 
from Electro-optical Products Corporation. The SC-30 resonant optical scanner has a mirror with a 
maximum optical scan angle of 6°. The mirror size of this type of scanner is 4 x 5 mm. The fixed 
scanning frequency is chosen at 12.5 kHz, which is suitable for measuring the surface slope in ten 
points as mentioned earlier. 

6.2 A set-up for measuring the free surface shape 

Free surface slope measurements in just one point can be carried out succesfully at the water channel 
with the laser refraction set-up described in chapter 2. So the set-up for measuring the surface shape 
will be based on this existing set-up. As explained in the previous section, this requires high speed 
scanning of a beam of laser light over the free surface. For this purpose the SC-30 high speed reso
nant scanner with a matching driver (type: AGC-220), both described in the previous section, were 
purchased from Electro-optical Products Corporation. 
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In the scanning set-up a laser in a fixed position will shine a continuous beam of light on the mirror 
of the high-speed resonant scanner. The mirror, which oscillates with a sinusoidal motion at 12.5 kHz 
and an amplitude of 6°, will reflect the laser beam onto the free surface. The part of the free surface 
that will be scanned is a set of n points lying in a straight line in the plane of the free surface. The 
length of this line is chosen to be 5 cm, which approximately equals the integrallength scale of the 
turbulent flow in the water channel. Of course some opties is needed to direct the reflected beam from 
the resonant scanner to the free surface of the flow in the water channel. The laser beam reflected by 
the mirror of the resonant scanner bas to be directed upwards to the bottorn of the channel. This can 
be done by a mirror. When the beam hits the transparant bottorn of the water channel, the angle of 
incidence of the beam with the interface normal should be 0°, otherwise refraction occurs. This angle 
of incidence should be 0° for all the different scanning points n. In this way the angle of the beam 
at the free surface is independent of the position at which the beam enters the channel. This can be 
accomplished by placing the mirror in the focal point of a positive lens, as sketched in tigure 6.1. 

6.2.1 Opties for the scanning set-up 

A difficulty with the scanning set-up is that after refraction, the laser beam should hit the active PSD 
area, which is situated above the free surface. The largest PSD currently available has an area of 20 
x 20 mm. However, the scanning range of the points on the free surface is chosen to be a straight 
line with a lenght of 50 mm, which is the same as the mesh size of the active grid. So using the larger 
PSD, the problem is to project the laser beams from a scale of 50 mm on to a scale of 20 mm. A 
solution to this problem would be to use a PSD with a larger area. UDT Sensors Inc., the supplier of 
our current PSDs, is able to deliver a custom made PSD with sizes 55 x 55 mm. However, the costs 
of this custom made PSD would be approximately 15000 USD, so this option is discarded. Another 
option would be to use a set of PSDs to cover a larger area. In practise this is very difficult because 
when the laser beam is close to the edge of a PSD, errors occur in the output signa! and the position of 
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the laser beam on the PSD is misinterpreted. Also this option would require having a PARSAM with 
a large number of channels. 

The only suitable option would be to use a lens or a set of lenses to project the beams from the 
scanning line of 50 mm to the PSD with an area of 20 x 20 mm. 

maximum 
angle 

1111 ~I 

scanning range = 50 mm 

PSD 
20 x20 mm 

lens 

/ tree surface 

Figure 6.2: Schematic drawing of the path of the refracted laser beam, with the PSD placed in the 
focal plane of a positive lens. 

ldeally, this projection should be made in such way that the position of the laser spot on the surface 
of the PSD only depends on the slope of the free surface and oot on the position from where the beam 
leaves the surface. The mirror controller delivers an output voltage which is proportional to the mirror 
position, which is how this information cao be resolved. When a single positive lens is used between 
the free surface and the PSD, this demand cao be futtilled by placing the PSD in the focal plane of the 
lens. Then, a beam that falls onto the lens, hits the PSD in the same point as any other beam entering 
the lens under the same angle, see tigure 6.2. The maximum angle is determined by the ratio of the 
size of the PSD and the focallength of the lens, if the lens is assumed to have negligible thickness. 

Measurements of the surface slope in one point reveal that the maximum surface slope close to the 
grid at a distance of 128 cm, cao have a value close to 0.70. See tigure 5.1 and 5.2. This however, 
would require a lens with a refractive power of 26 diopters. Though lenses with a refractive power 
this high and a diameter in the order of 50 mm are commercially available, they are very thick and 
abberations will start causing difticulties. Therefore, some attention must be given to an alternative 
optica! system containing two or more lenses of lower refractive power, but which is also able to sat
isfy the same demands as the system with the single lens. 
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6.3 Testing the PSD response 

After the beam is refracted by the free surface, the beam eventually hits the PSD. Because the scanning 
is done at high speed, the refracted laser beam will also move with high speed over the PSD area. To 
test whether the PSD is fast enough to keep up with the moving laser beam, the response speed of the 
PSD bas been measured with a set-up, pictured in figure 6.3. 

rotating wheel 

1 

DC motor 

laser 
t 

Figure 6.3: Set-up for measuring the response speed ofthe PSD 

PSD 
/ 

Figure 6.4: Scope image when the reflected laser beam moves across the PSD surface 

A laser beam is moved across the PSD surface, using a rotating wheel. The wheel is faceted and each 
facet bas a reftective surface. The rotating wheel is controled by a DC-motor with a variabie power 
setting. In this way it's possible to control the angular velocity of the wheel. A laser, placed in a fixed 
position, shines a beam of light on one of the facets, which reftects it in the direction of the PSD. 
Due to the rotating movement of the wheel, the angle of incidence changes constantly, which makes 
the reftected laser beam move over the PSD surface. This movement is repeated every time the laser 
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hits the next facet of the wheel. The output signal of the PSD is fed to an oscilloscope. Figure 6.4 
shows a sketch of the scope image that can be seen, when the wheel is rotating and the laser beam 
moves over the PSD. The period of time the laser beam is reflected by one particular facet ofthe wheel 
corresponds to the time interval flt as can beseen in figure 6.4. 

This time interval can be measured with the scope and the frequency of the rotating wheel can be 
calculated if the number of facetsof the wheel is known, which in this case is 18. The speed setting 
of the laser beam rnaving over the PSD surface is calculated, using this rotating frequency and by 
measuring the distance between the wheel and the PSD. 

The measured velocity of the laser spot over the surface of the PSD is determined by the steepness of 
the pulses in the PSD signal. This speed is calculated with the conversion factors determined from the 
calibration data shown in figure 3.9. For several rotating veloeities of the wheel this measured speed 
is calculated. In figure 6.5 the measured speed (calculated from the pulse steepness) is plotted as a 
function of the setting speed (calculated from the rotating frequency of the wheel). 

A linear fit bas been made of the data, which is also plotted in figure 6.5. The linear fit bas a slope 
of 0.98 which tells us that the PSD is capable of keeping track of the position of a laser beam which 
moves over the PSD surface at very high speeds up to approximately 900 mis and that there is no 
significant difference in the measured speed compared to the setting speed. The offset of the linear fit 
is equal to 3.8 mis. 

The maximum speed of the laser spot on the PSD surface can become much larger than 900 mis. The 
most extreme case is that the laser beam coming from one point projects a spot on the farmast end 
of the PSD and a point close to the first one causes a spot a the opposite end of the PSD. Then the 
speed of the spot on the PSD is equal to the sample frequency multiplied by the PSD length, which 
is 2 cm x 100 kHz = 2 x 103mjs. Due to practical reasons, the PSD could not be tested for this 
magnitude of speed. 



6.3. TESTING THE PSD RESPONSE 

900 

800 

- 700 CIJ 

Ê 
600 -"0 

Q) 
Q) 500 a. 
CIJ 

"0 400 
~ 
:J 

300 CIJ 
ca 
Q) 

E 200 

100 

0 
0 

PSD speed response maasurement 

100 200 300 400 500 600 700 800 900 

speed setting (m/s) 

Figure 6.5: PSD speed response measurement 

61 



62 CHAPTER 6. MEASURING THE SURFACE SLOPE ALONG A LINE 



Chapter 7 

Conclusions and recommendations 

The free surface of the turbulent flow of water in the water channel bas been studied experimentally. 
Turbulence in the channel has been generated with an active grid. Both the free surface slope and 
the two-dimensional subsurface velocity field have been measured. The free surface slope bas been 
measured with a laser light refraction technique and the subsurface velocity field bas been measured 
with the PIV-technique. 

A working set-up has been made to measure the surface slope in one point. However, one point 
measurements of the surface slope do not contain suflident information about the deformation of the 
free surface in relation to turbulence statistics of the bulk flow. With one-point measurements it is 
not possible todetermine what waves (frequency w and wavenumber k) are present. Purthermare 
the measured frequency in one point turns out to be an ambigious quantity. To calculate the surface 
energy, a wave number spectrum is needed. Knowing the surface energy, the relation between the sur
face slope statistics and the statistics of the bulk turbulence can be established. This is the motivation 
to measure the surface slope as a function of time and place. A designfora set-up which is able to 
scan and measure the surface slope along a certain line has been presented in chapter 6. 

The priciple of the set-up is to use a laser in a fixed position in combination with a high speed res
onant scanner which is able to oscillate a mirror in a sinusoidal motion at a fixed frequency of 12.5 
kHz. The laser beam is reflected by the mirror to the free surface. At the free surface the laser beam 
refracts and hits a PSD (Position Sensing Detector). A problem with this design is, the fact that every 
single laser beam refracted by the surface should hit one single detector from different places on the 
surface. The line of points to be scanned on the free surface has a length equal to the mesh size of 
the grid, which is 5 cm. The PSD however has an area of 20 x 20 mm. So to accomplish this, some 
sort of optical system is needed. This optical system must work in such way that the position of the 
laser spot on the PSD is directly related to the surface slope and not to the position where the beam 
is refracted on the surface. In theory this can be accomplished by a single positive lens positioned in 
such way that the distance between PSD and lens is equal to the focallenght. Practically, this may not 
be possible, because such a lens would have a diameter of 50 mm and a refractive power of 12 to 26 
diopters, dependant on the maximum surface slope, accuring in the flow. So a salution using two or 
more lenses has to be found. When this optical problem is solved, a working set-up for measuring the 
free surface shape can be built. 

To measure the two-dimensional subsurface velocity field, PIV is used. PIV uses averaging processes 
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inherent to the PIV-technique. Therefore, the statistica! properties of measured turbulence quantities 
will be influenced by this. An analysis of the PIV proces, shows that the velocity veetors are calcu
lated by taking a weighted spatial average over the in terragation window. Knowing that the measured 
velocity is actually an averaged velocity it turns out that measured velocity spectra are cut-offat a 
certain wavenumber kmax· The surface under the spectrum equals the rms-velocity. It tums out that 
if kmax is large enough, the area under the spectrum is approximately the same for all the different 
window sizes investigated. The value of a quantity like a velocity gradient however, is quite strongly 
dependent on the used windowsize. A subject for further study is the filtering of bad veetors and the 
Gaussian interpatation metbod applied on the PIV-velocity fields as the interpolation may cause an 
extra artificial correlation between the different velocity vectors. 

In chapter 5 some velocity and surface slope measurement results are presented. Bath the velocity 
as well as the surface slopes are measured as a function of distance from the grid. Although the 
histograms of the surface slopes 5.1 and 5.2 in the x -direction and in the y-direction are very similar, 
the measured rms-velocities in x and y-direction are nat. The relation between the surface elevation 
of the free surface and the underlying velocity field is still a subject for further research. 
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Appendix A 

The conditional space time-correlation of 
g(x,t) 

In this appendix the expression: 

(Ag(x, t)Ag(x', t +At) Iu) = C(x, t)6(x' -x - u(x, t)At), (A.1) 

used in equation (4.15) is derived. The denvation is basedon Adrian [1]. First the unconditional space
time correlation (Ag( x, t)Ag(x', t +At)) is evaluated. Once again splitting g(x, t) into C(x, t) + 
Ag(x, t) leads to: 

(g(x, t)g(x', t')) = (C(x, t)C(x', t')) + (Ag(x, t)C(x', t')) + (C(x, t)Ag(x', t')) 

+ (Ag(x, t)Ag(x', t')) (A.2) 

Since (Ag(x, t)) and (Ag(x', t')) are both zero, this yields: 

(Ag(x, t)Ag(x', t')) = -C(x, t)C(x', t') + (g(x, t)g(x', t')) (A.3) 

The calculation of (g(x, t)g(x', t')) can be done by first evaluating (n(A, t)n(A, t')). n(A, t) and 
n(A, t') are the number of particles in area A at timestand timet', respectively. Assume that the 
particles present in A at time t have been advected to an area A' at time t', as shown in tigure A.I. 
There is no correlation between the particles in A(t) and those in A'(t'), except for the particles in the 
overlapping area AA(t'). lt is advantageous to split the areas A(t) and A(t') into an area in which the 
partiele positions are not correlated and an area AA(t') in which they are correlated: 

n(A, t) = n(A(t)- AA(t')) + n(AA(t')) (A.4) 

n(A, t') = n(A(t')- AA(t')) + n(AA(t')) (A.5) 
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This yields: 

A' (t') 

A (t) 

!:!. A (t') 

Figure A.l: Particles present in A at time t have been advected toA' at time t' 

(n(A, t)n(A, t')) = (n(A- ~A(t')))(n(A'(t)- ~A(t'))) 

+ (n(A- ~A(t')))(n(~A(t'))) 

+ (n(~A(t')))(n(A'(t')- ~A(t'))) 

+ (n2 (~A(t'))) (A.6) 

Now, assuming that the particles are distributed according to a Poisson distribution, the last term can 
be rewritten as: 

(n2 (~A(t'))) = (n(~A(t'))) 2 + (n(~A(t'))) (A.7) 

Now, using this and combining various terms the end result can be rewritten as 

(n(A, t)n(A, t')) = (n(A, t))(n(A, t')) + (n(~A(t'))) (A.8) 

The last term in this represents the number of particles present in A at time t' that were also present 
at timet. 

The mean number of particles present in an area dx is given by: C(x, t)dx. The probability that x' 
lies within area A can be expressed as: 

i f(x', t'; x, t)dx' (A.9) 

in which f(x', t'; x, t)dx' is the probability that a partiele at x at timet is moved to an area dx' around 
x' at time t'. The average number of particles in the overlapping area is: 

(n(~A(t'))) =i i C(x, t)f(x', t'; x, t)dx'dx (A.lO) 
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So, 

(g(x, t)g(x', t')) = lim A\ (n(A, t)n(A, t')) = C(x, t)C(x', t') + C(x, t)j(x', t'; x, t) (A.ll) 
A-tO 

Which yields: 

(f:.g(x, t)f:.g(x', t')) = C(x, t)f(x', t'; x, t) (A.l2) 

So far we have only considered unconditional averages. The only thing that changes by taking the 
conditionat average ( Iu) is the probability f. 

(f:.g(x, t)f:.g(x', t')iu) = C(x, t)j(x', t'; x, tiu) (A.l3) 

The probability that a partiele which is at position x at time t will be at position x' at time t' is zero 
unless the partiele moves over a distance f:.x that is equal to x' - x. Assuming that the turbulence 
doesnotchange significantly betweentand t' and that lt:.xl is small compared to the smallest length 
scale in the turbulence, one can write: f:.x = u(x, t)f:.t. So, f(x', t'; x, tiu) = 8(x'- x- f:.x), thus, 

(f:.g(x, t)f:.g(x', t')iu) = C(x, t) 8 (x'- x- u(x, t)t:.t) (A.l4) 
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AppendixB 

The fourier transform of an averaged 
velocity field 

The Fourier transform of the average velocity u( x) in one dimension is given by: 

u(k) = 1 e-ikxu(x) dx 

Writing u( x) as an average in one dimension results in: 

u(x) =I W(x- x')u(x') dx' 

(B.1) 

(B.2) 

W denotes a block function which is 1 for lx- x' I < ~ and zero otherwise. Substituting this in (B.1) 
results in: 

u(k) =I I e-ikxW(x- x')u(x') dx dx' 

u(x') can be written as a Fourier integral: 

u(x') = 2_ I e-ik'x' u(k') dk' 
27r 

substituting this Fourier integral in expression (B.3) results in: 

u(k) =I I I 2~ e-ikxW(x- x')u(k')e-ik'x' dx dx' dk' 

This can be rewritten as: 

(B.3) 

(B.4) 

(B.5) 

u(k) =I u(k') [2~ I I e-ik(x-x')eix'(k'-k)W(x- x') dx dx'] dk' (B.6) 
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and introducing a new integration variabie r = x - x': 

u(k) =I u(k') [ 2~ I e-ikrW(r) dr I eix'(k'-k) dx'] dk' (B.7) 

2~ J eix'(k'-k) dx' is the Fourier transfarm of ó(k'- k). Thus, expression (B.7) can be rewritten as: 

u(k) =I u(k') J e-ikrW(r) dr ó(k'- k) dk' 

Using the filter property of the ó-function yields: 

u(k) = u(k) I e-ikrW(r) dr = u(k)W(k) 

(B.8) 

(B.9) 


