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Summary 

In this report three aspects of boundary layer stability of suspensions are studied. First the 
stability analysis of channel flows have been extended to boundary layer like velocity profiles. 
Next an experiment was studied using inkt visualization as an intermittency measure. And, 
last, the boundary layer experimental set up was extended to support suspension experiments. 

Saffman [Saffman, 1961] and Asmolov & Manouilovich [Asmolov, 1997] showed suspended 
particles in gas had significant influence on the stability of the flow. To create more knowledge 
on the particles that stabilizes the boundary layer flow, analyses were executed based on the 
modified Orr-Sommerfeld equation presented by Saffman [Saffman, 1961]. In this modified 
Orr-Sommerfeld equation the interaction between the <lust and the medium is modeled as a 
drag force. 

Two types of particles are considered for which holds: T « L/U are considered small 
or light particles and for T » L/U are considered to large or heavy particles. The anal
ysis showed that intermediate particles have the largest stabilizing effect. The analysis of 
large or heavy particles showed a stabilizing effect and small or lightweight particles have 
a destabilizing effect on the flow. This is in agreement to the results shown in Asmolov 
& Manouilovich [Asmolov, 1997] and Xie et al. [Xie, 2007]. For a volume fraction of the 
intermediate particles of f = 0.1 appeared to have the largest stabilizing effect. 

The analysis considered modal stability. The interaction between the particles and the 
flow is expected to be comparable to bypass transition in suspensions and therefore the same 
particles are expected to have an effect on the experimental flow. 

For the experiments suspension of neutrally buoyant particles in water is considered. The 
density ratio thus is of the order pif p ~ 1. In the analysis a large density ratio pif p is 
considered. Effects like the Einstein increase of viscosity [Saffman, 1961] or the added mass 
term [Maxey, 1982] might play a role at low density ratios. 

Experiments were executed with a test set up that was used by Mans [Mans, 2007]. The 
bypass transition proces was examined using streamline visualization with ink. The typical 
features of the bypass transition process described by Mans {Mans were observed during 
the experiments. 

Ink streaks were recorded at 3 different stream wise positions on the plate (x = 50cm, 
x = 80cm and x = 110cm). A reference was created using recorded image sequences 
to measure turbulent events. Deviations form this reference is seen as instabilities or 
disturbances. The mean image from a image sequence of 1000 images appeared to have 
a contrast value that was representative for all images in the sequence. The mean image 
was used as the reference. 

The total mean deviation of a sequence was used as a measure of the deviation in 
the sequence. The mean deviation (Sd2 ) was normalized by the standard deviation 
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vi SUMMARY 

of the mean image (Sd1). The resulting value of Sd2 / Sd1 = <I> is independent on the 
contrast of a image sequence. The value <I> has two theoretica} extremes. <I> -+ 0 in case 
of Sd2 -+ 0 (laminar flow , all images are identical). <I> -+ oo in case of Sd1 -+ 0 (many 
turbulent events, the mean image consist of a uniform grey value). 

At laminar flow , low values of <I> are determined at all three positions. In case of 
many turbulent events the ink streaks diffused significantly, which is according expec
tations. This did not led to high values of <I>. Due to the diffusion of the ink at high 
turbulent rates the numbers Sd1 and Sd2 were both low. A proper combination of 
reference and deviation could not be established using the mean image. In case of low 
diffusion rate and many turbulent events the <I> were high. 

Due to the large volume fraction of f = 0. l the particles needed to be injected 
locally. The particles were suspended in water before injection in the flow. An IV bag 
of pre-mixture was hanged above the water level of the test rig. Hoses led the mixture 
to the injection. 

Injecting the particles via chambers near the leading edge of the plate leaded to a 
reasonable homogenous particle suspension in the boundary layer. The disturbances 
from the injection could be minimized by controlling the height of the IV bags. Due 
toa maximum pre-mixture volume fraction a maximum average volume fraction in the 
boundary layer off = 0.02. According to the analysis this would have an effect on the 
stability of the flow. 

No significant qualitative differences between the clean and the suspended flow were 
observed during the experiments. The same was found using the described measure
ment technique. Although there cannot be drawn highly reliable conclusions from the 
qualitative observations or from the measurement technique, it seemed that the neu
trally buoyant but relatively small particles particles do not have a major effect on the 
stability of the flow. 



Abstract 

Three aspects of boundary layer stability of suspensions are studied. First the stability 
analysis of channel flows have been extended to boundary layer like velocity profiles. 
Next an experiment was studied using ink visualization as an intermittency measure. 
And, last, the boundary layer experimental set up was extended to support suspension 
experiments. 

Two types of particles are considered. Particles with a small relaxation time are 
considered small or light particles and particles with a large relaxation time are consid
ered to large or heavy particles. The analysis showed that intermediate particles and a 
volume fraction of 10% have the largest stabilizing effect. 

The bypass transition process was examined using recorded images of streamline 
visualization with ink. Deviations from a constructed reference are seen as instabilities 
or disturbances. The mean deviation (Sd2 ) was normalized by the standard deviation 
of the mean image (Sd 1). The resulting value of Sd2 /Sd1 = <I> is independent on the 
contrast. The value <I> has two theoretica! extremes: <I> ➔ 0 in case of laminar flow and 
<I> ➔ oo in case of full turbulence. 

At laminar flow, low values of <I> are determined. Many turbulent events did not led 
to high values of <I> . Due to diffusion of the streaks a proper combination of reference 
and deviation could not be established. 

Neutrally buoyant particles were suspended in water before injection in locally the 
flow. Due to a maximum pre-mixture volume fraction a maximum average volume 
fraction in the boundary layer of 2%. According to the analysis this would have an 
effect on the stability of the flow. 

Although there cannot be drawn highly reliable conclusions from the qualitative 
observations or from the measurement technique, it seemed that the neutrally buoyant 
but relatively small particles do not have a major effect on the stability of the flow. 
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Nomenclature 

Symbol Description Unity 
'f1 velocity vector [m/s] 

U, V velocity [m/s] 
u,v basic state velocity [m/s] 
û, 'Û velocity amplitude [m/s] 

a particle radius [m] 
b dimensionless boundary layer thickness [-] 
D 8/öy [1 /m] 
f volume fraction [-] 
I grey value [-] 
I set of grey values (image) [-] 
L characteristic length scale [m] 
p pressure [N/m2

] 

r sequence number [-] 
Re Reynolds number [-] 
s particle description [-] 
t t ime [s] 

Tu turbulence level [%] 
Sd1 standard deviation mean image [-] 
Sd2 mean deviation from mean image [-] 

<I> Sd2/Sd1 [-] 
a wave number [1 /m] 
w complex frequency [rad/s] 
T relaxation time [s] 
p density of flow medium [kg/m3] 

PI density particles [kg/m3
] 

o* replacement thickness [m] 
µ dynamic viscosity [kg/ ms] 
1/ kinematic viscosity [m2 /s] 
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xiv NOMENCLATURE 

Sub- and superscripts 
0 initial 
a ambient 
m mid section 
p particle 
r image number 
sq image sequence number 
inf free stream 

pert ur bation 
mean mean quantity 



Chapter 1 

Introduction 

1.1 Background 

This thesis report presents the results of an mathematica! analysis and an experimen
tal study on the stability of a suspended boundary layer flow exposed to f~ee stream 
turbulence. There is a great practical demand in controlling the stability as the type 
of boundary layer is critical for cooling performance. Another important issue in the 
comparison of a laminar boundary layer and a turbulent one is drag. A flow around 
an object with a turbulent boundary layer experiences more drag than with a laminar 
boundary layer. 

1.2 Bypass transition 

Due to viscous effects, a boundary layer develops at the fluid-surface interface of the 
flat plate, in which the velocity increases from zero to the main stream velbcity at a 
certain distance from the surface. The boundary layer thickness grows in stream wise 
direction. When a flat plate is exposed in a flow with uniform velocity, initially a 
laminar boundary layer will develop on the flat plate. Due to disturbances, instabilities 
will occur which can cause breakdown and initiate turbulence. 1 

For certain specific modes ( frequency, wavelength and Reynolds number) the flow is 
sensitive and disturbances of this kind will grow to turbulent behavior of the flow. The 
transition process is dependent on the turbulence level of the main stream. When the 
turbulence level is weak, the so called Tollmien-Schlichting transition is the main path. 
This is described by the linear based Orr-Sommerfeld equations. The equations were 
linearized around a base velocity profile. Above a certain critica! Reynolds number, the 
disturbances will grow exponentially to turbulent behavior. 

Experiments revealed that an unstable boundary layer flow can occur in linearly 
stable circumstances. This means that besides the exponential growth also other dis
turbances can grow, this is called bypass transition. A schematic overview of the bypass 
transition proces is depicted in figure 1. 1. The bypass transition is characterized by the 
so called streaks ( elongated structures of alternatively low and high stream wise veloc
ity). These streaks are stable but the amplitude does grow in stream wise tlirection. 
Secondary instabilities cause breakdown of the streaks and will result in a turbulent 

1 
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spot. Figure 1.1 indicates the existence of an inflectional velocity profile between the 
streaky structures. 

iJ --- Free-stream turbulence 
~ iJ iJ fJ/ fJ/ impinging on the 
fJ/ e) fJ/ e) fJ/ boundary 

@ e) iJ fJ/ 
1 

layer 

@J iJ i) ~-i{cl 

iJ à,e~ + 
~. ♦ 

Secondary instability 

'--..Velocity profile 

'--..Low and high speed streaks 

Figure 1.1: Sketch of the bypass transition process, from Mans (Mans, 2007} 

Mans [Mans, 2007] investigated this specific phenomena for a flat plate boundary 
layer flow experimentally fora clean fluid. He experimentally investigated the growth of 
the streak amplitudes in a boundary layer of a flow over a flat plate and the breakdown 
of these streaks to initiate turbulent behavior. He found that under identical conditions 
an unstable streak pair can passes a smaller amplitude than a stable streak pair. Hence 
it is impossible to define a quantitative threshold for the amplitude of a streak pair 
above which the flow becomes unconditionally stable. 

His experiments revealed three types of secondary instabilities: a sinuous, varicose 
and single branch instability. Each instability had a certain type of oscillation (sym
metrie or anti-symmetrie), number of periods, wavelength, amplitude and a certain 
characteristic time scale. He describes the breakdown process of each mode in detail. 

The experiments executed for this study are done with the same test rig used by 
Mans [Mans, 2007]. A description of the test rig can be found further in this chapter. 

1.3 Particle suspended flow 

Saffman [Saffman, 1961] showed mathematically that solid particles would influence 
the initial transition process. His study concerned solid particles in a gaseous flow. He 
modeled the influence of the particles as an extra volume force in the Navier Stokes 
equation. Important quantities to describe the influence of the particles are the particle 
relaxation time: 

2 a2 Pi 
T=---

9 V p 
(1.1) 
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Where a is the radius of the particle. It is assumed that all the particles have the same 
size and are spheres. Further p1 is the density of the particles, p the density of the gas, 
and v is the kinematic viscosity. 

The particle mass fraction f , non-dimensionalised by the fluid density p is. 

f = mNo 
p 

(1.2) 

Where N0 is the particle concentration per volume and mis the mass of a single particle. 
The relaxation time of the particles is compared with the characteristic time scale 

of the flow. The characteristic time scale of the flow is given by U / L where U is the 
main stream velocity and L is the characteristic wave length of the perturbations. This 
comparison gives two critica! situations concerning the particle sizes. Small particles 
for which holds: T « L / U, have a relaxation time scale that is small compared to 
the characteristic time scale of the flow. Adding sufficient small particles to the flow 
effectively would increase the density of the flow by a factor 1 + f. The kinematic 
viscosity will thereby be reduced by the same factor. The result is a destabilization of 
the flow. 

Adding sufficiently large particles to the flow for the following holds T » L / U (large 
time scale compared to the characteristic time scale of the flow). This would cause a 
perturbed flow to move around the particles, i.e. the particles move with the main 
fluid velocity and will not be accelerated by the perturbations. The interaction would 
extract energy from the perturbed flow and thereby having a stabilizing effect. The 
stabilizing effect of larger particles at constant f is not infinitely because the decrease 
of the number of particles would eventually compensate the increase in size. 

Saffman [Saffman, 1961] showed, for plane parallel flow that the stability character
istics for a dusty gas are still determined by solutions of the Orr-Sommerfeld equation. 
He modeled the dust in the Orr-Sommerfeld equation by an extra term that described 
the drag between the particles and the flow. This new Orr-Sommerfeld equation can 
be solved for all types of unidirectional flow. An example is given but only for an 
unrealistic (non physical) velocity profile. 

Based on the findings of Saffman [Saffman, 1961], Asmolov and Manuilovich [Asmolov, 1997] 
studied the stability of laminar flow in a Blasius type boundary layer. They used the 
modified Orr-Sommerfeld equations from Saffman [Saffman, 1961] in their numerical 
study. Equal to Saffman [Saffman, 1961] they also investigated the extreme values of 
dusty gasses. In accordance to the findings of Saffman [Saffman, 1961] they found that 
the critica! Reynolds number was reduced by very small particles and was enhanced 
by adding very coarse particles. Besides these extreme values also intermediate values 
are investigated. At large but not extremely large particle sizes the effect is larger then 
the extreme value. This is in accordance to the findings of Saffman [Saffman, 1961] 
described above. 

Unsteady momentum exchange results in significant reduction in the growth rate of 
the unstable Tolmien-Schlichting wave. The most efficient suppression takes place when 
the relaxation length of the particles is close to the wavelength of the perturbed wave. 
The analysis has been extended for a flow with multi-sized particles. The damping 
effect is similar to the mono-sized particle case. The lift force on a particle due to 
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the velocity gradient in the boundary layer is also investigated. The unsteady lift may 
be ignored in comparison with the normal stokes drag in the major portion of the 
boundary layer, but not in a critica! layer. Lift should be taken into account when the 
particles are large. 

The studies described above all concerned a particle laden-gaseous flow. This means 
that the density ratio pi/pis large (order of several thousands or more). This led to an 
important assumption concerning the increase of the viscosity. The Einstein increase in 
viscosity is namely ~µf p/ p1 , which is negligible for a dusty gas but may be significant 
for a liquid suspension. 

Besides the study of Asmolov and Manuilovich [Asmolov, 1997] who drew conclu
sions to the type of instability wave that is influenced by the particles, not much research 
has been done on type of instability that is influenced by particles. Furthermore, all 
research that has yet been done on this topic was numerical. There are no known 
experimental results on bypass transition for dusty gasses or liquids. 

1.4 Test section 

The test section used for the experiments is already used the earlier experimental study 
by Mans [Mans, 2007]. The set-up was used for Particle Image Velocimetry measure
ments and for visualization experiments. In the experiments a clean flow considered. 
Water was used as flow medium. 

The test section consists of a channel which connects two large vessels. The flow 
medium used is water. This is legible because the algorithms used in the analysis are 
based on a incompressible medium. In figure 1.2 a sketch of the test section is depicted, 
the pumps are only drawn schematically. The velocity in the channel is regulated by 2 
pumps which pump the water from one vessel to the other. The channel is 0.57m wide 
0.45m high and 2. 7m long. 

N ear the entrance of the channel there are three honeycomb structured plates po
sitioned which straighten out the flow and dissipate turbulent structures in he flow 
entering the channel. To the honeycombs a wire mesh is attached that also helps 
straighten the flow and dissipate turbulent structures. The rectangular gaps of the 
honeycombs are 5.2 • 10-3m wide and 6.1 • 10-3m high, while the mesh size of the wire 
mesh is 1.5 · 10-3m with a tread thickness of 0.2 • 10-3m. 

A turbulence grid is used to provide a free steam turbulence level. In order to obtain 
a fairly homogenous turbulence level throughout in the flow the distance between the 
flat plate and the turbulence grid is set to 20 times the mesh size of the grid. With the 
mesh size being 40 · 10-3m, the distance between the grid and he leading edge is 0.8m. 
The grid provides a turbulence level in the free stream of Tu = 5%. This is measured 
by Mans [Mans, 2007] at a free stream velocity U00 = 0.lm/s. All experiments where 
executed with this velocity. It is assumed that the results of these measurements also 
apply for the current experimental setting. 

In the channel a flat plate is positioned parallel to the bottom with a clearance of 
5 · 10-2m. The flat plate is 47 • 10-2m wide 180 • 10-2m long and has a thickness of 
8 • 10-3m. The plate material is PMMA which is fully transparent and is considered 
perfectly smooth and straight. A sharp edge is cut to the leading edge. 
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water reservoir 

inlet 

straightening unit 

turbulence grid 

flat plate 
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1 
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pumps 

water reservoir 
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Figure 1.2: Sketch of the test set up used by Mans [Mans, 2007) 
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Also under the plate a suction is created that provides the flow at the leading edge 
to be less turbulent and attaches to the plate more smoothly. In a later stage the 
importance of the suction unit will be revealed. 

A camera traversing system is attached to a rigid frame that surrounds the whole 
test section. Above the channel a camera is mounted to the traversing system. This 
system is able to traverse the camera parallel to the channel. The camera is mounted 
approximately at the centerline of the channel. With this traversing system the bypass 
transition process could be examined at all different positions on the plate. The camera 
is a 30 Hz Kodak camera. To the camera a lens is mounted with a focal length of 50mm. 
This results in a image of approximately 8 x 8cm. The recorded data is directly stored 
on a computer to which the camera is linked. 

1.5 Test method 

The bypass transition is characterized by the fact that transition is not restricted to 
happen on a certain position. Transition is more likely to occur further downstream 
hut the exact location where a streak breaks down is random (Mans [Mans, 2007]). 
Quantitative techniques like hot wire anemometry or Particle Image Velocimetry do 
not render information about the structure of the flow. From the output it cannot 
directly be seen wether the flow is in state of transition or is considered to be turbulent. 
It makes it impossible to have a real time assessment of the flow structure. To monitor 
the bypass transition it is desired to be able to have a qualitative assessment of the 
whole boundary layer. 

Visualization techniques give direct information on the nature of the flow. Ink is 
used to visualize the stream lines in the boundary layer. However visualization does 
not give any quantity concerning the type of flow. In the chapter 3 an approach is 
presented to determine a quantity from images taken of ink streaks. These images are 
stored as a set of grey values. 
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1.6 motivation of study and outline 

Till date only little experimental research has been clone to the effect of particles on 
stability in a boundary layer flow. Numerical research has been clone on the stability 
of suspended boundary layer flows. There is a great demand for complementary exper
imental data, especially on the effect of suspension on bypass transition in particular. 

The aim of this study is to investigate whether the theoretica! known effects of 
dust to the stability of a flow can be shown experimentally using ink visualization and 
whether the different instabilities described by Mans are influenced by the particles. In 
this thesis the breakdown process during bypass transition fora dusty flow is examined 
using optical measurement techniques. Hereto first the bypass transition of a clean gas 
is examined and compared with the results of Mans [Mans, 2007]. 

In chapter 2, the fundamental mathematica! description of stability is given. Hereto 
the Orr-Sommerfeld equation is derived. To get an indication of the type of particles 
and the seeding density, stability analyses are executed based on the modified Orr
Sommerfeld equation from Saffman [Saffman, 1961]. The results of this analysis is 
discussed in this chapter. 

In chapter 3 the measurement method is presented. The application and complica
tions of the method are presented tin this chapter. At last, in chapter 4 experimental 
results are presented using observations and the results form the in chapter 3 presented 
technique. Conclusions and recommendations are presented in chapter 5. 



Chapter 2 

Analysis of effective dust 

To execute an experiment where the particles will provide a significant effect on the 
transition in the experimental boundary layer, a study is done to provide information 
on the specifications of the particles. Therefore, based on the modified Orr-Sommerfeld 
equation, analysis of the stability for several types of particles has been performed. The 
theory which is the base of the analysis is presented. The theory follows the analysis 
presented in chapter 2 and 3 from Schmid and Henningson [Schmid, 2001]. 

The used code ais written for a channel flow and not for a Blasius type growing 
boundary layer. Therefore a modification on the existing code is applied. This mod
ification is first verified. Nevertheless, the results of the analysis are only used for 
providing an indication of the particle type used in the experiments. 

2.1 Mathematica! description of linear instabilities 

2.1.1 Clean flow modal stability 

Squire [Squire, 1933] was the first to point out that the neutral disturbance at the 
critical Reynolds number is two-dimensional in form. As can be seen in Schmid & 
Henningson [Schmid, 2001], the critical disturbance in a shear flow has a two dimen
sional form, therefore a two dimensional description of the flow field is valid for first 
(linear) instabilities. The conclusion of Squire[Squire, 1933] to this was that the flow 
speed in the direction of the wave propagation is always equal or less than the total 
basic velocity. Therefore it follows that the disturbances where the flow for the first 
becomes unstable are always of 2-D form. For the analysis therefore, a 2-D flow can be 
regarded. 

The Navier Stokes equation fora 2-D situation is as follow: 

ÖÜ - 0 - 0 n2 -öt +u• vu= vp+vv u 

And also the continuity equation holds: 

v'·Ü=O 

(2.1) 

(2.2) 

Where ü is the flow speed with the components in x and y direction respectively: 

[ U V f. 
7 
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To investigate stability, the flow velocity is written as a basic state value Ü and 
a small perturbation velocity J. It is assumed that the flow is parallel so the basic 
component in y direction is zero. The basic component in x direction is only dependent 
on y. Now the velocity becomes: ü = [ U + u' v'JT . Substituting this new notation 
in (2.1) the x component of the Navier-Stokes equations becomes: 

a(U+u') (U ')a(U+u') ,a(U+u') 
at + + U ax + V ay 
= _ ap + _1 (a2 (U + u') + a2 (U + u')) 

ax Re ax2 ay2 
(2.3) 

The equation for the basic state is 

au+ uau = _ aP + J__ (a2u + a2u) 
at ax ax Re ax2 ay2 

(2.4) 

Subtracting (2.4) from (2.3) and omitting the primes results in the following equation: 

-+U-+u -+- +v -+-au au (au au) (au au) 
at ax ax ax ay ay 

__ ap J__ (a2u a2u) . _ Uoo8* 
- ,:, +R ,:,2+,:,2 ,Re-ux e uX uy v 

(2.5) 

The equations are non-dimensionalized by the free stream velocity U00 and the replace
ment thickness 8* which is defined as follow. 

8* = fo
00 

( 1 - J~) dy (2.6) 

If the same steps described above are applied to the continuity equation (2.2) the 
resulting equation is 

(2.7) 

In case of small perturbations and looking at the initia! growth of a small disturbance, 
the nonlinear terms are negligible (become negligibly small). Without the non-linear 
terms and considering a fully developed channel flow, equation (2.5) becomes 

au+ uau + vau = - ap + _1_ (a2u + a2u) 
öt ax ay ax Re ax2 ay2 

(2.8) 

And for the y direction: 

av + uav = - ap + _1_ (a2v + a2v) 
öt ax ay Re ax2 ay2 

(2.9) 

Taking the divergence of (2.8) , (2.9) and using the continuity equation (2.7) yields an 
equation for the perturbation pressure: 

2 (au av) _ a (- ap) + a (-ap) ay ax - ax ax ay ay (2.10) 
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This equation is used to eliminate the pressure from (2.9). Substituting this term and 
taking the divergence results in the following equation: 

v72 (äv + Uäv) = v72 (- äp + _!_ (82
v + ä

2

v)) 
ät äx äy Re äx2 äy2 

⇒ ((i + u~) v72 - (a2u äv) - _!_v74) v = o (2.11) 
ät äx äy2 äx Re 

The perturbation velocities are now written in the following wavelike form 

V (x, Y, t) = 'Û (y) ei(ax-wt) (2.12) 

Where a is the wave number in stream wise direction and w is the complex frequency. 
So if w < 0 the perturbations are damped. If the frequency becomes larger than zero, 
the mode gain in strength en grows on to turbulence behavior. Substituting this in 
(2.11) and with ~ = (D2 

- a 2
) this results in the classica! Orr-Sommerfeld equation: 

-iw + wU D - a - w-- - - D - a v = 0 [( . . ) ( 2 2) . 8
2 
U l ( 2 2) 2] ~ 

ä2 y Re 
(2.13) 

Where Dis an abbreviation for ä/äy. 

2.1.2 Eigenvalue problem and modified Orr-Sommerfeld equation 

An extra term is needed to describe the effect of the particles. The particles are modeled 
as hard spheres with constant radius and it is assumed that the volume concentration 
is very small. The net effect of the particles on the fluid is a volume force which can be 
described as K N0 (üp - ü). Where K is a constant given by the Stokes drag formula 
K = 6-Traµ. N is the particle concentration, and a the sphere radius and Üp is the 
particle velocity. 

The interaction between the fluid and the particles is thus a drag force from the 
flow around the particles. This is a two way interaction and in this analysis the only 
interaction between the particles and the fluid . 

There are also other interactions between the particles and the flow. The effect 
of lift force is studied by Asmolov & Manuilovich [Asmolov, 1997]. They found that 
the lift force becomes significant for large particles. Maxey & Riley [Maxey, 1982] 
give an overview of other interactions like added mass (fluid particles that stick to the 
suspended particles). The influence of the latter term gets more pronounced when the 
factor pi/ p decreases (pis the density of the fluid and p1 is the density of the particles). 

The drag interaction gives an extra term on the right hand side of the NS equa
tion (2.8). The new NS equation now becomes. 

äu äu äU äp l (82u 82u) KN0 
ät + U äx + v äy = - äx + Re äx2 + äy2 + -p- ( Up - u) (2.14) 

For the x direction and 

äv äv äp l (82v) K N0 -+U-=--+- -- +--(v -v) 
ät äx äx Re äx2 p P 

(2.15) 
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for the y-direction. With this extra term the relation for the pressure perturbation 
(2.10) becomes 

2 (au av) K No (aup ) (au av) (aup ) v' p = -2 -- + -- -- + v = -2 -- + s - + fracav ay ay ax p ax p ay ax ax p 
(2.16) 

With s = K No/p- lmplementing this term in (2.11) and again taking the divergence 
results in the following equation 

( ( a a ) 2 ( a2 u a ) 1 4) a2vp a2up at + U ax + 8 v' - ay2 ax - Re v' v = 8 ax2 + 8 axay (2.17) 

The force on the particles is equal to the above described drag force but reversed. Now 
the momentum equation for the particles becomes. 

a:P +(up· v') U + (U · v') up= (u - ûp) ut T 
(2.18) 

Where T can be seen as the relaxation time of the particles: 

2 a2 P1 
T=---

9 Il p 
(2.19) 

Again, by substituting (2.12) in (2.17) and using Up (x, y, t) = [ 'Ûp 'Ûp jY e i(ox-wt) for the 
perturbations of the particle velocity in (2.18) the modified Orr-Sommerfeld equation 
and the two components of (2.18) for a flow with particles are constructed. This results 
in the following set of equations: 

- = -V - ZO: + - V 
avp l A ( • u l ) A 

at T T p 
aûp l D A (· u l) A DU A - = - - V - ZO: + - U - V at iO:T T p p 

This is equivalent to the following eigenvalue problem. 

J! [f ]-A[f l 
Where I is the identity matrix and matrix A has the entries from (2.20)-(2.22). 

2.2 Analysis of effective dust 

2.2.1 Clean gas analysis 

(2.20) 

(2.21) 

(2.22) 

(2.23) 

To predict the size of the effective particles analyses where executed. The used algo
rithms are based on the modified Orr-Sommerfeld equation (2.20) and the momentum 
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equation (2.18) of the particles. For a given Reynolds number with the character
istic length scale and wave length, the eigenvalues of (2.23) can be calculated using 
MATLAB. 

The eigenvalues correspond to the exponent (w) of the perturbations of the fluid
and particle velocity. If the imaginary part of w is negative, the perturbation amplitude 
will decay to zero. When the imaginary part is positive, the perturbation amplitude 
will grow in time, which is unstable behavior. 

It is noted that for each Reynolds- and wave number, only the most unstable eigen
values and vectors where taken into account. This is legible because this study inves
tigates whether there exists instability. Because of that it is not necessary to monitor 
the different modes. 

To describe the main fluid velocity U, a velocity profile is modeled. Fora description 
of a flat plate boundary layer flow a numerical solution of the well known Blasius profile 
exists. It is not possible to derive a descent analytica! solution of for the Blasius profile. 
For practical reasons an artificial, non-developing velocity profile is created which looks 
like the Blasius boundary layer velocity profile. See the section next to figure 2.1 for 
the mathematica! description of the constructed velocity profile. It is emphasized that 
the MATLAB analysis is only used for an indication of the particle specifications and 
the effect on the stability of the flow. However, the modeled flow velocity U is not a 
solution of the Navier Stokes equations (2.8) and (2.9). The second derivative of the 
constructed profile is not zero, which is needed fora valid solution of the Navier Stokes 
equation. Therefore the analysis results are checked on qualitative agreement with the 
results from [Saffman, 1961], [ Asmolov, 1997] and [Xie, 2007]. 

For convenience a fully developed profile is assumed. This approximation is reason
able because the Blasius boundary layer is a function of a square root and therefore 
could be approximated as constant choosing a region sufficiently far from the front 
edge. Also the boundary condition at the upper side of the velocity profile; p = Pa with 
Pa the ambient pressure is hard to implement in the existing code. Therefore a channel 
flow is considered with boundary conditions: iJ = 0 for the upper and lower boundary. 
At this stage a clean gas is considered, therefore the following holds for the entire flow: 
Ûp = 0 and vp = 0. 

The velocity profile is divided in three parts, two boundary layers and a mid section. 
The boundary layers are modeled as sine functions and the mid section has a constant 
velocity. In figure 2.1 the velocity profile is depicted for a boundary layer thickness of 
b = 1/5 (for the analysis this number was taken much lower, this is discussed later in 
this section). For convenience the lower half of the channel is depicted. The straight 
horizontal line indicates the displacement thickness as defined by (2.6). 

Here is U the velocity in x direction and b is the boundary layer thickness. The 
profile is continuous everywhere. Urn is the flow velocity in the mid section which is 
chosen to be 1 for convenience. The profile of the boundary section is very similar to 
a boundary layer velocity profile over a flat plate. In y direction the nodes are ordered 
according to Chebysheff functions to optimize the accuracy. This method orders the 
nodes unequally over the height of the channel. In the regions with a large velocity 
gradient, i.e. in the boundary layer, the number of nodes is larger than the mid section. 
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Figure 2.1: Constructed sinuous boundary 
layer velocity profile. The horizontal line im
plies the displacement thickness 8* 

{ 

U = sin ~ll.±!1r) 2b 
1 U = sin ( 1 - Tb) 1r) 

U=Um 

for y < b - 1 
for y > 1 - b 

else 

The influence of the number of nodes is checked. For a number of 150 nodes and 
higher the results <lid not changed significantly. The results are presented in a stability 
diagram where the iso-line for the imaginary part of w, wi = 0 is depicted. In the 
enclosed area the unstable modes are captured. Outside this area the flow remains 
stable under the specified disturbances. 

The influence of the thickness of the boundary layer on the simulation results is 
investigated. In figure 2.2 the stability diagram is shown for several boundary layer 
thicknesses. In this diagram the iso lines for which holds that wi = 0 are shown versus 
the Reynolds number and the wave number k ( k = a because of the two dimensional 
situation). The Reynolds number and the wave length are bath normalized to the 
displacement length (2.6). 

Former results from numerical Blasius profile with a clean fluid flow simulations 
shown in Schmid & Henningson [Schmid, 2001] show that the critica! Reynolds- and 
wave number is around 500 and 0.3 respectively. Figure 2.2 shows a qualitative agree
ment with bath numbers. For the Reynolds number, in contraire to the expectation 
that a small boundary layer should give a better match to a real boundary layer, the 
largest boundary layer shows the best agreement. For the wave number the agreement 
gets better with decreasing boundary layer thickness. 

Differences with the Blasius profile simulations from [Schmid, 2001] are likely to 
happen, because the chosen velocity profile is nota legible solution to the Navier Stokes 
equation. The shape of the neutra! curve does not change for different boundary layer 
thicknesses. With decreasing thickness the neutra! curve shifts to higher Reynolds 
numbers and lower wave numbers. This trend implies that an extra sealing factor 
is needed for the boundary layer thickness to prevent the shift of the curve. For an 
indicative qualitative analysis the boundary layer thickness does not play an important 
role within the range of thickness presented in the figure. Therefore the thickness for 
the analysis is arbitrarily chosen to be 1/b = 40, which is held constant for following 
analysis. 
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Figure 2.2: Stability diagrams for varying boundary layer thicknesses and sinuous velocity 
profile 

To investigate if other profile constructions show similar results an alternative profile 
is constructed. The boundary layer is quadratic and again the mid section is constant. 
The profile is constructed as follows: 
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Figure 2.3: Stability diagram with b = 1/40 for 
quadratic velocity profile 

{ 

U = l - (1- (x + 1) tf 
U=l-(f-(}-1)) 
U=um 

for y < b- 1 

for y > l - b 
else 

In figure 2.3 the stability diagram is shown for a clean flow with a boundary layer 
thickness of 1/b = 40. The diagram shows even less agreement than the sine profile 
with the data in Schmid & Henningson [Schmid, 2001]. The reason for this huge offset 
to the data from [Schmid, 2001] in comparison to the diagram in figure 2.2 is not clear. 
Like the sinuous profile the second derivative is not zero which is needed for a solution 
to Navier Stokes equation. The negative effect due to this could be larger for the 
quadratic profile. 

To verify that the instable region in figure 2.2 refer to instabilities that occur in the 
boundary layer, the Eigenvectors are monitored. Figure 2.4a show the perturbation 
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velocity amplitudes for a stable region for a clean gas. The y-cordinatie of the channel 
is the x-axis and y-axis is the amplitude of the vector û. 

The perturbations take place in the mid section ((-0.975 > y < 0.975) fora bound
ary layer thickness b = 1/40) and not in the boundary layer. The reason for this is 
that the flow concerned in the analysis is a pipe flow , hut the constructed flow is not a 
solution to the Navier Stokes equation. The instabilities that occur in the mid section 
force the flow to a Poiseuille flow. These instabilities are therefore stable. In figure 2.4b 
the perturbations are shown for a particular spot in the unstable region of the stability 
diagram in figure 2.2. lt is clear that the instabilities that occur in the mid section 
occur in the stable region as well as the unstable region. This implies the The same 
reason for the inst stated above thus holds for this case. 
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(a) (b) 

Figure 2.4: Amplitudes of eigenvectors for a clean gas a: Re = 500 and a = 0.2 and b: 
Re = 1500 and a = 0.2 

The instability in the boundary layer (-1 < y < -0.975 and 0.975 < y < l) only 
occurs in the unstable situation. lt can also be seen that the instability occurs in the 
boundary layer. Because this is the only unstable perturbation, the unstable region in 
figure 2.2 does refer to instabilities in the boundary layer. 

In figure 2.5a the same situation is depicted as in figure 2.4b. In figure 2.5b the 
corresponding eigenvalues are depicted. These eigenvalues correspond to w of (2.12). 
A positive imaginaire part of w indicates that the perturbation grows and is therefore 
unstable. On the x-axis the real part of the eigenvalues are depicted. On the y-axis 
the imaginary part is depicted. The ordering of the eigenvalues have the branche like 
form as described in [Schmid, 2001]. 

It can be seen that almost all the imaginary parts are below O and therefore are 
stable. Only one imaginary part is unstable (larger than 0). This eigenvalue corresponds 
to the perturbation in the boundary layer, which is the only unstable one. lt is therefore 
legible to use the constructed profile for the current modal stability analysis of the 
boundary layer. 
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Figure 2.5: Amplitudes of eigenvectors ( a) and Eigenvalues (b) for a clean gas Re = 1500 
and a = 0.2 

2.2.2 Dusty gas analysis 

Now the cases of a dusty gas are studied. Hereto first some important quantities are 
presented again. As described in earlier the relaxation time is given by T = 2a2pif9vp 
and the mass fraction of the particles is given by f = mN0 / p. lt is convenient to 
introduce a dimensionless quantity which contains T: 

S = VT / L2 =~ (a/ L)2 (pi/ p) (2.24) 

With L, the displacement thickness for the characteristic length scale. Both S and f 
are independent of the viscosity and the velocity. This means that these quantities are 
equal for both a 2- and 3-dimensional situation. As explained in section 2.1.1 each 3-
dimensional disturbance mode has a 2-dimensional equivalent with a smaller Reynolds 
number. Scan be seen as specification for the particles. The number can be seen as a 
multiplication of the Stokes number (Stk = TU0 /dp) and 1/ Re with the exception that 
the characteristic length scale of the object, dp is replaced by the characteristic length 
scale of the flow L which in this case is the displacement thickness d*. The number S 
is used to provide an idea of the particle specifications used in the experiments. 

First , the stability of a dusty gas flow with particles with a relatively small and large 
relaxation length T are analyzed. These cases are equal to the two extreme situations 
described in Saffman [Saffman, 1961] and Asmolov & Manouilovich [Asmolov, 1997]. 
Both describe the different cases as small and coarse particles respectively. 

The stability diagram for the two cases of dusty gas and the case fora clean gas are 
depicted in figure 2.6. lt is clear that particles with small T have a destabilizing effect 
on the flow. According to the known theory this is caused by an effective increase in 
density because the particle move with the flow as described earlier. 

This result is in agreement with the theory in Saffman [Saffman, 1961]. According 
to his study, a flow with T « L/U should lead to a decrease of the critical Reynolds 
number by a factor 1 + f. for this case this will mean a decrease of 1/1.1. As can be 
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seen in figure 2.6 , the analysis results show a fair good agreement to this. The opposite 
case of large T result in a stabilizing effect. The reason for this is that the particles do 
not move with the perturbations but move with the main flow velocity U. 

In contraire to Asmolov & Manouilovich [Asmolov, 1997] the values cannot be taken 
infinitely large or small, but apparently when extreme numerical values are taken the 
effect is also clearly visible. 
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Figure 2.6: Stability diagram for cases of small- and large particles and a clean flow 

The iso-line for large T shows an extension of the unstable region for larger wave 
numbers. Although it is reported by Asmolov & Manuilovich [Asmolov, 1997] that at 
larger relaxation times the results from the Eigenvalue problem show singularities, it 
cannot yet be verified that this singularities causes the extension as can be seen in 
figure 2.6. 

In figure 2.7a the amplitude of the eigenvectors versus the y-coordinate are depicted 
for a Reynolds number of Re = 1500 and a wave number of a = 0.35, which is in this 
extension region. The disturbances that occur in the mid section (-0.975 < y < 0.975 
boundary layer thickness b = 1/40) are equal to the disturbances in figure 2.5. It is 
now also shown in figure 2.7b that these disturbances are stable. 

Again in this figure the Eigenvalues are depicted. It is clear that the imaginary part 
of all the Eigenvalues are negative. This leads to a decay of the disturbance. Only one 
Eigenvalue is an unstable one (positive imaginary part). This Eigenvalue corresponds 
to the disturbance in the boundary layer. So again according to the analysis, the 
extension of the unstable area for larger relaxation times T corresponds to instabilities 
that occur in the boundary layer. 

Asmolov & Manuilovich [Asmolov, 1997] showed that intermediate sized particles 
affect the stability even more than the extreme value of T » L/U'. 

It is investigated whether this holds for the current analysis. In figure 2.8a the sta
bility diagram for varying particle concentrations is shown, again for a boundary layer 
thickness of 1/b = 40. For the analysis shown here the number S is 10-6 for all three 
particle concentrations. The critical Reynolds number is clearly affected by the number 
of particles in the flow. This is in agreement with the theory from [Asmolov, 1997]. 
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Figure 2. 7: Amplitudes of eigenvectors ( a) and corresponding eigenvalues (b) for a dusty gas, 
Re = 1500, a = 0.35 and S = 10-10 

The particle concentration of f = 0. l has the largest effect on the critica! Reynolds 
number. 

This can also bee seen in figure 2.8b till figure 2.8d where stability diagrams are 
depicted for different values of S (different particle radiuses), namely S = 10-6 , S = 
10-5 , S = 10-4 and S = 10-3 for each figure. The concentration is also varied and are 
f = 0.l , f = 0.05 and f = 0.01 respectively. In each figure the case of a clean gas is 
depicted. 

It is clear that the combination of a concentration of f = 0. l and intermediate 
particles have the biggest effect on the critica! Reynolds number. The effect of the par
ticles get les significant with decreasing particle concentration for all different particle 
sizes except for the case of S = 10-5_ At f = 0.01 the particle concentration seem to 
be too small to affect the stability significantly. From the analysis there can be drawn 
conclusions on the effect of particle concentration f and Son the stability of the dusty 
flow. 

2.2.3 Inhomogeneous particle concentration 

In the experiments it is not likely if not impossible to have a homogeneously seeding 
density. Besides, for practical and economical reasons, it is not preferable to get a 10 
percent volume fraction (f = 0.1) of the particles in the test section. The test section 
would then contain 500 Liters of particles which could easily lead to damage to certain 
components. 

From this point of view it would be much better to inject the particles in a certain 
way to create a partial seeded flow. Therefore analysis were executed to investigate 
the influence of inhomogeneous injected particles. A certain particle concentration was 
assigned for each y-coordinate. 

The results are shown in figure 2.9. In this figure the stability diagrams are shown 
for a flow with partial injected particles. The nodes refer to the y-coordinates where 
the concentration is f = 0. l. Six different cases of particle injection are displayed 
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Figure 2.8: Stability diagrams with bl thickness 1/40 and with varying concentrations but 
large particles ( a) and varying size with constant concentrations (b-d}. S = 10- 10 are small 
particles. S = 10-9 , S = 10-8 and S = 10- 7 - S = 10-6 are intermediate particles and 
S = 10-5 and S = 10-3 are large particles 

and also the case of a clean fluid is depicted. In the case of variable the particle 
concentration is growing linearly from the edge (J = 0.01) till node 10 (J = 0.1), to node 
11 this same value is assigned. Note that because the so called Chebyshev polynomial 
used to position the nodes over the width of the channel, the real distance between 
subsequent nodes is not equal distributed y-coordinates. The boundary layer (1/b = 40) 
lays between the nodes 1 till 11 (and 140 till 150) . 

The injection on both the sections nodes 1-11 and 1-30 show similar results to the 
case of homogenous injected particles. Injection in the nodes 1-7 gives a significant 
offset to these curves. In this case only a part of the nodes in the boundary layer 
are used. Because the instabilities occur in the boundary layer (as shown above) the 
instability is less affected by the particles. 

This can also be seen in the case of injection at the nodes 5-11 . The injection takes 
place over an equal amount of nodes, but the locations differs. The offset is much larger 
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Figure 2.9: Stability diagrams of partial injected particles ( a) and zoomed section of boundary 
lay er with velocity profile and unstable Eigen mode (b) , f = 0. l and S = 10-6 . The Chebysheff 
nodes are displayed on x-axis. For the unstable mode nodes 5-11 are used. Re = 2000 and 
a = 0.2 

for the latter case. As can be seen in figure 2.7a, the velocity peak of the instability 
in the boundary layer seem to be located more closely to the boundary layer edge. It 
seems that injecting the particles in a region of a higher velocity gradient would lead 
to a larger stabilizing effect. The variable injection also has a stabilizing effect but this 
effect is less than uniform particle concentration. 
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Chapter 3 

Experimental method 

3.1 Intermittency method 

The bypass transition process is examined using streamline visualization with ink. Wa
ter diluted royal blue ink was supplied by hydrostatic pressure to chambers in the plate. 
From holes, 1 7 in row with an intermediate distance of 1 · 10-2m and located in the 
middle of the plate at 10cm distance from the leading edge, the diluted ink is injected 
into the boundary layer. By this way the flow is not disturbed and the shape and 
movement of the ink streaks does directly represent the local streamlines. By use of 
the camera above the channel the ink streaks are recorded. 

A white foil is attached to the bottom of the transparent PMMA plate to create 
a descent contrast between the color of the ink and the plate. The big advantage of 
visualizing the streamlines, in comparison to for other techniques like Particle image 
velocimetry (PIV), is that every deviation from the straight line (laminar flow) could 
directly be monitored. The movement of the streaks is a qualitative notion of the 
disturbances in the boundary layer. 

The goal of the experiment is to gain information on the status of the flow within 
the transition process. The whole bypass transition process could be monitored by the 
traversable camera on top of the channel. Along the stream wise direction the amount 
of movement of a streak in a certain time frame should increase. In the next part an 
algorithm is presented that quantifies the motion of the ink streaks recorded by the 
camera. 

To identify turbulence use is made of the intermittency of the recorded images 
created by the ink streaks. Earlier research on stability experiments using intermittency 
were clone by Schook [Schook, 2000]. He defined intermittency as the fraction of time 
the flow is turbulent on that position. He used heat flux measurements to identify 
laminar and turbulent flow. For a laminar flow the intermittence was found 0 and for 
the turbulent case the intermittency is 1. The typical laps of the intermittency I is 
displayed in 3.1. 

A method to quantify the stability from the ink streaks has a resemblance to the 
intermittency method used by [Schook, 2000]. However it is not identical. This wil be 
explained in the following sections. 

21 
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Figure 3.1: Example of the typical laps of intermittency value plotted against the Reynolds 
number (Rex) from the heat flux experiments of Schook {Schook, 2000}. Also the Johnson and 
Narasimha theoretica[ values are plotted. Prom Schook {Schook, 2000}. 

3.2 Measurement technique algorithm 

A quantity is needed that displays the movement of an ink steak. This movement is 
representing the local instability. A method is developed that quantifies the move
ment of the streaks from the images. This makes it possible to make a quantitative 
comparison between different experimental results. 

During experiments, image sequences of N images were recorded. For this case 
the images were continuously recorded with a shutter time of approximately 35 · 10-3 

seconds per image. Every image is stored as a matrix of dimensions m x n according 
to the resolution (number of pixels). Every element consists of a real number which is 
representing a grey value. The grey value that is assigned to the element with position 
( i , j) of the r th image is written as follow. 

with r = 1,2, ... ,N i = 1, 2, ... ,m and j = 1,2, ... ,n (3.1) 

With the corresponding matrix r that represents all the pixels of the image. 
The first step of the algorithm is to assign a certain reference. Each variation to 

this image is assigned to movement of the streaks. From all the images in the sequence, 
one reference image is constructed. A proper reference within one image sequence is 
the mean image of all the images in the sequence. The mean image is the sum of al 
individual images divided by the number of images N. Each element in the mean image 
displays the mean grey value of all grey values in the corresponding elements in the 
image sequence. This can be written as follow, 

(3.2) 

The mean image should represent the position of the ink streaks in case there are 
no disturbances present in the flow. The mean image thus should display straight lines. 
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Figure 3.2: Schematic overview of algorithm that results in the value cl> 
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An important factor is the number of images from which the mean image is compiled. 
When the amount of images is toa small it is very well possible that the mean image 
does not display clear straight lines. Turbulent spots could lead to an image displays 
an offset from the straight lines. This important feature is further discussed in the next 
section. 

From the mean image, a value is extracted that represents a reference value, instead 
of a reference matrix. This number is defined as the standard deviation of all grey 
values in the mean image Î. The standard deviation is a measure of the spreading 
which in this case is a measure of the grey value difference of the ink streaks and the 
background. In other words, the standard deviation of the mean image is a measure of 
the contrast. This is an important feature of the method. 

Using a measure of the contrast of the mean image makes it possible to compare images 
with different brightness or contrast. This could be very useful in a later stage. 

When the particles are added to the flow these particles will be visible in the image 
as wel. Therefore differences in contrast will occur between different image sequences. 
The standard deviation is calculated as follow. First the mean grey value of the mean 
image I is calculated: 

l n m 

Imean = ---~ ~ li 3· mxnL....tL....t ' 
j=l i=l 

Second the standard deviation is calculated: 

l n m 

- L L (t,j - Imean)
2 

mxn 
j=l i=l 

(3.3) 

(3.4) 

Now each individual image is being compared to this mean image. The images are 
subtracted from the mean image to come up with a matrix that contains the deviation 
to the mean image. Now again the mean absolute deviation is calculated by adding 
all squared deviations. A logical number that quantifies that deviation is the standard 
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deviation of all deviations. 

1 nmlN- 2 
-~~-~ (I-Jr) 
mxn~~N~ i,j 

j=l i=l r=l 

(3.5) 

This number is now normalized to Sd1. 

(3.6) 

This number shows to which degree the grey values in the image sequence are positioned 
differently from the mean image. Two extreme values now exist. In the case that all 
images in the sequence are identical then all images are also identical to the mean 
image. The term I - Jr in (3.5) becomes O and <I> becomes also 0. In this case the 
streaks do not move at all and hence there is no instability captured. 

<I> gets larger when more instabilities are captured and the grey values are ordered 
differently in the individual images. The number <I> has in theory two extremes as is 
stated in the previous section. In case of total turbulence the average image has a 
uniform grey value and the number Sd2 will converge to zero. In this case the term 
I - Imean in (3.4) becomes O and the result will be <I> ➔ oo. 

If there is no movement of the ink streaks recorded captured in the image sequence, 
all images would be identical and therefore <I> would be zero. But, in practice there are 
all sorts of non uniformities in the image caused by for instance non uniform lighting. 
This leads to standard small grey value offsets in the image even when the camera is 
focussed on a uniformly colored background. The number <I> would in practice therefore 
never tend towards infinity. 

The method is a measure of the degree of instability and it does not give any 
information on the specific modes or position of the instability. In comparison to the 
clean flow, the particle suspended flow would have less pronounced contrast because 
of the particle clouds that pass by. The method should be insensitive for these clouds 
of particles because they only lead to less contrast between the ink streaks and the 
surroundings. 

3.3 Monitoring bypass transition using ink visualization 

Streaks of ink that where injected into the boundary layer from holes in the flat plate 
were recorded. In this section first the bypass transition process using the former 
discussed measurement method is analyzed for clean fluid experiment. Some important 
features and drawbacks of the in the former section presented algorithm are shown. An 
overview is given on the quantity <I> that represent the amount of fluctuation of the ink 
streaks on different positions x on the plate. 

3.3.1 Applying the intermittency method 

The bypass transition process is characterized by unstable modes which occur at ran
dom positions in the boundary layer. Because of this random character it is important 
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to monitor the transition process in a time frame that is large enough to be sure that 
the amount of disturbances is representative for the specific situation. The position x 
from the leading edge of the plate is chosen in a way that bypass transition occurs in 
a regular manner. 

The number of instabilities/ disturbances which occur in a certain time span and on a 
certain position x on the plate is highly dependent on several circumstantial properties 
that influence the flow. Some of these are difficult to keep constant for the current test 
rig, like the amount suction. 

As stated before, this entering flow can be controlled by the suction underneath the 
plate. Still, the inflow could only be controlled to a certain extend. It is not possible 
to control the entering flow in great detail because of the turbulent structures in the 
main flow and the non uniform startup of the boundary layer. 

The velocity profile at the leading edge of the plate will differ in detail each time the 
flow is turned on. After a series of measurements, the whole flow was visibly polluted 
by the ink and the water needed to be refreshed. Every time the test rig was refilled, the 
pump settings needed to be adapted to create a state were bypass transitions occurred 
on a regular basis. The flow does not attaches immediately on the flat plate but at a 
certain distance from the leading edge. Also, the point where the flow attaches also 
differs in spanwise direction. 

These factors are difficult to master and are very representative for every boundary 
layer flow. To keep the entering flow during experiments both on large and small scale 
as constant as possible the experiments were executed consecutively. In this way the 
differences of the flow that are caused by refilling, start up, changing water level etcetera 
are ruled out. 

One important feature of the intermittency method is the contrast between the ink 
streaks and the background. The contrast is practically enhanced by applying white 
foil at the back surface of the transparent flat plate. In general it is evident that the 
orientation, thickness and brightness of the ink streaks differ in time and in position. 
Experiments revealed this generally holds in practice. 

Image sequences of 1000 images where recorded on positions x = 50cm, 80cm and 
110cm. The position of the images is measured in the hart of the image. The average 
images are shown in figure 3.3a - 3.3c respectively. The flow direction is downward. 
During capturing no events of bypass transition or any kind of turbulence is noticed. 
The flow was in state of rest and this results in straight lines with a maximum contrast. 
It is clear that the ink diffuses in downstream direction. 

The resulting <I> values the image sequences is almost equal: 0.066 for 50cm, 0.068 
for 80cm and 0.061 for 110cm. The more diffused ink streaks at larger x do not influence 
the number <I> when no fluctuations of the streaks occur. The theoretica! value for <I> 

when no fluctuations are captured is approached closely. The absolute point of <I> = 0 is 
never reached in practice. Among other things this was caused by vibrations from the 
surrounding that result in slight offsets in the camera position. However, apparently 
the camera mounting is rigid enough to reach small values of <I> when measuring 1000 
frames (~ 35 seconds). The bounding lowest of the number <I> thus is around 0.06. 
This is closely related to the amount of images that are involved in the image sequence. 
When larger sequences are considered it is very well possible that vibrations from the 
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Figure 3.3: Mean images of a laminar boundary layer flow at positions (a)50cm, (b)80cm and 
(c)110cm. The flow direction is downward 

surrounding causes a large netto offset in the camera position. 

3.3.2 Creating the reference 

The use of the contrast is now further discussed. In the code all single images are 
compared with a reference image. This image is the mean image of a number of images, 
the image sequence. With the standard deviation of the mean image a reference number 
is determined. The goal is to create a reference number that represents the reference 
image. This number is used to normalize the deviation from the reference image. The 
mean images presented in figure 3.3 represent a laminar flow. They represent the mean 
image of 3 sequences of 1000 images at 3 different positions. Each sequence consist if 
images that are similar, all representing an equal number of straight lines with equal 
thickness. 

3.3.3 Reference of laminar flow 

Taking the mean image results in a reference that is representative for all images in the 
sequence. The purpose of the reference is to represent a image that displays the case 
of zero turbulence (laminar flow) and a representative contrast. From the reference the 
number Sd1 is determined which is used to normalize on the contrast. This normaliza
tion in theory makes the number <I> insensitive for variations in the grey values of the 
background as well as the ink. Sequences with an equal amount of captured turbulence 
but with a difference in grey value should give a similar <I>. 

In figure 3.4a till 3.4c the histograms are shown for the grey values in corresponding 
images in figure 3.3a - 3.3c. It is the distribution of the grey values that determines the 
reference number Sd1 , which is the standard deviation of the mean image. The grey 
values are clearly defined along the x axis. The y axis defines the number in which the 
grey values occur in the images. 

A total of 1024 grey values (10-bit)are ordered from black (0) to white (1024). In 
figure 3.4a a clear distinction between the grey values of the <lark ink and the bright 
background. There is a clear gap between the peak of the <lark and the bright color. 
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The ink is slightly diffused for this section of the plate ( x = 50cm). The left peak is 
the distribution of the grey values in the ink lines. 

Further downstream at position x = 80cm the ink lines are more diffused and a 
much less defined distribution of the grey values is seen. At x = 110 this effect is even 
more pronounced. There are still two peaks visible but but these peaks are wider and 
are more closely to one another. Also a third peak can be observed which is in the 
middle of the outer two peaks. The peak in the middle represents the distribution of 
the diffused area. The peak that represents the background color does not shift to 
different grey values in the three histograms. This is because the background does not 
differ in color which is definitely the case with the ink lines because of diffusion of ink. 

In case of a laminar flow, as discussed here, the values are low as can be seen 
in the former section. The weaker contrast with increasing upstream position does 
apparently not lead to a different value for <I>. A deviation from the mean image with 
higher contrast results in a higher number for Sd2 . In case of a smaller contrast value 
the deviation is also expressed in a smaller number which end up in a comparable 
number <I>. So the number Sd 1 is a direct representation of the distribution of the 
grey values. This means that the number of ink streaks that are visible in the image 
is influencing <I>. The number of inks streaks in a image sequence should therefore be 
constant for all images. When a single image shows a different number of ink streaks 
than visible in the mean image, the contrast is not representable for the single image. 
This leads toa different <I> , even when there are no fluctuations visible. 

This feature is most important in case when a turbulent spot passes by. In this case 
the streaks re-establish and this could lead to the latter described situation. However, 
the deviations from the mean images are all very small for this case (laminar flow). 

•,"--200-' O>O H>OO 

(a) (b) (c) 

Figure 3.4: Distribution of the grey values in corresponding figures in figure 3.3. The images 
are 10-bit and the grey values mnge from O (black) to 1024 (white) 

The method of quantifying the contrast also has some drawbacks. In fact it does 
not matter for the result of determining Sd1 wether the mean image consists of straight 
lines. That is, from the number Sd1 only nothing can be said about the quality of the 
ink lines. It is a measure for the contrast and it does not matter wether the grey value 
distribution is showing 2 pronounced peaks or an equally spread distribution. Both can 
result in equal numbers of <I>. 
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3.3.4 Reference of disturbed flow 

When disturbances enter the flow the contrast of the mean image is affected by the 
fluctuating ink lines. The disturbances and turbulent spots causes the ink to deviate 
from its laminar flow position. Not all images are equal anymore. As stated above 
the measure for the contrast needs to be chosen carefully because it should display 
a similarity to all images in a single image sequence. Two contradictive aspects of 
this methods can be regarded now. First there need to be enough images to come 
up with a reference image to which deviations can be regarded as fluctuations. This 
reference should ideally represent a laminar flow. On the other hand the number of 
images used to build the reference should all have a contrast which is ideally equal 
to with the contrast of the mean image. The contrast of the reference image will has 
poor similarity to the individual images when the sequence is large and the number of 
captured turbulent events become bigger. 

The number of images that is taken into account in one sequence is crucial for the 
resulting mean image and the contrast. The question to answer is how many frames 
should be taken into account to be able to build a representative reference. It is 
obvious that the amount of images showing laminar flow need to be larger than the 
amount of images with turbulent flow. First the number of images needed to get the 
representative reference is needed. The number Sd1 that represents the contrast is off 
course very useful for this purpose. 

When adding more and more images the individual images have less effect to the 
mean image. This could result in a mismatch between individual images and the mean 
image. The first step is to look at the development of the number Sd1 when the number 
of images is increased starting from 100 images. An image sequence of 100 images equals 
a time frame of 3.5 seconds. It is assumed that monitoring a shorter time frame would 
not make sense because the desired laminar reference could never be established when 
the total capture consists of only turbulent flow images. 

In figure 3.5 the development of Sd1 is depicted for different positions. Each line 
in the plot represents a single sequence. The mean image is determined for sequences 
from 100 images to 1000 with incremental steps of 100 images. The number of images 
that is used to determine Sd1 is defined on the x axis. 

The upper curve represents the development of Sd1 of the laminar flow sequence 
of which the mean image is presented in figure 3.3a. The high value of Sd1 is due to 
the distribution which monitors a pronounced gap between the distribution of the <lark 
grey values and the light grey values. The value of Sd1 for a sequence of 100 images is 
equal as the value for 500 and also for 1000 images. 

The other sequences all have turbulent spots captured within the sequence. Espe
cially the sequences with a high number of captured disturbances and turbulent spots 
should obviously be treated with care. lt is clear from the figure that Sd1 shows fluc
tuations for some sequences, but in genera! the contrast does not differ very much. 

Till 700 images the contrast is not constant, although the fluctuations are not large 
it is noted that apparently some images in the sequence have got a contrast which have 
a slight deviation. From 700 images the contrast is more or less constant. In genera! the 
Sd1 is constant soit is more or less representative for the whole sequence. When more 
images are recorded it is very well possible that those images have a poor coherence to 
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Figure 3.5: Plot of the contrast value Sd1 against the number of frames used in the sequence. 
Each plot represents an image sequence. 

the reference image. A sequence of 1000 images overtakes 35 seconds. Within this time 
frame, as is observed during the experiments, the contrast does not vary significantly. 

It is seen in the figure that sequences, recorded at the same position, differ in 
contrast value. This holds for the 2 sequences recorded at position x = l 10cm as well 
as the 3 sequences recorded at position x = 80cm. There is no specific value for Sd1 

that represents the contrast at one single position. Apparently the contrast differs in 
time but within a time frame of 35 seconds (1000 images) this contrast value remains 
more or less the same. Although the values of different sequences at one single position 
differ , it is also te case that Sd1 decreases downstream in general. This is due to the 
fact that the ink is much more diffused downstream than at the leading edge. 

3.4 Development of <I> with constant contrast 

When measuring the disturbances in the flow, the ink streaks should all have compa
rable widths and should be equally spread. Equal widths give similar results when a 
disturbance passes by. A fluctuation of a small ink streak within stable wider streaks 
result in less deviation in compared to a fluctuation of a wider streak. A proper ink 
streak distribution keeps the number of not captured turbulent events low. The only 
way to capture a turbulent event is that its position should at least overlap one ink-to
background transition. 

The number that represents the deviation to the reference image is build in a same 
manner as Sd1 . From all added deviations the average deviation matrix is determined, 
see equation (3.5). From this matrix the mean deviation Sd2 is determined. The 
number Sd2 thus is a measure of the mean fluctuation from the mean image. 

The distribution of the deviation matrix does not show any similarity to the distri
bution of the reference image. The deviation matrix is not an image anymore but a 
matrix with on each element the average deviation from the corresponding element in 
the reference image. The result is a distribution from the value 0 (no deviation) and 
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according to the amount of deviation it is more spread or steep. 
The representative <I> , calculated by (3.6) , for a certain image sequence is now in

vestigated. In figure 3.5 it is shown that within an image sequence of 1000 images the 
reference remains constant for all images and therefore is representable for all individual 
images. What is needed besides a contrast that is representable for the whole sequence 
is a value of <I> that is a representable value for the amount of turbulence present in the 
flow. 
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Figure 3.6: Development of <I> according to the number of frames used in the sequence 

For the same sequences that are presented in figure 3.5 the development of <I> is 
monitored. The results are depicted in figure 3.6. Till an image sequence consisting 
of 800 images <I> is varying for the upper 4 curves. Note that <I> is increasing which is 
due to turbulent events. A higher number and intensity of turbulent events results in 
a higher number of <I>. From a sequence of 800 images <I> converges. 

Again it is stressed that it is desired to create a <I> that is representable for a certain 
position. First the time frame needs to be large enough to create <I>. lt is desired to 
have a <I> that is representable for the downstream position. This should result in an 
increasing <I> downstream the boundary layer. 

From a sequence of 1000 images the resulting <I> is not at all converging to one single 
value. Although for the presented sequences it holds that <I> increases with upstream 
position the values at a single position x vary a lot. Besides, during the experiments it 
is noticed that the bypass transition occurs in a not regular basis. 

3.5 The representative value <I> 

From the sections above it is found that for a sequence number of 1000 images a 
contrast value could be established which is representable for all images. Also it is 
found that <I> converges after 800 images. The values for both Sd1 as well as <I> at 
positions 50cm, 80cm and 110cm from the leading edge show an offset. This is also 
seen during the experiments where it was noticed that bypass transition occurred in a 
not regular manner. lt is now investigated how <I> develops in for larger time frames at 
the three positions. 
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Several alternatives are explored to create a representative value for et> that can be 
used to monitor stability. The development of et> is first monitored for a large amount of 
sequences. The second possible way is to monitor larger time frames. Monitoring large 
time frames means that more events that are representable for the stability at a certain 
position on the plate are considered. Choosing a reference that represents laminar 
flow is also investigated. At last the images on the three positions can be recorded 
simultaneously. In this way the development of turbulent spots can be monitored. 

To create insight more sequences are needed than depicted in the former section. 
Again 1000 images are recorded at positions 50cm, 80cm and 110cm. After every 
measurement the camera is traversed to the next position. In this way the irregularity 
of the bypass transition process does not affect the result. The camera is traversed 
from 50cm to 80cm and to 110cm and back again. This is repeated 15 times thus a 
total of 45 image sequences were recorded. Due to the time needed to store the data 
on the computer the time between each measurement was approximately 1.5 minute. 

In figure 3.7a the numbers et> are displayed for the 45 different sequences at three 
different positions. Each measurement involves 1000 recorded frames with an average 
shutter time of 35 milliseconds. Each measurement thus covers 35 seconds. Again, the 
locations are chosen in a way to have a significant larger amount of instabilities and 
disturbances upstream. 

It is clear that at each position et> has a large variance. Both low and high values of 
et> occur at all positions. At all positions, et> can be very divided. The average values, 
indicated by the black squares, do not seem to differ significantly. 

It appears that at each position the et> converges to the same average value. The 
stability of the boundary layer can not be monitored from figure 3.7a. The amount of 
fluctuations at further downstream is apparently not sufficient to get a higher et> . The 
image sequences are now further analyzed to see the cause of the spreading as well as 
the cause of the low et> at large upstream position 

In figure 3. 7b the corresponding values for Sd1 are depicted. Also a very large 
spreading as well as a large overlap for different positions can be seen. The mean values 
do show a significant difference at different positions. The effect of the diffused ink is 
present here but the effect is less pronounced as the case of laminar flow (Sd 1 = 140 
at x = 50cm, Sd1 = 112 at x = 80cm and Sd1 = 95 at x = 110cm). In general the 
large values of Sd1 correspond with a sequence that display only a few or no turbulent 
events at all. 

Given the results presented in figure 3.7 there cannot be given any specific values for 
et> nor for Sd1 which are representable for the investigated x-positions. This result does 
not match with what is observed during the experiments. During the experiments, a 
clear development of turbulent spots is observed. The cause of the mismatch between 
what is observed and the resulting values of et> and Sd1 is further investigated in the 
next section. 

In the appendix the results of two similar experiments are presented. For these 
experiments also a spreading is seen although the et> and Sd1 for the second experiments 
show less overlap. Here a clear increase of et> can be seen and also a decrease of Sd1 

further downstream. These results show that there exists a difference between the 
results of the different experiments which is due to the diversity of the quality of the 
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Figure 3.7: Resulting <I> (a) and Sd1 (b} plotted as a function of the downstream position of 
measurement. Every point is a result of a sequence of 1000 images. 

visibility of the perturbations. However the results shown in figure 3. 7 are representable 
for most experiments. 

3.6 lmproving the intermittency algorithm 

lt is seen that using 1000 images in a sequence is not at all resulting in a desired 
representative <I>, which in theory should be higher further downstream. Apparently 
the time frame of 35 seconds is enough for the values <I> and Sd1 to converge but the 
values of <I> do not represent the instabilities that are observed during the experiments. 
In this section ways are explored to improve the algorithm. 

3.6.1 Monitoring large time frames with single reference 

Using a larger time frame to monitor the flow means that more turbulent events are 
captured that are representative for the bypass transition process. Again it is desired 
that <I> converges to a value that representable for the position and the circumstances. 
The method that is used to identify the number of images needed to get a represen
tative <I> is to add images until a steady solution exists. Adding more time images to 
the sequence would also result in a larger amount of images in which laminar flow is 
monitored than the amount of images in which turbulent events are monitored. This 
means that the mean image represents an image that is much more comparable to a 
laminar flow than is the case for some of the 1000 images sequences in which only 
turbulence is recorded. 

The image sequences that are recorded in the experiments presented in the previous 
section are now used to create larger image sequences. The result is plotted in fig
ure 3.8a. In this figure the resulting <I> is given for 4000, 8000, 15000, 22000 and 29000 
frames for 50cm, 80cm and 110cm. These frame numbers are equal to time frames of 
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respectively 140 seconds, 280 seconds, 525 seconds (approximately 9 minutes), 770 sec
onds (approximately 12 minutes) and 1015 seconds (approximately 17 minutes). From 
all the images used in the sequence one mean image is calculated. Similar to the latter 
described algorithm this mean image is the reference for all images. The corresponding 
values for Sd1 are depicted in figure 3.8b. 

It is clear that again the <I> does not reach a steady value that could be used to 
monitor stability. The values of <I> are much higher for all sequences on all positions. 
This is a result of a contrast miss match. There is only one single value for all images in 
the sequence. The corresponding reference values in figure 3.8a have a poor statistica! 
match with corresponding values of the single sequences (figure 3.7b). Because the 
mismatch of the references of the large sequence and the small sequences the <I> goes 
up on a artificial way. 

There exists a larger offset between the values of <I> for different positions. This 
result is not satisfying because the offset is to small to be significant and it the values 
are influenced by the mismatch between the references. The result is a higher value of 
<I> but it cannot be stated that this is due to turbulent activity in the boundary layer. 
It might as well be the case that a laminar image would result in a high <I> because the 
contrast value is unequal to that of the mean image. 
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Figure 3.8: Development of <l> ( a) and Sd1 (b) for large time frames. Sequences build up from 
1000 image sequences presented in figure 3. 7. 

3.6.2 Adding sequences without affecting the reference 

Adding image sequences that are recorded at different moments and using one single 
reference image for all images results in a larger value of <I> downstream. As described 
in the farmer section, this is an unsatisfying result for the fact that it is not ( entirely) 
due to turbulent events. The references of each individual image sequence deviate form 
each other. Because of this, the deviation becomes larger artificially. A way to make 
it possible to ad more sequences is to normalize the sequence before adding multiple 
sequences. 
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The normalization would result in a match between the contrast of the mean image 
and the sequence. From the earlier presented development of <I> it is clear that an 
image sequence of 1000 gives a contrast value that is representative for all images. To 
be able to add different sequences with different contrast values, the contrast need to 
be normalized. 

The first step is to subtract the mean grey value Umean calculated by (3.3)). This 
makes it possible to normalize the mean image Îsq of sequence sq. The mean image 
is normalized by the known value that represents the contrast of the mean image of a 
sequence Sd1,sq: 

I* = Îsq - Imean ,sq 

sq Sd1 ,sq 
(3.7) 

Now (3.7) represents a matrix with the normalized deviations from the mean value. 
The elements contain a value ranging from -3 to 3. These are typical values for normal 
distributions. This method gives the result that the contrast of the sequences does not 
play a role anymore. The distribution of the grey values remains un affected. Next the 
mean 1:q for all sequences is calculated. 

N sq 

î*=-1 ~r 
N ~ sq 

sq sq=l 

(3.8) 

This value is the normalized mean image of all sequences. By normalizing, the distribu
tion of the grey values is still available. The matrix 3.8 contains the same information 
as in the mean image of all sequences. 

Each single image is now normalized by subtracting the mean grey value of the mean 
image Imean ,sq and dividing by the standard deviation of the mean image Sd1,sq· The 
information that is still present in the single normalized image 1:; is the distribution 
of the grey values. This is in fact the same information that is available in the non 
normalized image. To see the deviation of a single image from the mean image each 
normalized image 1:; is subtracted from the mean image of all sequences I*. A repre
sentative value for the deviation from the mean image is again determined by squaring 
and rooting al deviations whereafter the total mean deviation is determined: 

Nsq m n 

<I> = N sq x
1
mxn L L L 

sq=l j=l i=l 

(r ,r _ ]* )2 
sq,i ,j i,j (3.9) 

The result of (3.9) is the <I> for the total number of sequence. In figure 3.9 the princi
ple of the normalization method is presented in a graphical form. The two distributions 
represent two different sequences of 1000 images. The sequences have both a different 
mean grey value Imean,a and Imean,b and also a different standard deviation Sd1,a and 
Sdi,b• In other words, sequence 'a' has a higher contrast. The left distribution curve 
represents the distribution of the <lark grey values (ink). The right represents the light 
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grey values of the background. When the figures on the left side of the image are added, 
it is not clear wether the grey value is dark (ink) or light (background). The images 
on the left are addable because the contrast is now made even. lt is stressed that is 
not the presented distributions that are added in the real code but the corresponding 
matrices. 

zl ---StandarddmalioaSdt,• 

/\ /\ . 
Greyvalue 

z 

Greyvalue (Grey value- lmean,b)/Sd1,b 

Figure 3.9: Schematic overview of the method that makes it possible to add different sequences 
with a different contrast. 

The images that are added in the former section are now added again but now 
according to the method described above. The result can be seen in figure 3.10. The 
normalization results in a lower <I>. Using a representative value for the contrast results 
in less deviation compared to the case of one single reference for more sequences. How
ever, compared to the results of using one reference for more sequences, <I> increases 
even less downstream. 

lt is observed during the experiments that near the leading egde the ink streaks 
get less disturbed and therefore have a more steady contrast value. The contrast value 
is easily affected by the disturbances that dislocate the ink streaks. The disturbances 
result in disordering of the streaks and in diffusion, creating a different value for the 
contrast. The reorientation of the ink streaks takes time and therefore the effect of a 
disturbance can still be observed when the flow has already became laminar. 

The application of the normalization to the same image sequences still show a minor 
difference between the <I> values on the three positions. Thus, normalizing with the 
contrast did not give the desired solution. The <I> for the most downstream position is 
not even the highest. For all numbers of images used the mid position gives the highest 
<I>. The offset of <I> is large when only 4000 images are used. When more images are 
used in the sequence the offset gets smaller. 

lt is clear that <I> does not converge. The offset however of <I> by using more images 
is much less than in figure 3.8a. Monitoring a large time frame gives nor the desired 
result of an increasing <I> downstream nor does <I> converge after 10 minutes. 

In figure 3.11 the corresponding histograms are displayed for the image sequences 
of figure 3.10. The images represent the distributions of the normalized grey values of 
the corresponding image sequences. Figures 3.1 la - 3.1 lc correspond to the sequences 
of 4000, 8000 and 15000 respectively recorded at x = 50cm. Figures 3. lld - 3.1 lf 
correspond to the sequences of 4000, 8000 and 15000 respectively recorded at x = 
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Figure 3.10: Development of 4> with the number of frames used in the sequence. Sequences 
consists of 4000 (140 seconds), 8000 {280 seconds) and 15000 (525 seconds) images. The 
images are normalized with a representative contrast. 

80cm. The figures 3.1 lg - 3.1 li correspond to the sequences of 4000, 8000 and 15000 
respectively recorded at x = 110cm. 

Figure 3.lla corresponds to a relatively low value for <I>. lt shows two peaks that 
correspond to the ink (left peak) and the background (right peak). When more images 
are taken into account the overlap of the peaks becomes larger. This can be seen by 
the section between the peaks. 

At larger distances form the leading edge and with an increased number of images 
included in the sequence this effect becomes larger. For the sequences recorded at 
80cm and 110cm there is no real pronounced region that represent the ink nor the 
background. This tells that the grey values that lie in between the grey values of the 
ink and the background occur as much as much as the grey values of the ink and the 
background. 

The corresponding mean images from these histograms do not represent a clear 
difference between the ink and the background. Instead a more smooth transition 
between the grey value sf the ink and the background is displayed. When a ink streak 
deviates form its steady position the resulting deviation is larger when this transition 
is more pronounced. Compared to the steady sequence histograms of figure 3.4a till 
3.4c the spreading of the grey values is clearly visible. 

3.6.3 Ink streaks at high turbulence 

Although the contrast is representative for all images, and the total time frame should 
be large enough to be able to see significant differences in the amount of turbulence 
downstream, the current method does not give the desired result, as can be seen in 
former section. A closer look at combination of the single images and the mean images 
is needed to see why some disturbances do not appear in the value <I>. 

By adapting the suction underneath the plate the amount of disturbances that enter 
the boundary layer flow can be adapted. When the suction is high the flow is forced 
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Figure 3.11: Histograms of the normalized mean images for frame numbers 4000 (a,d,g) , 8000 
(b,e ,h) and 15000 (c,f,i). Histograms a - c consist of images recorded at 50cm, d - f of images 
recorded at 80cm and g - i of images recorded at 110cm, the corresponding <I> is depicted in 
figure 3.10. 

to move downward so the angle of attack ( angle of flow direction with the horizont al 
plane) is adapted. When the angle of attack is increased the flow attaches almost 
immediately to the plate resulting in a steady streaks without fluctuations . Reducing 
the suction gives rise to more disturbances at the plate front. These disturbances 
inherently causes more bypass transition. When the development of <l> is monitored 
with increasing entrance disturbances (less suction) a drawback of the intermittence 
method is encountered. Because more turbulence is present at front of the plate the 
ink streaks get diffused more and more. 
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In table 3.1 the lapse of et> as well as the laps of Sd1 is given while the suction is 
decreased (and the turbulence is increased). All et> are determined from 1000 image 
sequences. The number et> increases initially but when there are no streaks visible 
and the contrast gets poorer, et> goes down again. The theoretica! hypothesis that 
the standard deviation of the reference image (Sd1) will tend to zero does not apply 
for current analysis. Apparently the reference image does have enough pixels with a 
sufficient offset from the mean grey value. A reason for this could be a lack of images. 
When the number of images is too small the mean image is not uniformly colored. The 
uniform colored mean image would result in a Sd1 that tends to zero and finally et> 
would go to infinity. 

Another important issue in this is that the reference is not represented by straight 
lines the mean images are depicted in a-f. It is inevitably that straight lines represent 
the case of laminar flow, and the matter of interest is in this case the deviation from 
this laminar flow. From this point of view a reference which are not straight lines is 
not a measure of the total turbulent activity present in the flow at the camera position. 
In the next section this is further discussed. 

Laminar flow 

.1 
;i 

~t 
(a) 

(g) 

23.3 
0.08 

(b) 

(h) 
22.2 
0.20 

" 

(c) 

(i) 
20.1 
0.38 

(d) 

(j) 
13.6 
0.79 

(e) 

(k) 
15.7 
0.24 

Many disturbances 

(f) 

(!) 
18.5 
0.13 

Table 3.1: Lapse of il'! with increasing turbulence. In figures a til f the mean images are shown. 
In figures g til l typical single images within the corresponding sequence are shown. 

From the image sequence with meany disturbances it is made clear that this does 
not result in a large et>. In theory, as is stated earlier, the et> would go to infinity when 
all images displayed only turbulence. Amore or less uniform colored mean image would 
be the result. This is seems to be the case in image f of table 3.1. The resulting value 
for the contrast is very low, but this does not result in a high number of et>. Apparently 
the mean deviation of the single images to this grey image is also small. 

It is remarkably that, for this case, also the image sequences with clearly defined 
ink streaks that are visible in the figures a-d of table 3.1 have low contrast values. 
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3. 7 Other methods to determine turbulence 

3. 7 .1 Choosing a reference 

From section 3.6 it follows that it is impossible for certain image sequences to build a 
desired reference sequence. When the number of disturbances increase, the distribution 
grey values of the mean image will be more spread, till a sequence consisting of only 
turbulence where the distribution is in the extreme situation displays only one grey 
value. The later case is approached by figure f of table 3.1. The distribution of the 
grey values in mean image shifts from two pronounced peaks which correspond to the 
ink streaks and the background (laminar flow) to a distribution which concentrates in 
one single grey value. 

From the histograms of the mean images of the sequences with consisting of nor
malized sequences presented in figure 3.11 as well as the mean image of the sequence 
at high turbulence the resulting <I> is not increasing. An increase of the turbulence 
is however what is observed during experiments. lt seemed that a large amount of 
turbulence does not translate in a high <I> as is also made clear in table 3.1. 

lt is though known what the reference should look like when the reference is repre
sented by steady laminar flow. This is in principle the reference from which deviations 
can be regarded as turbulence. The desired reference are straight lines and the con
trast of the image should show a similar contrast to all the images in the sequence. 
The laminar flow images which are presented in figure 3.3a - 3.3c could be used for this 
purpose. lt shows the position of the ink streaks in rest position. Each deviation to 
these lines could be regarded to as disturbed flow. 

Again the same sequences, represented earlier in section 3.6 are analyzed but now 
the laminar references are used presented in figure 3.3a - 3.3c. Using the normalization 
presented in section 3.6 the contrast difference is vanished. What is left are the dis
tributions of the grey values normalized with the representative contrast value Sd1 of 
each sequence. 

The resulting values <I> are plotted in figure 3.12 against the x-position form the 
leading edge of the plate. Each dot represent an image sequence of 1000 images. 

Also in this plot a large spreading in <I> on each position is visible. There is also a 
large overlap in possible grey. The mean <I> represented by the black squares, does not 
increase downstream. The mean values do not differ very much and the mean value for 
x = 110 is lower than x = 80. 

Using a reference that represents clear straight lines and equalizing the contrast of 
the reference and the deviation does not result in a increasing <I> downstream. The 
sequences with a high amount of turbulence does not have a large deviation from the 
laminar flow. Instead closer at the leading edge where the streaks are clearly visible 
and not diffused by turbulence the deviation does immediately result in a high <I>. 

3. 7 .2 Recording images simultaneously 

The effect of the time laps between recording images results in a different setting of 
the flow. To see what the influence is of non simultaneously recorded images at every 
position a camera is mounted. The cameras were connected by and could be controlled 
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Figure 3.12: Downstream development of cl>. A reference sequence with only laminar flow is 
chosen for each position. The corresponding reference sequences are equal to the sequences 
discussed in section 3.3.3. 

via one master computer. Images were recorded simultaneously. 
A total of 10 x 1000 images were recorded simultaneously on positions x = 50cm, 

x = 80cm and x = 110cm. The sequences where normalized by their own mean image. 
The experiments 1 till 10 ( exp 1 - exp 10) were recorded successively in time. In 
figure 3.13a the resulting <I> values are plotted against the x-position. The values <I> 
that are recorded simultaneously are connected with straight lines. 
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Figure 3.13: Downstream development of cl> (a) and Sd1 (b). Each test consists of 3 simulta
neous recorded image sequences each consisting of 1000 images. 

The first 3 sets of recorded image sequences give a result that is remarkably different 
than then the last 7 sets. For the first 3 sets the <I> does increase downstream, although 
the increase is small. For the latter 7 this is not the case. Again, a seen before in the 
results of section3.6 the <I> at position x = 80cm is larger than at position x = 110cm. 
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It is noted that, since the capture of the sequence on the 3 cameras was started at 
the same time, the latter position captured a part of the flow that has already passed 
50cm as well as the 80cm camera spot. At the end of the capture the same holds for 
the camera spot at 50cm. 

In figure 3.13b displays the Sd1 for the corresponding sequences. The first 4 sets 
taken show a decrease of Sd1 further downstream. 

The same test that show a decrease of Sd1 , show an increase of <I> which can be 
seen in figure 3.13a. The other tests (test 5-10) show an increase for Sd1 from position 
x = 80cm to x = 110cm. The same test show a decrease of <I> from x = 80cm to 
X = 110cm. 

Before the experiments, the flow in the test set up is adjusted in a way that the 
typical features of bypass transition occurred in a regular manner and the ink streaks 
were clearly visible everywhere. 

After a while more instabilities and disturbances entered the flow and the ink streaks 
at position x = 110cm diffused significantly. In the figure this can be seen by the 
changed laps of both <I> and Sd1 . The changed laps of the successive recorded tests 
from test 5 is a clear example of the effect of diffusing of the ink streaks. 
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Chapter 4 

Approach measuring turbulence 
suspended flow 

• 
lll 

In this chapter the experiments with particle laden flow are discussed. The test set up 
used is already discussed in chapter 1.4. The intermittency method, which is presented 
in the latter chapter, is applied on both a clean and a particle suspended flow. 

It has been seen that, using the method presented in former chapter and especially 
when the number of turbulent spots and disturbances is high, there cannot be deter
mined a representative value for <P. Clear and undisputable conclusions can therefore 
not be drawn from the results of the ink streaks image processing. However, together 
with observations of the ink streaks during the experiments the effects of particles on 
the bypass transition is judged . 

4.1 Particle injection 

The test section is used by Mans [Mans, 2007] for his experiments, this is already 
presented in section 1.4. The method he used to execute experiments in the boundary 
layer was Particle Image Velocimetry (PIV). Mans [Mans, 2007] investigated the bypass 
transition process and especially the development and breakdown of streaks. For his 
experiments he used clean water in which he suspended a little amount of particles to 
execute stereo PIV measurements. 

From the analyses presented in chapter 2 it is now expected that intermediate 
particles would lead to the most pronounced effect on the stability of the flow. From 
these equations the dimensionless number S will be the guideline to calculate particle 
specifications. 

Neutrally buoyant particles are used to exclude the influence of gravity. This also 
has a drawback. In the analysis use is made of the modified Orr-Sommerfeld equation 
and the momentum equations (equations 2.20 - 2.22). The density ratio l!1. of the 

p 
suspended particles to the density of the flow medium is not specifically specified. 

However, as stated, the analysis deals with dusty gasses and thus with large density 
ratios. In the case of neutrally buoyant particles this density ratio is of the order 1. It 
is reasonable to believe that a deviation of this order could lead to experimental results 
that differ from the effects shown in the analysis. With neutrally buoyant particles, the 

43 
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kinetic energy extracted from the perturbed flow due to the viscous interaction, is less 
than the situation of a large density ratio. 

Two types of particles are used, polyamide particles and hollow glas spheres (HGS). 
Both particles are close to the desired quantity of S. The size of the particles is 
calculated from the quantity S = 10-6 . The particle specifications can be found in 
table 4.1 with the number S for the specific particles. The characteristic length scale 
L used to calculate S is the displacement thickness (2.6) on position x = 80 · 10-1m. 

Since the total volume of the test set up . is approximately 5000 Liters a particle 
volume fraction of f = 0. l is hard to apply in practice. The pump mechanisms could 
get damaged and such a large amount of particles is very expensive. The test section 
would not be optica! accessible anymore. The seeded particles will turn the medium in 
a milky substance. 

For these reasons it is desired to create a large volume fraction of particles only 
locally. In the previous section it is shown that a local concentration in the boundary 
layer creates a less pronounced but still significant effect on the stability. The disad
vantage of creating a locally particle suspension is that it is hard to control to volume 
fraction because of diffusion of the particles. The particles need to be applied to the 
flow, which will inherently disturb the flow. 

Because the particles in the form of clean powder is difficult to apply, the particles 
are first suspended in water before appliance. The substance can only contain a low 
volume fraction of particles. High volume fraction will cause clustering and will also 
increase the viscosity. For the polyamide particles a maximum volume fraction of 
f = 0. l could be reached before the particles the amount clustering became too large. 
The hollow glas spheres could be suspended with a much higher volume fraction. Up 
toa volume fraction off= 0.2 the particles mixed very well with the water creating a 
homogeneous substance. 

The particle are injected in the boundary layer in the middle of the plate. Two 
positions from where the particles could be injected in the right region of the flow are 
analyzed. First the particles are injected in the free stream in front of the plate. In 
the turbulence grid two rods are replaced by brass tubes with 10 holes with a 1mm 
diameter. The particles are supplied from an intravenous infusion bag (IV bag) that is 
hanged up above the water level of the test section to create a statie pressure needed 
to inject the particles in the flow. This is depicted in figure 4.1 b. Hoses with a inner 
diameter of 4mm guide the particle suspension from the IV bag to the rod of the 
turbulence grid. 

Injecting the particles form the grid has the advantage that the boundary layer flow 
is undisturbed. After injection the particles were immediately spread by the turbulent 

mean size (range) µm 
50 (30-70) 
10 (2-20) 

geometry 
round, not spherical 

spherical 

density g/ cm3 

1.03 
1.1 

material 
Polyamide 12 

Borosilicate glass 

Table 4.1: Specifications of the suspended particles, from Dantec™ 

s 
5.0 · 10-5 

9.7 · 10-7 
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Figure 4.1: Overview of the particle injection set up. Holes in the plate (a) from where the 
particles are injected in the boundary layer. Overview of the hole set up including the IV bag 
with the pre mixture. 

wakes created by the grid. This reduced the volume fraction significantly. The volume 
of the flow containing particles increased which made the plate and boundary layer 
invisible from the location of the cameras. The immediate turbulent motion of the 
particles can clearly be seen in the image presented in figure 4.2a. Further downstream 
where the particles flow over the plate the cloud became even thicker. 

(a) (b) 

Figure 4.2: Images of the particle injection form the turbulence grid ( a) and injection from 
the plate (b). The injection form the turbulence grid spread the particles creating a lower 
volume fraction than injection from the plate. 

A second location form where the pre mixture could be injected in the flow is from 
the plate right into the boundary layer. The particles were injected from chambers 
that are machined in the plate. At a distance of 3cm from the leading edge a chamber 
was machined with a row of holes from the top of the plate leading to the chamber. 
Initially 14 holes were drilled with an intermediate distance of 5mm and a diameter of 
1mm. 

The amount of particles injected into the flow per time frame is representative for 
the volume fraction in the flow. Because the pre mixture of water and particles could 
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only contain particles up to a volume fraction of f = 0.1, the volume flow of the 
mixture need to be higher than volume flow of the volume into which the mixture is 
being injected. A row of 14 holes seemed to be insufficient to reach a large volume 
flow. The pressure in the chambers could be increased by raising the IV bags further 
above the water level. Increasing the pressure also increased the injection speed. The 
resulting jets disturbed the flow significantly. 

By creating a larger area trough which the particles were to be injected, the pressure 
drop decreased but the inflow of particles increased. A total of 6 rows of 14 holes were 
drilled with a diameter of0.8mm creating a total area of(6 x 14 x 0.8 (1r /4) =) 46mm2

. 

The holes <lid not visibly disturb the flow. A larger number of holes could affect the 
flow at the front of the plate significantly. In figure 4. la a sketch is depicted of the 
flat plate with at the front end the holes trough which the particles were injected. An 
image of the injection is presented in figure 4.2b. 

For above mentioned practical reasons it is hard to reach a volume fraction off = 0.1 
in the flow. The volume fraction in the flow is determined by estimating the volume flux 
into where the pre mixture is injected. The volume flux is calculated by the following 
equation: 

\/ = W • Ó · U00 ( 4.1) 

In this equation is V is the volume flux in m 3 
/ s, w the width of the hole row trough 

which the particles are injected and ó is the thickness of the volume wherein the particles 
flow. In the used set up these quantities were as follow: U00 = 10 · 10-2m/s, w = 

7 · 10-2m. The thickness of the volume at x = 80cm is approximately 1cm. 
The particle concentration is determined by monitoring the volume flow from the 

IV bag. By this way the amount of particles injected into the flow could be determined. 
From determining the flow region into where the particles were suspended the average 
volume fraction could be estimated. The method for determining should be seen as an 
estimation for the average volume fraction. Due to diffusion, the velocity gradient in 
the boundary layer as well as the inhomogeneous pre-mixture concentration the local 
particle concentration differs significantly from the average concentration. 

Experiments were executed only on position x = 80 which correspond to a volume 
flux V of 6.3 · 10-5m3 /s respectively. To reach a volume fraction of at least f = 0.1 
the amount of injected particles 10% of the latter value. As mentioned earlier this is 
hard to apply in current test set-up. For the hollow glas spheres a maximum average 
concentration of f = 0.02 could be reached. For the polyamide particles this was less 
than f = 0.01. 

4.2 Experimental results 

4.2.1 Water injection 

Among other injection locations the injection from the plate seems to be the best option 
because the disturbances created by the injection are minimal. A pre mixture of water 
and particles is injected from the front of the plate. From chambers in the plate the 
pre mixture is injected trough holes in the boundary layer. A total of 60 holes of 
diameter 0.8mm were drilled to be able to inject a significant amount of particles in 
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the boundary layer. Increasing he number of holes would also result in a larger amount 
of disturbances created by the holes which makes it harder to control the flow. 

lt seems inevitable that the injection of particles from the plate disturbs the flow. 
To be able to make a comparison between the clean flow experiments and experiments 
with particle laden flow, the test conditions should be equal. Therefore clean water is 
injected by the same manner as the particles to create comparable test conditions. 

Instead of the particle pre mixture, the IV bags were filled with water. The height 
was set in such way that both the IV bags filled with pre mixture and clean water 
emptied with the same speed. 

4.2.2 Suspended particles volume fraction f<0.01 

As discussed in section 4.1 for the current set up a maximum volume faction of approx
imately f = 0.02 can be reached. This is not the exact concentration of the particles 
in the boundary layer that is measured but the approximate concentration. The veloc
ity gradient as well as the non uniformity of the particle concentration in the IV bag 
leads to a inhomogeneous particle concentration in the boundary layer. The average 
concentration could only be estimated by the injection speed of the particles and an 
estimation of the space wherein the particles flow. 

No significant stabilizing effect was observed when polyamide particles were added to 
the flow. lt seemed that amore or less equal amount of disturbances grew to turbulent 
spots. Also the speed and the positions of the transition where found comparable to 
what is observed in the clean flow. 

In figure 4.3 the results are depicted for experiments with flow suspended with 
polyamide particles. The resulting values for <I> are plotted for sequences of 1000 images 
for clean flow (9 sequences), water injection (1 sequence) and particle pre-mixture 
injection of f = 0.1 (10 sequences). Apart from the injection disturbances the test 
conditions were equal for the clean flow and particle suspended flow. 

Comparing the the resulting <I> values of the particle suspended flow and the clean 
flow there cannot be seen any significant difference. For both cases the variation is 
also significant. There can neither be determined a <I> that is representative for the 
suspended flow. The mean values are 0.34 for the clean flow, and 0.42 for the particle 
suspended flow. 

The same experiments were executed using hollow glas spheres (HGS). The hollow 
glas spheres are a factor 5 smaller then the polyamide particles. Also the particles dis
solve in water much better. Therefore a much more homogenous particle concentration 
can be injected into the boundary layer. In contrair to the polyamide particles the glas 
particles <lid not cluster as many as the polyamide particles. This all resulted in a more 
homogenous particle concentration on the boundary layer. 

In figure 4.4 the results are depicted for experiments with flow suspended with 
hollow glas spheres. In this plot the resulting values for <I> are plotted for sequences 
of 1000 images for clean flow (4 sequences), water injection (9 sequences) and particle 
pre-mixture injection off= 0.1 (9 sequences). 

Similar as the experiments executed with polyamide particles, there cannot be seen 
any significant difference in the values of <I> between water injection and particle injec
tion. Also the clean flow results are not significantly different. 
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Figure 4.3: Plot of the resulting <I> values for the experiments with clean flow, water injection 
and particle suspended flow with injection concentration f=0. 1. Bach <I> represent a 1000 
image sequence. 

4.2 .3 Suspended part icles volume fraction f> 0.01 

The injection of the particle pre-mixture of f = 0.2 an average particle concentration 
off > 0.01 is reached. The results of the experiments with a water injection, a particle 
pre-mixture injection of f = 0.1 and an injection of a pre-mixture of f = 0.2 are 
depicted in figure 4.5 . Again each <I> represents a sequence of 1000 images. In this plot 
the resulting values for <I> are plotted for sequences of 1000 images for water injection( 4 
sequences), particle pre-mixture injection of f = 0.1(5 sequences) and particle pre
mixture injection off = 0.2 (8 sequences). 

The result of the larger particle concentration is comparable to the other experi
ments. A large scattering as well as comparable values for <I> can be seen in the plot. 
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Figure 4.4: Plot of the resulting <I> values for the experiments with clean flow, water injection 
and particle suspended flow (hollow glas spheres) with injection concentration f=0.1. Each <I> 

represent a 1000 image sequence. 
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Figure 4.5: Plot of the resulting <I> values for the experiments with clean flow, water injection 
and particle suspended flow (hollow glas spheres) with injection concentration f=0.1 and f=0. 2. 
Each <I> represent a 1000 image sequence. 
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Chapter 5 

Conclusions and recommendations 

5.1 Conclusions 

Three aspects of stability of suspensions are investigated. First modal analysis were 
executed to investigate the features of the most effective particles. An approach has 
been made to quantify stability form ink visualization. At last an experimental set up 
was extended to support suspension experiments. The conclusions are presented in this 
chapter. 

5.1.1 Modal stability analysis 

The stability diagram for the sinuous boundary layer velocity profile showed a good 
agreement to the results of the numerical stability simulations presented in Schmid & 
Henningson [Schmid, 2001]. 

Small or lightweight particles for which holds that T « L/U (relaxation time « 
characteristic time scale perturbations) , destabilizes the boundary layer flow. The criti
ca! Reynolds number is decreased by a factor 1/1.1. The conclusions from [Saffman, 1961], 
[Asmolov, 1997] and [Xie, 2007] apply for current analysis. Small particles effectively 
increase the density and decrease the kinematic viscosity. Therefore the flow destabi
lized. 

Results of suspended heavy particles for which holds that T » L/U showed a stabi
lization of the boundary layer flow. Intermediate particles have the largest stabilizing 
effect. The neutral curve of the stability diagram for both the heavy particles and 
the intermediate particles shifted to larger Reynolds numbers. The unstable area was 
extended to higher wave numbers. The reason for this extended area is not clear. lt is 
possible that the fact the second derivative of the constructed boundary layer velocity 
profile is not a solution for the Navier Stokes equations contributes to this effects. 

Apart from the extra area the stabilizing effect of large and intermediate particles 
according to the analysis is in accordance with the known results from earlier numerical 
research of Xie et.al. [Xie, 2007] and Asmolov & Manuilovich [Asmolov, 1997]. The 
largest stabilizing effect was seen for a volume fraction of the particles of f = 0. l. 
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5.1.2 Monitoring stability using ink visualization technique 

During the experiments using visualization, characteristic growing sinuous shaped insta
bilities are observed that eventually breakdown in to turbulent spots. Similar features 
were described by Mans [Mans, 2007] in his study to bypass transition using the same 
test rig. 

From the recorded images of the ink streaks it is possible to couple statistica! quanti
ties that quantifies the contrast and the deviation from a reference. With the standard 
deviation of the mean image of a sequence a representative value for the contrast of all 
images in the sequence is established. The deviation can be made independent on the 
contrast by using the standard deviation of the mean image to normalize. 

Using the contrast to quantify the stability <lid not give a satisfying result. Espe
cially at large amount of turbulent events when the ink streaks are highly diffused the 
resulting reference can not be coupled to a proper deviation value that represents the 
amount of turbulent events and does not result in a representative quantity for the 
stability. 

Using a reference that represents laminar flow for images that clearly display turbu
lence does not result in a statistica! quantity that distinguish turbulence from laminar 
flow. Monitoring large time rates does not result in diverging quantities and an in
creasing amount of turbulent events downstream can not be quantified. 

5.1.3 Particle suspension 

Injecting a pre-mixture of water and particles from the flat plate into the boundary layer 
results in a fairly homogenous particle suspension. By using hydrostatic pressure to 
inject the particles the injection is very well controllable. A maximum average volume 
fraction of approximately f = 0.02 can be reached using the injection method. The 
concentration of the pre-mixture is a delimiting factor for the volume fraction that can 
be reached in the boundary layer. According to the analysis results, a volume fraction 
off= 0.02 should be sufficient to create an effect om the stability. 

With the particles suspended in the boundary layer there was no visible stabilizing 
effect can be discovered. The same features of the bypass transition process were ob
served in the suspended flow and the clean flow. From the results using the visualization 
quantification no real difference can be discovered. 

These results lead to the expectation that the stability of boundary layer flow is 
unaffected by suspending neutrally buoyant particles with a diameter of 50 - lüµm. 
Considering the fact that visible judgement is not very accurate as well as what is 
concluded above for the stability quantification the results do not give a satisfying 
scientific evidence. 

5.2 Recommendations 

Using ink streaks for experimental stability analysis gives valuable information on the 
bypass transition process. The type of transition as well as the size of turbulent spots 
can be observed by monitoring the ink streaks. Injecting the streaks from a row of 
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holes with small intermediate distance makes it possible do observe the characteristic 
features of the bypass transition process. 

Using any in this thesis presented intermittency method it is not possible to quantify 
the amount of disturbances up to a large number of turbulent events by recording the 
ink streaks in a boundary layer. 

In accordance with a measurement technique that accurately quantifies turbulence, 
such as hot wire anemometry, the intermittency method adds valuable information. A 
row of hot wire probes positioned in a row at different positions would offer accurate in 
velocity, also fora comparison between the clean flow and a particle laden flow. Further 
investigation is needed on the application of hot wire probes in a particle laden flow. 

Some improvement is expected when a dye is used that diffuses less than ink (for in
stance a dye dissolved in milk, from van Steenhoven & Speetjens [van Steenhoven, 2007]). 
The contrast of the images is expected to last till a higher amount of turbulent spots. 
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Appendix 

In this appendix the results of two experiments are depicted. In figure 5.1 the results of 
15 1000 image sequences per position are depicted. Figure 5.1 show a large spreading 
of <I> and Sd1. The laps and the spreading show a resemblance to the results shown in 
figure 3. 7 from chapter 3. 
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Figure 5. 1: Plot of (a) <I> and (b) Sd1. Each dot represents a 1000 image sequence. Per 
position 15 sequences are recorded. This experiment is executed in a similar way as the 
experiment of figure 3. 7 from chapter 3. The laps of bath <I> and Sd1 show a large resemblance. 

In contrair the results shown in figure 5.2 does show an increase of <I> and a de
cease of S d1 . The spreading of both values is significantly less than figure 5.1 and 
figure 3. 7. These results show that there exists a difference between the results of the 
different experiments which is due to the diversity of t he quality of the visibility of the 
perturbations. 
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Figure 5.2: Plot of ( a) <P and (b) Sd1. Each dot represents a 1000 image sequence. Per 
position 13 sequences are recorded. This experiment is executed in a similar way as the 
experiment of figure 3. 7 from chapter 3. In contrair to the results shown in figure5. 1 the laps 
show an increase of <P as well as a decrease of Sd1. 




