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Abstract 

This thesis describes the numerical and experimental investigation of 3D passive tracer trans
port. The passive tracer is represented by a fluorescent dye and its concentration can be 
determined with use of Laser lnduced Fluorescence (LIF). A 3D vortex ring serves as the 
carrier of the fluorescent dye. A pulsating, high-powered laser excites the dye and the re
sulting fluorescence intensity is a measure for the used dye concentration. Because diffusive 
transport is negligible compared to advective material transport, the dye also visualizes the 
motion of the vortex ring. Characteristics of fluorescent dye transported by vortex rings as 
well as the theory behind LIF are described. 2D cross-sectional measurements were performed 
and concentration fields were calculated. A 3D vortex ring was reconstructed from multiple 
2D cross-sectional images. The measurements were compared to numerical simulations on 
the vortex ring and its concentration distribution. 
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Chapter 1 

Introduction 

1.1 Pollutant transported by a 3D vortex ring 

Release and dispersion of matter in the earth's atmosphere by human activities play a key role 
in environmental pollution. One aspect contributing to air pollution is the release of chemicals 
into the atmosphere. Chemica! pollution can immediately be harmful to organic beings and 
can change the environment, such as global warming. Chemicals can be represented as con
centration fields transported by advective and diffusive motion. When the diffusive transport 
is small compared to the advective transport , the chemica! can be represented as a passive 
tracer. The tracer has a certain concentration, and is purely transported by the motion of 
the medium in which it is dissolved. 

The early stages of the tracer dispersion can be represented by a vortex ring and is , in first 
approximation, a representative flow to study its transport. Vortex-like structures are quite 
common and can be observed in daily life. Smoke from chimneys are turbulent buoyant 
jets containing multiple vortex-like structures as seen in Figure l.la. Mushroom clouds e.g. 
can be seen after explosions and are carriers of all kinds of chemicals and particles into the 
atmosphere. The best known is perhaps the mushroom cloud initiated by the intense heat of 
a nuclear explosion. Figure l.lb shows such a mushroom cloud, and the top is represented 
by a turbulent vortex ring. One of the main features of vortex rings is entrainment of its 
surrounding, which is called an afterwind in the case of a nuclear explosion. The large
scale structures of these phenomena can thus, in first approximation, be described with a 3D 
axisymmetric vortex ring with stationary propagation velocity. 

Due to the steady axisymmetric nature of vortex rings, their flow can be analyzed in great 
detail. The concentration field measurements within a vortex ring are performed by means 
of Planar Laser Induced Fluorescence (PLIF) . The concentration field is a result from the 
recorded planar intensity distribution of fluorescent dye excited by a laser. When the laser 
quickly traverses the flow field, 3D images can be reconstructed from different planar intensity 
distributions and is now called 3DLIF. The vortex-ring measurements serve as a benchmark 
for LIF as a measurement technique for concentration fields. Three main objectives can be 
formulated. First is to test and specify the possibilities of LIF in general. The measurements 
were carried out in the Thermo Fluids Engineering laboratory and 3DLIF is used for the first 
time. Therefore a thorough analysis is needed by means of a model and numerous tests. The 
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(a) Pollution release into the atrnosphere 

Figure 1.1 

(b) A big vortex ring init'ialed by a nu
clear explosion 

second objective is the the experimental investigation of passive tracers dissolved in water 
and transported by a vortex ring. Recently, Particle Tracking Velocimetry t ests were carried 
out to measure the motion of the vortex ring. This will now be expanded by detailed vortex
ring visualizations and concentration-field measurements along with theory describing the 
transport of passive tracers. The third objective is comparison with numerical simulations. 
This thesis elaborates on previous studies performed on vortex rings [HY] [WO]. 

1. 2 Out line of this thesis 

In Chapter 2 the governing equations and analytica! models of vortex rings will be presented 
along with equatio11s governing the motion of passive tracers. Chapter 3 describes the theory 
behind Laser Induced Fluorescencc as a measurement technique for concentration fi elds, fol
lowed by a description of the experimental setup and the operating parameters. Chapter 4 
deals with the numerical calculations performed and the first results will be shown and dis
cussed. Chapter 5 shows the visualization of vortex rings using LIF . Also velocity inlet profile 
measurements were performed to address the discrepancy between the real propagating ve
locity and the numerical velocity of the vortex ring. After that a model for determining laser 
intensity absorption within a uniform concentration field is given and tested. Furthermore, 
measured 2D concentration fields within the vortex ring are shown and discussed . Finally, the 
experimental results are compared with the numerical calculations. Chapter 6 provides the 
first exploratory 3D measurements and is constricted to visualization of the 3D concentration 
field . Finally, Chapter 7 summarizes the drawn conclusions and gives recommendat ions for 
the future. 
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Chapter 2 

Characteristics of fluorescent dye 
transported by vortex rings 

2.1 Introduction 

For the experiments a vortex ring is created from injected dye dissolved in water. The dye is 
transported by the vortex ring and gets illuminated by a high-powered laser and as a result 
the dye visualizes the vortex. This chapter describes the motion of a vortex ring and the 
transportation of the dye. The vortex itself causes advective transport of the dye, however the 
dye can also be transported due to diffusion. Both transport phenomena occur simultaneously 
and this chapter tries to give a relation between them. The first part of this chapter describes 
the motion of a vortex ring. The main advantage of a vortex ring is its steady structure and 
theoretica! models are commonly based on the assumption of inviscid flow. Several models 
are discussed for the propagation of a vortex ring. Some effects of viscosity are also discussed 
briefly. The second part describes the transport phenomena of the dye. Both sections are 
linked together using theory on the potential (irrotational) flow. 

2.2 Theory of steady vortex rings 

2.2.1 Equations for axisymmetric flows 

All fluid mechanics are based on conservations laws and in this section the conservation laws 
for mass and momentum will be introduced that describe the motion of a vortex ring. The 
vortex ring itself is assumed axisymmetric and swirl-free, meaning that there is no background 
rotation present in the system. This will greatly reduce the conservation equations [BA]. It 
is convenient to express the motion of fluid in axisymmetric cylindrical coordinates (r , </>, z ) 
where the z-axis coincides with the axis of symmetry and implies &/&</> = 0. The fluid 
is incompressible with absence of thermal effects and therefore the density of the fluid is 
constant. The conservation of mass and momentum is then given by: 

(2.1) 
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with Ur and Uz the velocity components relative to the cylindrical unit vectors er and ez. In 
Chapter 4 the mass and momentum equations will be used for the nurnerical calculations. 
The radial and axial velocity components can be expressed in terms of the Stokes strearn 
function 1/J , defined as: 

l ö·l/) 
Uz = --

0
, 

r r 
l ö·l/) 

Ur = ---
r Öz 

The Stokes stream function is defined such that it automatically satisfies Eq. (2.1) . 

(2.3) 

When fluid elernents in a flow rotate about their own centers [KC] , the fluid flow is called 
rotational , and a quantity to measure this rotation is called vorticity, defined as w = "ïl x u , 
with w = [wr ,Wcp, wz] and u = [ur ,Ucp, uz]- For axisymmetric swirl-free ( ·u1 = 0) flows, the 
vorticity has only a non-zero azirnuthal component w1: 

Öu" OUz l 82·1/J 82 ·1/J 1 Ö'ljJ 
w,t, = ö z ör = r ( öz2 + ör2 r ör) (2.4) 

By taking takes the curl of Eq. (2.2) , the vort icity equation is obtained [BA]. For an in
cornpressible, axisymmetric, swirl-free and viscous fluid flow this vorticity equation is written 
as: 

D(w1 /r) ( 2 w1 ) 
Dt =,,, "ïl Wcp - ?i (2 .5) 

with u [m 2 
/ s] the kinernat ic viscosity of the fluid and the material derivativc D / Dt = ö / öt + 

(u · "ïl). For an inviscid flow (Re= V L / u » 1 ), the right hand side of Eq. (2.5) vanishes and 
for each fluid element wcp/r then is a conserved quantity. During the experiments the flow wi ll 
have a Reynolds number of about R e = 480, which represents a reasonably inviscid flow . Ina 
steady inviscid (ö / öt = 0) flow , the fluid flows along a pattern of steady axisymrnetric stream 
surfaces , which can be indicated by streamlines in a meridional cross-section of the flow . The 
ratio w1/r is now constant along a streamline. The fo llowing function is now satisfi ed: 

Wcp = j(iJ!) 
T 

(2.6) 

where IJ! is used to denote the stream function of a steady flow and f(iI!) is a function that 
describes the structure of the axisymmetric flow. These functions will be described in the 
next section. 

The circulation describes the strength of a vortex. The circulation is the line integral of the 
velocity fi eld u along a closed curve C. Stokes' Theorem can be applied and the line integral 
can be transformed into a surface integral of the vorticity over an open surface A bounded 
by the curve C: 
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r = fc u · ds = j (w. n)dA (2.7) 

2.2.2 Models of inviscid vortex rings 

A vortex ring can be described as axisymmetrically fluid around a circular core which prop
agates steadily through the same fluid in axial direction. The vortex ring is self-propelling 
and does not change in size or shape in an ideal fluid. The vorticity has only an azimuthal 
component W<J> and is assumed to be concentrated in the core of the vortex, and vanishes 
outside. Fraenkel [FR] formulated the genera! problem describing the steady stream function 
of the vortex ring: 

Inside äA, 

Outside äA. 
(2.8) 

with conditions: 1) v'w is continuous across äA, 2) w is constant across äA and 3) <I> = 
W + 1/2Ur2 -+ 0 as r 2 + z2 -+ oo , where -U is the upstream velocity at infinity and <I> and 
W are the stream functions in the fixed frame and co-moving frame respectively, and Ais the 
core area in which vorticity is concentrated. 

In many theoretica! models on steady vortex rings, the vorticity distribution in the core is 
assumed to be linear, hence J(w) = k = constant. These vortices belong to the 'Norbury
Fraenkel' family [NO] and includes the complete range from thin-core vortices to Hill 's spher
ical vortex [HIJ. The thin core vortex ring is a well-known member of this family and is 
described as a vortex ring with ring radius R and vorticity concentrated in a small circular , 
core with radius a. An expression for its self-induced velocity propagation U has first been 
given by Thomson [TH] and named Kelvin's formula: 

r 8R 1 a 
U = 41rR[ln~ - 4 +O(R)] (2.9) 

where r is the circulation of the vortex ring. 

The models above describe the velocity and vorticity within the core of a vortex ring. This 
flow induces a flow outside the core which is assumed irrotational at a certain distance from 
the core. This flow is not affected by the vorticity distribution and the shape of the vortex 
core. This means that the vorticity can be assumed to be concentrated within a line vortex 
of radius R , with zero cross-sectional area but finite circulation r. Helmholtz [HEH] gave the 
mathematical description for the stream function for this steady line-vortex: 

rv1f[r 2 2 
w(r,z) = ~[(-k - k)K(k) - kE(k)] (2 .10) 

where K(k) and E(k) are the complete elliptic integrals of the first and second kind, and 
k2 = 4rR/((r + R) 2 + z2). Vortex rings with finite cores have self-induced velocity U, which 
can be simply added as a counterflow -U: 

1 2 
<I> = w - -Ur 

2 
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In Batchelor [BA] and Eisenga [EI] more information about Helmholtz ' mathematical descrip
tion can be found. In Chapter 4 and Chapter 5 Helmholtz ' mathematical description will be 
used. 

2.2.3 Some effects of viscosity 

Until now the viscous effects on the vorticity distribution inside the core, and the motion of 
the vortex ring, are completely ignored. In the introduced models, a vortex ring is a steadily 
propagating structure, whose size and shape do not change in time. Practical examples 
include smoke rings. In a fully developed vortex ring, viscous effects play indeed an inferior 
role on the motion of a vortex ring, but it are the viscous forces accounting for the creation 
of a vortex ring. In addition, the experiments will be conducted in the laminair regime and 
viscous effects may not be neglected completely. 

When pushing fluid through a thin-walled , sharp-edged circular tube, viscous forces form a 
thin boundary layer a t the wal! edge. At the end of the edge the boundary layer forms a 
cylindrical vortex sheet and starts to roll up. During this inj ection the vortex ring gradually 
grows and starts to move away from the edge. As a result the surrounding fluid starts to form 
a boundary layer containing vorticity of opposite sign and part of this fluid is advected into 
the vortex. 

When the fluid injection has stopped and the vortex ring is propagating, viscious diffusion 
causes the vorticity inside the core to spread out to the region of fluid that is transported by 
the vortex ring. Furthermore, the vorticity is diffused across the boundary of the convect ed 
fluid volume into the outer irrotational flow. A part of this outer fluid with newly acquired 
vorticity is entrained at the t a i! of the vortex. Near the ring center , vorticity of opposite sign 
is cancelecl out by cross cliffusion . The last effect leads to a recluction of circulation. Diffusion 
and cancelat ion of vorticity leads to a cleceleration of the vortex ring. 

Didden [DI] stuclied the viscious generation of a vortex ring in more detail. 

2.3 'Iransport of diffusive tracers 

2.3.1 Diffusive and advective transport phenomena 

The previous sections describe the movement of vortex rings. The main purpose for LIF is 
measuring temperature or concentration fields with help of a fluorescent dye. To describe the 
transport of this dye, another conservation law will be introduced. 

The dye is dissolved in the fluid and is t ransported by the fluid motion, in this case the vortex 
ring. The dye itself wil! be transported by two physical phenomena: advection and diffusion. 
Advection is the movement from the dissolved dye induced by the fluid motion, which can be 
described with the previous models. Diffusion is molecular transport from high concentration 
to low concentration, and this also occurs when the fluid is at rest. In this case the injected 
dye molecules will diffusively spread to areas with lower , or no, dye concentration. Thus 
diffusion can corrupt measurement data , especially in a gas, where the diffusivity of particles 
is higher. For instance for turbulent flows with small structures , diffusion can 'blur ' the 
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images, resulting in loss of visibility. To describe the transport of concentration fields in an 
incompressible axisymmetric flow, the advection-diffusion equation is introduced: 

ac 2 
-+u-"vC=D"v C 
ät 

(2.12) 

where C[mol/m3 ] is the concentration of the dye and D[m2 / s] the diffusion coefficient of C. 
And in components, Eq. (2.12) in the present system reads: 

(2.13) 

The left-hand side of (2.12) describes the advective motion of the dye and the right-hand side 
the diffusive transport. The used dyes for the experiments are Rhodamine Band Rhodamine 
6G with diffusion coefficients of 3.6 x 10-10 [m2s-1] and 4 x 10-10 [m2s-1]respectively. The 
diffusion of Rhodamine B/6G is probably negligible compared to the advective flow. To 
examine this case, the advection-diffusion equation is made dimensionless, resulting in: 

ac 1 2 
Sr- + u · "vC = -"v C 

ät P e 
(2.14) 

where Sr = L/VT is the Strouhal number with T a characteristic time and L and V the 
characteristic length and velocity respectively. P e = LV/ D Is the Peclet number and can 
also be defined as Pe = Re • Se with Re = V L/v the Reynolds number and Se = v / D 
the Schmidt number. The characteristic length is in this case the radius of the injection 
inlet: Din = 0.02m (see Section 3.7.1) and the characteristic velocity will be the mean inlet 
velocity: Yin = 0.024m/ s . The kinematic viscosity of water at 293 Kis v = 1.004 x 10-6 m2 / s, 
resulting in Pe = 1.33 x 106 . The right hand side of Eq. (2.12) can be neglected in most cases, 
hut there are exceptions. The diffusion can play a significant role when the experiments are 
conducted over a long time. In other words , the diffusive transport of dye can be neglected to 
the adjective transport if the experiments are conducted over a rather short time. To verify 
this statement the diffusive transport will be studied in more detail. 

The diffusion equation is defined as: 

(2 .15) 

Now consider a 1D case in cartesian coordinates, one of the few cases where it is possible to 
find an analytica! solution. A "drop" of concentration is placed in an environment without 
concentration. The walls of the domain are kept on zero concentration. The drop itself can 
be modeled with a step function. The total problem then reads: 

{

ac _ Da2c 
&[- 8iT 
Co(x , 0) = f(x) 

u(0, t) = u(L, t) = 0 

for t > 0, 0 < x < L 

for 0 < x < L 

fort> 0 

(2.16) 

The solution of this problem can be derived with help of separation of variables and Fourier 
series transformation [KU]: 
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(2 .17) 

where ak = t f0L Co(x ) sin(kfx )dx, and k an integer. Figure 2.1 shows the diffusion of 
Rhodamine B in water after some t imes . The drop has a diameter of 2 mm and it is seen 
that after 1000 seconds the drop expanded 2 mm. T he experiments will last about 10 s, 
therefore the diffusive transport is negligibly small comparing to the adjective transport of 
the dye. Hence, the assumption t hat dye t ransport occurs only by advection and thus admits 
flow visualization is valid. 
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Figure 2.1 : Diffusive dye transport after certain times, for D = 3.6 x 10- 10 [m2s- 1] 

2.3 .2 Potent ial flow of p assive t racers 

Because of the large Peclet number and the rather short experimental time, the diffusive 
transport of dye can be neglected . The right-hand side of Eq. (2.12) is now assumed zero , 
resulting in: 

äC D C 
- + u- VC= - ~ o 
ät Dt 

(2 .18) 

T he concentrat ion C is now called a passive t racer. When looking again at the Stokes st ream 
function one can see t hat its material derivative for a axisymmetric stationary flow also equals 
zero: 

D 'lj! ä'ljJ ä·i/; 1 82 '1/J 1 82·ij; 
Dt = at + 'U · 'v·if; = at - -;: äzär + -:;: äzär = O (2 .19) 

T his reveals that Eq. (2. 18) and Eq. (2.19) have the same form and implies that the concen
tration field could describe the Stokes stream function; the contours of C should now overlap 
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the contours of 'Ij;. In principle, it is possible to describe the stream function of a vortex ring 
by visualizing the dye. In the case of the experiments, the vortex ring is formed by injecting 
dye in a concentration-free environment. The vortex ring will roll up, while entraining fluid 
from the surroundings. The entrained ~uid can now be seen as instantaneous streamlines 
visualizing the flow of the vortex ring. 

The Stokes stream function 'Ij; has units of [m3 / s]. Due to the axisymmetry of the flow, 
streamsurfaces (iso-surfaces of 'Ij;) in 3D are surfaces of revolution of contours of 'Ij; in the 
r-z-plane . 
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Chapter 3 

Laser lnduced Fluorescence and its 
experimental application 

3.1 Introduction 

Laser Induced Fluorescence (LIF ) is a non-intrusive technique used for concent ration or tem
perat ure measurements. This chapter describes the genera! fluorescence theory in Section 3.2. 
For t he current LIF experiments, t he laser is expanded into a laser sheet , and is now called 
planar laser ind uced florescence (PLIF) , as described in Section 3.3. A fraction of the LIF 
signa! t ravels from the fluorescent dye through different mediums to a digital camera and is 
t ransformed into a grey-value. This process is described in Section 3.4. Because of the signa! 
t ransformation , direct concentration calculation is difficult, therefore the ratiomet ric intensity 
is a solut ion as given in Section 3.5 . For higher dye concentrations, absorption can become 
significant, and should be corrected for , otherwise errors appear when using the ratiometric 
intensity. As ment ioned above, LIF can also be used for measuring temperature fields and an 
int rod uction for two different techniques is given in Section 3.6. F inally the experimental ap
paratus used for LIF and a descript ion of t he upcoming experiments are described in Scction 
3.7 

3.2 Genera} fluorescence theory 

Fluorescence occurs when a molecule or ion get s into the excited state and decays spon
taneously back into its ground st ate. During t his decay the molecule emits photons. The 
excitation is caused by absorption of light from a light source, tuned at a certain wavelengt h , 
such as a laser. A fluorescent dye, which absorbs the photons, must be dissolved in the 
flowing liquid. The absorption and emission spectra are a characterist ic of the fluorescent 
dye and are usually mirror images of each other which par t ially overlap, as seen in Figure 
3.1. The peak of the emission spectrum is shifted t o a larger wavelength than t he peak of 
the absorpt ion wavelengt h. The difference of these wavelength is called the Stokes shift [DD]. 
The shift is caused by the fact t hat the emitted energy is less t han the absorbed energy due to 
dissipation of a part of the absorbed energy. As a result the emitted wavelengt h is larger than 
the absorbed one, as t he wavelength is inversely proport ional with (phot on) energy [ST S] . 
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Emission induced by the absorption of light c.q. photons is called photo-luminescence. The 
Stokes shift is ideal for performing LIF measurements because the laser light can be blocked 
with an optical filter and only the emitted light will be collected. However, the shift needs 
to be sufficient large, as otherwise emission and absorption signals will overlap, causing data 
corruption. The Fluorescence process has a lifetime of about 10 ns in atmospheric pressure 
[LW] . The emitted photons can be detected with a CCD camera which converts the number 
of detected photons into an electric signal. 

1.00 
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450 512 575 

Wavelength (nm) 
638 700 

Figure 3.1: Absorption spectra and relative emission spectrum of Rhodamine B. [CRJJ 

The general relationship between local fluorescence F [Wj, local excitation intensity J[W/m2] 

and the local concentration C[mol/m3 ] has the form: 

F r:x I C 
1 + J/ Isat 

(3.1) 

with I sat [W/m2 ] the saturation intensity for a certain fluorescent material. Eq. (3.1) is a 
non-linear equation, but when I « Isat then the excitation is called weak and Eq. (3.1) gets 
the form [ CR]: 

F r:x IC (3.2) 

For high-powered lasers, and especially pulsed lasers, Eq. (3.2) takes Eq. (3.1). It is also 
possible that the fluorescence signal can become intensity independent, if J 2: I sat . However, 
strong and pulsed lasers are often diverged into a sheet and thus the local intensity distribution 
is much lower. High dye concentrations can also produce non-linearities, but these are caused 
due to absorption changes in the intensity, thus Eq. (3.2) is still valid. Assuming weak 
excitation, the fluorescence signal emitted from an infinitesimal volume (see Figure 3.2a) can 
be modeled as follows: 

dF = <l>EC I dV (3.3) 
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where <I> is the ratio between emitted and absorbed light ( quantum yield), which accounts for 
the Stokes shift , and t:[m2 /mol] is the molar extinction coefficient of the fluorescent dye. Eq. 
(3.3) is in principle an easy relationship for the fluorescence signal. However the local intensity 
is difficult to obtain due to various reasons. Lasers are often expanded into a divergent laser 
sheet with unknown intensity distribution, and especially pulsed lasers change t emporally. 
These factors are described in Section 3.3. Another ch ange in the local intensity is caused 
by absorption along the ray path . The Beer-Lambert law describes the absorption intensity 
changes along a infinitesimal distance dr through a solution: 

dl 
- = -t:Cdr 
I 

(3.4) 

The local intensity along a ray of light through a spatially variable concentration field will 
now be: 

I( r i) = I(ro) exp[ - t: 171 

C(r)dr ] 
ro 

(3 .5) 

Now Eq.(3.3) and Eq. (3.5) can be combined, resulting in: 

dF = <I>t:C I(ro) exp[ -t: 1:, C(r)dr]dV (3.6) 

which is a formal formulation for fluorescence. 

Now if t he concentration is uniform within a small certain volume 6. V and t he temperature 
is constant (meaning constant <I> and t:) then Eq. (3. 6) changes into: 

F = ;· dF = <I>t:CI(ro) exp [-t: l "
1 

C(r)dr]6.V 
6V ~ 

(3.7) 

which is the most used formulation for fluorescence. If the concentration is low along the ray 
path , such that (t: J;

0

1 Cdr) « l , resulting in exp( - t: J,'.~1 Cdr) = 1, then Eq. (3 .7) transforms 
into: 

F = <I>t:CI(ro)6.V (3.8) 

The system is now called 'optically thin' and is an assumpt ion oft en used in LIF experiments 
[ML]. The question when a systern is " optically thin" can be rather subjective. A guideline 
can be the optica! depth [CL], defined as : 

l = -l
t:Cavg 

(3 .9) 

where Cavg is an estimate of the average absorbing species concentration along the ray path 
of t he laser. If t he extent of the flow field is rnuch less than the optica! depth, then the 
exponent ial t erm can be ignored, thus exp( - t: J;'.~1 Cdr) ~ l , in case (t: J,:1 Cdr) ~ 0. 
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Figure 3.2: Basics of fiuorescence. panel a shows the fiuorescence by an infinitesimal volume 
in cylindrical coordinates. Panel b shows the fiuorescence of this volume in the laser sheet 
and how it is captured by a camera. The camera works according to the "pinhole principle". 
The fiuorescence itself decays in proportion to distance from the object squared. 

3.3 LIF within laser sheets 

Eq. (3 .6) gives a formal relationship of fluorescence, but how can this information being used 
for the current experiments? The experimental setup uses a radial laser sheet formed from a 
beam passing sheet opties, and therefore the theory is in radial coordinates. The goal is to 
find an expression for the fluorescence, from a certain concentration, which is also valid for 
cartesian coordinates and other types of laser sheets. 

One can imagine when using a radial laser sheet, the intensity not only changes in radial 
direction r but also in the azimuthal direction rp and depth z. This intensity distribution at 
radial distance r 1 in the attenuated case (so with absorption from the dye) can be expressed 
as: 

1
r1 

I(r, rp, z) = P f(r)g(rp)h(z) exp[-E C(r, rp)dr] 
ro 

(3.10) 

where P[W] is the laser power and f(r)g(rp)h(z)[l/m2] the spatial intensity distribution func
tion of the sheet. The functions g(rp) and h(z) depend on the laser beam and the sheet opties 
and are difficult to obtain, but they are defined such that they integrate over unity over the 
entire rp and z ranges of the laser sheet [CR]. Eq. (3.6) can be integrated over a small volume 
~V using the intensity distribution function (see also Figure 3.2a for the coordinates). First 
of all it is useful to give an expression for ~ V with laser thickness w: 

ir+Ar f 4>+t:,.,p rz+w 
~ V = r },p lz rdrdrpdz = 1/2[(r + ~r) 2 

- r 2]~rpw ~ r~r~rpw (3.11) 

resulting in ~A = ~V/w = r~r~rp 
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The ftuorescence signal within the laser sheet will be: 

F = ( dF = <hC ( I(r, </; , z)dV 
./6..v ./6..v 

= if>ECP ( f(r)g( </; ) exp[-E iri C(r, rf> )dr]rdrd</; ( h(z)dz 
.J 6.. A ro .Jw 

(3.12) 

Because the volume b.. V is considered to be small, the laser attenuation and the intensity 
function J(r)g(rf>) within this volume are considered uniform, and as mentioned before the 
integral over z integrates to unity; the z-range covers the complete laser depth and therefore 
the whole intensity distribution. Eq. (3 .12) becomes: 

F(r*,r/>* ) = if>ECPJ(r*)g(rf>*)exp[-f. 1~·
1 

C(r*,r/>*)dr ]b..A (3.13) 

where r*, rf>* are at the center of b.. V ( The * will be omitted from now on). In the actual 
experiments the concentration will not be uniform within b.. V, but the uniform assumption 
is reasonable because this volume is small , and the laser intensity wil! be an average over the 
laser depth. 

The above relations are derived using cylindrical coordinates, but it is also possible to give a 
relation for ftuorescence inside the laser sheet in cartesian coordinates , using: r = r(x, y) = 
Jx2 + y2 and rf> = rf>(x, y) = arctan(y/x) , resulting in: 

i
r i(x,y) 

F(x, y) = if> ECP J(x, y)g(x, y) exp[ -f. C(x , y)dr(x, y)]b..A 
1o(x,y) 

(3.14) 

3.4 Imaging of the intensity distributions 

The above section gives an expression for fiuorescence wit hin a radial laser sheet. A part of 
this signa! will be collected by a digital camera. The signal travels through different mediums, 
such as water, glass and air. Defore it reaches the CCD chip in the camera, the signal passes an 
optica! filt er, the lens aperture and different lenses inside the photographic objective in front 
of the camera. Then the photons, account ing for the ftuorescence signa!, wil! be converted to 
a certain grey-value on the computer screen. All these physical effects change the ftuorescence 
signal and therefore it is far from trivia! to obtain an absolute concentration field from the 
grey-values given on the computer screen. 

This section tries to give a mathematica! description of the above mentioned factors. Each 
factor transforms the original ftuorescence signa! and can be modeled as a multiplication 
factor. In the experimental setup the camera is placed normal to the laser sheet and each 
pixel of the camera collects a ftuorescence signa! from a small area b..A , which is a projection 
from a small volume b.. V . This assumption is valid because the camera functions according 
to the " pinhole" principle (see Figure 3.2b [STS]) . The different factors will be explained in 
more detail: 

Em'ission per unit area 
The emission per unit area 1s the fluorescence signal F(x, y) as described in Eq. (3.14) 
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divided by ~A, resulting in an intensity S(x,y)[W/m2 ] = F/~A. Sa(x,y) will be the factor 
accounting for the signal generated by a CCD-sensor in case of no impinging light ( <lark 
current), ambient light and scattered light per unit area, resulting in: 

G ex: F(x,y) + Fa(x,y) = (S(x , y) + Sa(x,y))~A (3.15) 

where Gis the final converted grey-value on a computer. 

Figure 3.3: The solid angle O = A/ z2 . A sphere has a total of 41r stemdians. LIF signals are 
divergent and only a fmction of the sphere will be collected by the camera. 

Optical collection alignment 
The emitted fluorescence travels from the laser through water, glass (the test container) 
and air to the camera. The transmission between water glass and air causes refraction of 
the signal due to different refractive indices. This can be corrected by calibrating with a 
calibration grid. The calibration procedure is in this case done with help of a special designed 
calibration grid. The grid is placed on the position where the laser sheetilluminates the flow 
field. The commercial software Da Vis calculates a dewarping function based on an image of 
the calibration plate. Also the glass itself reflects always a certairi amount of light. 

The fluorescent light itself is divergent, meaning that · only a small fraction is reaching the 
camera objective. The lens surface with diameter d can be seen as a small area on a sphere 
with radius z, the distance from fluorescent volume to the camera objective, resulting in the 
solid angle O = A/z2 = 1rd2 /(4z2 )sr [SP]. Figure 3.3 shows an illustration of the solid angle. 
The maximum solid angle of a sphere is 41r sr, thus the fraction of the LIF signal which 
impinges on the lens will be: 

O d2 

Gcx:-=--
41r 16z2 

(3.16) 

Figure 3.4 shows the fraction of the LIF signal that will be collected by one pixel on a CCD 
chip. Eq. (3,16) states that the LIF signal decays quadratically with distance z. The light 
is also passing an aperture, which is a physical light blockage in front of the objective. The 
aperture changes the lens diameter d and thus regulates the amount of light and is defined 
as N = f /d, where N is the f-number (f-stop, relative aperture) and the focal length of the 
objectivef = Mz/(l +M) [HE]. Mis the magnification defined as M = J(lxly/~A) , where 
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l:c and ly are the dimensions, and thus lxly t he surface, of a square pixel. Again it is important 
to mention that '6.A is the physical area which is projected on one pixel. 

LIGHT 
t:..V SHEET 

1 
1 ~::--w 

PHOTODIODE 
PHOTODIODE . PIXEL ACTIVE AREA 

\L-r--r\{)~7' 

..... ..,,.~~ 
-:+-:t
o,□ , [ 
-;f-~-

z □1□1[ 1 1 

Figure 3.4: The fo cussing of a LIF signal on a CCD chip [KRJ 

T he total optica! collection alignment will be: 

M 2 1 
G ex 16(1 + M)2 N2 V(x , Y, N)TRF( v ) (3 .17) 

where V( x, y, N) accounts for optica! vignetting , TR for the total reflection of the setup and 
F(v) for the high pass filt ering. W hen the emitting volume has an oblique angle compared to 
the camera, decay in fluorescence intensity will occur. In this setup the intensity losses due 
to obliqueness are calculated as negligibly small [STS]. The camera is placed normal to the 
laser sheet and oblique angles are very small. Obliqueness will t herefore not be accounted 
for. However , another factor caused by the dimensions of the camera object ive is more severe, 
especially for small f-numbers ( thus large lens openings), and is called optical (geometrical) 
vignetting V( x, y , N) [KW] . Light that reaches an object ive with a certain angle causes 
internal shadows, which again result in a radial intensity decay near the corners of a CCD 
chip, as seen in Figure 3.5 . Furthermore, the lenses inside the objective reflect light. The total 
reflection of the object ive and the test container can be put into one factor, Tn. The objective 
can be fitted with a spectra! filter, which allows light passing of a certain wavelength. In t his 
case a high pass filter collects only the fluorescent light and the laser light is blocked. As 
already mentioned , the Stokes' shift needs therefore to be sufficiently large. The optica! filt er 
can be modeled as F(v) . It is a lso possible to regulate the recording time. The fluorescence 
process , with a lifet ime of about 10 ns , is much shorter than the used recording t ime and is 
therefore no limit ing factor. 

Camera 
The total florescence signal per pixel can be modeled , and with use of '6.A = lxly / M 2 , as : 

(3.18) 

where R(x, y , v , I) is the camera response. Each pixel on a CCD chip collects a fluorescent 
signal from '6.A and couverts it into a digital signal G , and responds in a certain way to the 
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Figure 3.5: Optica[ vignetting explained (KWJ 

collected LIF signal. Ideally, the camera response is linear and uniform but can be spatially, 
spectrally and intensity dependent. 

3.5 Ratiometric intensity 

Eq. (3.18) contains many parameters which are difficult to obtain. The intensity distribution 
function is not known and the absorption is also difficult to account for during the experiments 
due to its spatial dependence. To quantify the optical collection alignment and the camera 
response, numerous experiments are required. Therefore it is almost impossible to obtain the 
concentration directly form Eq. (3.18). The solution for this problem is using a calibration 
image with known concentration. The experimental concentration field Cm(x , y) can now be 
computed with the following relation: 

(3.19) 

1
r 1 

f c(x , y) = exp(-E Cc(r)dr) 
ro 

1
r1 

fm( x, y) = exp(-E Cm(r)dr) 
ro 

(3.20) 

where Gm is the experimental image of the flow field , Ga the background image in case S = 0, 
Ge the calibration fluorescence image and Cc the calibration concentration. fm and f c are the 
error sources, compared to the optically thin assumption, resulting from absorption within 
the measurement and calibration image respectively. f c = exp(-ECc(r1 - ro)) in case of a 
uniform concentration within the calibration image. Eq. (3.19) is called the "ratiometric 
intensity" and gives a relationship between concentration and fluorescence signal, which is 
linear in the " optically thin" case, meaning fm/ fc = 1, and this assumption is often used 
in LIF experiments. Eq. (3.18) becomes non-linear when E J C(r)dr =/- 0 (see Eq. (3.14)), 
therefore caution is advised when using the ratiometric intensity, especially with false usage 
of the optically-thin assumption. It speaks for itself that all the other factors are kept con
stant during the calibrations and experiments , such as temperature, laser power and optica! 
alignment. 

If the concentration cannot be neglected one should take it into account. The Beer-Lambert 
law describes the absorption within a system and ideally, can be found directly from a recorded 
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image. Eq. (3.18) contains many unknown parameters and some are potentially non-linear. 
To find the Beer-Lambert law, Eq. (3.18) has to be transformed into: 

(3.21) 

where r is the position of the current pixel and G(r = r0 ) describes the computed intensity 
where S = S(r = ro) = Sa. When using a uniform concentration field the total absorption 
A(r)[ - ] at postition r can now be found: 

(3.22) 

If the absorbance is known and obeys the Beer-lambert law, one can correct for it , even without 
individually knowing the extinction coefficient and the concentration of the system. Now 
providing that E is known, then the concentration can be found directly from the absorbance . 
This correction can be applied for Je: 

(3.23) 

For f m this is more complicated because the concentration is spatially dependent. A solution 
is to use low concentrations or to correct for the spatially dependent concentration. Ferrier 
[FF] described a possible method. 

The difficulty lies in finding the reference grey-value G(r = r0 ). As seen in the previous 
sections, the parameters describing the system are not constants; they are spatially, spectrally 
and thermally dependent. The key is to find a method to correct for those dependencies as 
such that t he absorption can be found wit hin one image . In Chapter 5 these corrections are 
performed and put into a model: the laser absorption correc tion model. This model will be 
used to correct for f c, however f m will still be present. 

3.6 Theory applied for measuring planar temperature fields 

Besides measuring concentration fields , LIF can also be used for measuring t emperature 
fields. These experiments will not be conducted but for completeness the theory will be 
explained briefly. The basic physical phenomenon that facilitates temperature measurements 
with LIF is that some fluorescent dyes have temperature-dependent quantum yields: <I> = 
<I>(T). Rhodamine Bis such a temperature-dependent dye (see Figure 3.6a). When using a 
t emperature-dependent dye, all genera! equations derived before are still valid. In this section 
two kinds of temperature LIF measurements will be described; one- and two-color LIF. 

One-color LIF 
In this case, only one t emperature dependent fluorescent dye will be used. The quantum yield 
will change according to a change in t emperature, and influences the emission spectrum of 
the fluorescent dye as seen in Figure 3.6a. The normalized quantum yield is the magnitude of 
the peak of the emission spectrum, a t a certain temperature, compared to that of a reference 
t emperature [STS]: 
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(3.24) 

This relation for <I>reJ(T) constitutes the calibration curve of the fluorescent dye. For Rho
damine B this calibration curve is made (see Figure 3.6b) and coincides with a linear profile: 

(3.25) 

where To = 20°C and T1 = 55°C. Such a calibration curve has to be made only once for a 
dye. 

Again the ratiometric intensity can be used to determine the temperature in an experiment: 

Gm(Px,Py, T) - Ga(Px,Py) _ <I>m(Px,Py, T) _ <f> ( T) 
Gc(x,y,TreJ) - Ga(Px,Py) - <f>c(Px,Py,Trej) - ref Px,Py, 

(3.26) 

The temperature field can now be calculated from the normalized quantum yield. 

It should be mentioned that the concentration must be the same in the calibrations and the 
measurements. Also absorption is again a factor which should be accounted for. These factors 
change the intensity and therefore the temperature calculations. Another factor, which is a 
serious drawback, when using one-color LIF is temperature-dependent refractive distortion. 
Temperature independent refraction cancels out with use of the ratiometric intensity, but 
the temperature-dependent distortion not. Because of temperature variations during the 
measurements, the refractive index of the water and the dissolved dye changes. This causes 
refraction of the light and changes the intensity. It is possible to correct for this [ CK]. 
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Figure 3.6: Temperature dependent characteristics of Rhodamine B (CK]. Panel a shows the 
Absorption and emission spectra of Rhodamine B , excited at 532 nm. Panel b shows the 
relationship between the fiuorescence intensity and temperature of Rhodamine B. 

Two-color LIF 
The main drawback of one-color LIF experiments is that the calibration and measurements are 
performed at different times. To overcome this problem two-color LIF can be used. Two-color 
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LIF is based on the intensity difference between two dyes used simultaneously. One dye has a 
quantum yield that is sensitive to t emperature changes and the other dye has a temperature 
independent quantum yield . The two fluorescent dyes should have different emission spectra 
so that the emitted light can be separated by means of beam splitting. A typical setup is 
given in Figure 3.7a. The individual intensit ies can be measured by two different cameras 
with the ratio: 

Ga(x, y , <I>a(T)) 
Gb(x, y, <I>b(T)) 

(3.27) 

where subscript a is fluorescent dye a and subscript b fluorescent dye b respectively. 

Eq. (3.27) is independent of variations of t he illuminating beam intensity, including intensity 
changes due to thermal refraction. To calculate the temperature of a flow field, a calibration 
curve such as used in one-color LIF is necessary. Sakakibara and Adrian [SA] made the cali
bration curves of R.hodamine Band R.hodamine R.Hllü , as seen in Figure 3.7b . R.hodamine B 
is temperature dependent and R.hodamine R.Hllü not. During the measurements, the instan
taneous ratio between the collected intensit ies from both dyes determines the temperature 
field. 
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Figure 3.7: 2-color LIF [SA). Panel a shows experimental set·up for two-color LJF. Panel 
b shows the calibration curves fo r two dyes. The ratio between the curves determines the 
temperature. 

3. 7 Description of laboratory experiments 

3.7.1 The experimental setup 

This section gives a description of the apparatus used for the experiments. The experimental 
setup can roughly be divided into three parts: The laser setup , the vortex ring generator and 
the data acquisition. Figure 3.8a shows a photograph of t he setup and Figure 3.8b shows a 
schematic top view drawing of t he same setup. Each component will now be discussed into 
detail and for more detailed schematics of the separate parts see Appendix A. 
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(b) Top view drawing of the setup 

Figure 3.8: Two images of the experimental setup 

The laser setup 
The laser setup describes the route of traveling laser light from the laser to the flow field. 
The laser itself (A in Figure 3.8b) generates the laser beam. It is a Nd:YLF laser and emits 
light at 527 nm, which is in the green part of the visible spectrum. The laser can run in a 
continuous or pulsed mode. In the pulsed mode, also called Q-switching mode, an optica! 
switch waits for the maximum population inversion before it opens. Q-switching results in 
much higher laser powers because of the short pulse lengths. This laser has a pulse length of 
180 ns when operating at 1 KHz, with a maximum energy of 20 mJ per pulse, resulting in 
111 kW per pulse. However, much higher powers are possible when the pulse length reduces. 

The laser beam is guided by mirrors (B) into the multiple sheet scanner (C), where it is 
guided onto an oscillating mirror. When the laser reflects from the mirror, a divergent and a 
confocal lens transforms the laser bundle into parallel laser sheets , as seen in Figure 3.9. The 
scanner is mounted onto a table, which can adjust the scanner height. The setup is designed 
as such that the oscillating mirror inside the scanner rotates at 30 Hz. The laser operates at 
1 KHz, thus per rotation 33 laser sheets are created. The laser sheet sweeps the flow each 
l/30th to "freeze" the flow. Each laser sheet accounts fora 2D cross-section of the intensity 
field and all the images can be reconstructed together to form the 3D field. 

The vortex ring generator 
Vortex rings are created by injecting a finite amount of fluid through a sharp-edged orifice, in 
this case a thin plate where the orifice was cut out. The plate covers a cylindrical box (from 
now on referred to as vortex ring generator, D in Figure 3.8b and see Figure 3.10) which 
holds the dye dissolved in water. Fluid can be injected through two taps connected onto the 
vortex generator. The vortex generator itself is placed into an experimental tank. The tank 
is a glass container with dimensions 60x60x50 cm, which is filled with clean tap water. The 
taps, connected to the vortex generator, are again connected toa step-motor driven traversing 
system with use of plastic tubes. This system operates pistons of six syringes. Three syringes 
are connected to one tap by a 3-way joint. 
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Figure 3.9: The optical alignment inside the multiple sheet scanner (LV/ 

The step-motor motion can be actuated such that it traverses a certain distance within a 
certain time, resulting in a certain inlet volume and velocity. The relationship between the 
movement of the pistons and the injected ftuid can be described with use of the incompress
ibility of ftuid [EI]: 

(3 .28) 

where Ls[m] is the piston displacement , D8 [m] the piston diameter , N the total number of 
syringes, U8 [rn/s] the piston mean velocity, Lo[m] the length of the injected fluid column, 
Do[m] the orifice diameter and Uo[m/ s] the mean inj ecting velocity. A specific amount of 
fluid has to be injected to obtain a steadily propagating vortex ring. Too much injected fiuid 
results in a jet , while there will be no freely moving vortex ring if insufficient fiuid is injected . 
If the infiow velocity is too slow, the vortex immediately collapses to a blob of fluid and if 
the velocity is too large, the vortex ring becomes turbulent. 

The orifice has a diameter of Do = 4cm and Ds = 2, 54cm for the syringes respectively. For 
the experiments the piston parameters were chosen as L8 = 1cm and U8 = lcm/s resulting 
in Lo = 2.4cm and U0 = 2.4cm/ s for the injection conditions. The corresponding Reynolds 
number , defined for the radius of the orifice (Ro = Do/ 2) , becomes: 

Data acquisition 

Re = UoRo = 480 
V 

(3.29) 

The data acquisition system (E in figure 3.8b) consists of the high speed camera, a computer 
and a triggering system. The 12-bit high speed camera has a resolution of 1024x1024 pixels 
with a recording speed of 1000 frames per second. Higher recording speeds are possible but 
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Figure 3.10: The vortex ring generator 

then the resolution decreases. The camera is fitted with a lens with a focal length of 105mm. 
The aperture can be changed from N=2 to N=l6 , where N is the aperture number defined 
as the focal length divided by the entrance pupil. The recording time per image can be 
changed between 1/50s and 1/60000s. The camera is equipped with 2 Gigabytes internal 
storage memory. If the recording rate is 1000 frames per second and the images are about 2 
megabyte, the camera can collect images during 1 second. The images are then stored on the 
computer. Because of the high data bandwidth, the images cannot be stored on the computer 
directly. The connection (1 Gigabit/s =125megabyte/s) is not fast enough and, moreover, the 
hard disk inside the computer cannot keep up. The triggering system synchronizes the camera 
and the laser. The system is synchronized such that the camera records the fluorescence at 
the right time. If the laser pulsates at a rate of lKHz then the camera also records at lKHz, 
starting at exactly the same time. This does not mean that the recording time is 1/lO00s, 
this could be 1/lO00s or shorter. The camera is securely mounted on a frame connected to 
the table. 

3.7.2 Laboratory experiments using LIF 

The main goal of this thesis is measuring concentration fields in a flow . For the flow, a vortex 
ring will be created containing a fluorescent dye. The dye emits light when being excited by a 
laser tuned at a certain wavelength. A digital camera collects the signal and converts it into 
an image with certain grey-values corresponding to a certain intensity. Chapter 2 describes 
the dynamics of a vortex ring and why it is possible to obtain quantitative results on the 
concentration of the fluorescent dye. The vortex ring will be created according to the setup 
given in Section 3.7.1. 

First of all, 2D measurements will be executed. The ratiometric intensity will be used to 
determine the concentration field inside the vortex. This can be done using the "optically 
thin" assumption where absorption will be neglected. However to get a full understanding of 
the measurements and to verify the LIF theory, as given in this chapter, measurements with 
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absorption will be executed. The experimental data will be transformed in such a way that 
it is possible to find the absorption directly from an image using the absorption correction 
model as described in Chapter 5. More specific measurements are therefore required to find 
the camera response and optica! vignetting for each used aperture and is clone with use of 
a flat fi eld representation. Also the divergence and the refractive nature of the laser sheet 
will be corrected for . A laser bundle through a uniform concentration serves as a reference to 
validate the model. The model is not necessarily needed to find a quantitative concentration 
field inside a flow, because when using a calibration image with known concentration, one 
can correct for the absorption. However , to obtain a better understanding about LIF and to 
find possible errors , this method will be used. Especially when using high-powered, pulsating 
lasers the fluorescence can differ from the described fluorescence theory and, if so, this can 
be verified using the laser correction absorption model. 

There are two different dyes which can be used; R.hodamine Band Rhodamine 6G. R.hodamine 
B is a temperature dependent dye with an intensity variation of 2-3 % per °C. R.hodamine 
6G should be almost temperature independent. Table 3.1 shows the properties of the two dye 
types. 

Dye Àabs [nm]a Àem [nm]a E [(cm M)- 1]a D [m2 /st 
RE 543 565 8, 2 x 104 (532 nm) 3.6 X 10- IO 

R6G 530 552 1,41 x 105 (532nm) 4 X 10- lU 

Table 3.1: The properties for R.hodamine Band R.hodamine 6G. Àabs And Àem are the maxi
mum absorption and emission wavelengths. a= [DF], b= [GA] 

3D measurements will also be performed with use of the multiple sheet scanner. The scanner 
sweeps through the flow and the reconstruction from the 2D cross-sections results in a 3D 
concentration field . In this thesis only qualitative 3D measurements will be executed. When 
performing 3D measurements some new difficulties will arise. One of t he main challenges is 
to collect sufficient light. With 2D measurements, the camera needs to be fo cussed at one 
laser sheet. Now the camera needs to be focussed on multiple depths. To obtain a higher 
depth of field , the aperture should be closed more, resulting in less light. To overcome this 
problem, one could increase the dye concentration, or increase the laser power. Increasing the 
dye concentration means more absorption and increasing laser power can result in non-linear 
effects as explainecl in Section 3.2. The laser absorption methocl can be used to look at those 
effects more closely. Chapter 5 clescribes the 2D measurements and Chapter 6 clescribes the 
first exploratory 3D LIF measurements. 
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Chapter 4 

N umerical analysis 

4.1 lntroduction 

In this chapter the numerical calculations will be presented. This chapter will expand on the 
work ofHua [HY] . Assuming an axisymmetric flow, 2D simulations were performed to analyse 
the self propagating vortex ring. The formation and structure of the vortex with corresponding 
concentration distribution are the main subject of the numerical study and therefore requires 
accurate simulations. The current study investigates the injection of laminar fluid at Reynolds 
number Re= 480. In Section 2.2.2, an analytica! solution for an inviscid, steady vortex ring 
is introduced, which will be used to compare the numerical motion of a vortex ring. Also 
the diffusive transport of passive scalars will be presented and compared with the analytica! 
solution derived in Section 2.3. As mentioned above, a detailed analysis will be performed 
and also some numerical effects will be discussed. In previous works from Eisinga [EI] , Wolffs 
[WO] and Hua [HY] a discrepancy between inlet velocity and propagation velocity of the 
vortex was found . The current numerical calculations are based on the correction of this 
discrepancy. Chapter 5 will investigate this phenomenon and possible numerical corrections 
will be discussed. 

4.2 Numerical setup 

The fluid motion is described by conservation laws of mass and momentum as given in Section 
2.2. The transport of a dye is governed by the advection-diffusion equation as discussed in 
Section 2.3. The conservation equations describe an incompressible and axisymmetric 2D 
motion of the vortex ring with corresponding dye concentration and are used in the same 
form in the numerical calculations. 

Numerical method 
The finite-volume package Ansys 12.1 is used to perform the calculations, running on a Linux
operated cluster with 8 CPUs per node. This enables parallel processing of the numerical 
problem, which shortens the calculation time dramatically. The numerical grid is constructed 
with use of Gambit 2.3.16. The 2D axisymmetric option is chosen inside Ansys. A second
order upwind scheme is used for spatial integration of the convective terms inside the mo
mentum and advection-diffusion equation. For time-marching, a second-order implicit scheme 
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with step size ó.t = 0.005s is chosen. The liquid is regular water and the SIMPLE algorithm 
is used for pressure-velocity coupling. 

To implement the advection-diffusion equation, the energy equation in Ansys is used. These 
two conserva tion laws have the same form but differ in physical meaning. The parameters of 
water were changed accordingly to transform the heat equation into the advection-diffusion 
equation; the thermal diffusivity was changed into the diffusion coefficient. The analytica! 
solution of the diffusion equation, as provided in Section 2.3, is used to test whether the 
advection-diffusion equation is corrected accordingly. 

Numerical grid and boundary conditions 
Because of the (assumed) axisymmetric nature of the vortex ring, the numerical domain has 
a rectangular shape with dimensions 8R in z-direction and 4R in r-direction ( on a random 
azimuth rf> ), with R the radius of the orifice. The z-axis serves as the symmetrical axis and 
is also the propagating direct ion of the vortex ring. The domain itself is divided into two 
sections: one with a high resolution and one with low resultion, adjacent to each other at 2R. 
Figure 4.1 shows an illustration of the grid. The elements have dimensions of 0.1 x 0.1mm in 
the left area and 0.1 x 1mm in the right area, resulting in a total of 704,000 elements. 

0.16m Outflow 

element 

size 
1e-4x 
1e-4 m 

Axis 

640,000 
elements 

.a 
z r ... 

element 
size 

1e-4x 
1e-3 m 

64,000 
elements 

Outerwall 

o .... 0 .02 0.04 0 .08m 
In flow Bottom 

Figure 4.1: Computational grid of the domain of interest 

Table 4.1 presents the used boundary conditions during the numerical calculations . The 
infiow and bottom are described with use of Dirichlet boundary conditions. At the infiow, 
ftuid with concentration C = Gin is injected . The inlet velocity has only an axial component , 
but changes in radial direction ,, and is time dependent. The velocity inlet profile can be 
modeled with the following analytical function: 

( 4.1) 

The radially dependent part V2 ( r) reads: 

V (r) = tanh [(R - r)/b] Ll 0 <_ r <_ R 
2 tanh(R/b) o, 

(4.2) 
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where 8 is the boundary layer thickness defined as 8 = R/20. Uo is the mean velocity which 
is defined as 2.4 cm/s, according to Section 3.7.1. As mentioned before, for the numerical 
simulations the mean inlet velocity will be 50% higher to match the real propagating velocity. 

The time-dependent part consists of three phases, defined as: 

f(t) = 3(12t)2 
- 2(12t)3

, 

f(t) = 1, 

f(t) = 3[12(1 - t)]2 - 2[12(1 - t)] 3
, 

0 :S t '.S 1/12 

1/12 < t '.S 11/12 

11/12 < t '.S 1 

(4.3) 

The phases describe accelerating, constant and decelerating inlet velocity. According to Hua 
[HY], an extra inflow velocity of 0.0lUo is applied to avoid backflow. 

The axis boundary condition is needed to describe the axisymmetric calculations and is inter
preted as vanishing Ur, 8Uz/8r and oC/or. For the outer wall on the right side, symmetry 
boundary conditions where chosen, which are similar to the axial boundary condition, to de
scribe a slip-free wall. At the outflow, the statie pressure is prescribed as zero. All the other 
outflow quantities will now be calculated from the interior of the domain. 

lnflow 
Bottom 
Axis 
Outer Wall 
Outflow 

Uz = 0, 0lUo + Uin(r, t) 
Uz = 0,0lUo 
8Uz/8r = 0 
8Uz/8r = 0 

Ps = 0 

Ur = O 
Ur = O 
Ur = 0 

Ur = 0 

C = Gin 
C=Co 
8C/8r = 0 
8C/8r = 0 

Table 4.1: The boundary conditions used during the numerical calculations 

4. 3 N umerical results 

4.3.1 Numerical results of the diffusive transportation of a dissolved dye 

Before the numerical results of the vortex are presented, the numerical results of the diffusive 
transportation of Rhodamine B will be compared to the analytica! solution as given in Section 
2.3. The reason is to verify whether the advection-diffusion equation is implemented correctly 
and to see whether the numerical calculations follow the analytica! results. Also numerical 
diffusion is inherent when performing numerical calculations. The dye, transported by an 
advective flow, can only move along the grid points resulting in extra diffusive transport. In 
this case the fluid flow is at rest, to solely verify diffusion. 

Section 2.3 describes the analytica} diffusive transport of dye. For the numerical case, the 
same situation is repeated, hut naw for the 2D case. A solution is given in Figure 4.2a where 
the propagation of the dye at t = 500s is calculated. The solutions at different time steps 
are compared with the analytica! solutions and presented in Figure 4.2b. In the 2D case the 
concentration of the dye is plotted along a line crossing the center of the droplet. It is seen 
that the distance traveled in time is the same, hut the concentration is different , especially 
for langer times. In the lD case, the concentration spreads along a line, where in the 2D case 
over an surface: 
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lD ( 4.4) 

2D axisyrnrnetric 

This definitely causes the difference between both cases, however for short times, in the order 
of seconds, both solutions are practically identical. It can be concluded that the diffusive 
t ransport is implemented correct ly. 
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F igure 4 .2 : Analysis of diffnsive transport 

4.3.2 Numerical analysis of a vortex ring 

This section presents the results of the numerical simulations performed to describe the motion 
of a vortex ring. The numerica l setup is the same as in the work of Hua [HY] , Wollfs [WO] and 
Eisinga [EI]. Where they mainly described the motion of a vortex ring by means of velocity 
components, this thesis describes the distribution of (passive) scalars t ransported by a vortex 
ring. The vortex ring merely serves the function as a dye carrier , and the same dye can be 
used to visualize the vortex ring and thus describes its motion. As a result , t he numerical 
domain is divided in smaller elements as in previous works, resulting in a more deta iled vortex 
ring, but accompanied with some negative numerical effects . Here, the results will be shown 
and compared with t he previous works. 

Figure 4.3 shows the r-z-cross-sections of the formation of a vortex ring. Because of viscosity 
the fluid st arts to roll up and new fluid is inj ected into the vortex, during one second. Because 
of the small mesh size, the roll-up is displayed in much detail. After one second , the inflow 
stops and t he vortex ring propagates by itself and fluid from the center is pulled inside the 
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vortex. Also non dyed-fluid from the surroundings is entrained into the vortex. The dyed 
fluid is presented as red, and the surrounding fluid as blue. The concentration of the injected 
fluid is set to 400 and the concentration of the surroundings is set to 300, which represents 
no dye concentration. At 2 seconds it is seen that a little fluid is still being injected to avoid 
the back flow, as described in the previous section. 

The entrainment of surrounding fluid forms the basis why it is possible to visualize the motion 
of a vortex ring by using a dye. Because the injected fluid is dyed and the surrounding fluid 
not , the roll up of the vortex can be seen, and the low diffusive character of the dye also 
provides for very detailed images. Furthermore the dye allows the usage of potential flow 
theory, as proven in section 2.3.2; the combination of dyed and non dyed fluid makes it 
possible to visualize the streamlines of the vortex ring. 

When looking in more detail to the images, there are a few properties which stand out. 
At the top of the vortex in Figure 4.3a, a rather large boundary layer can be seen. T his 
boundary layer is larger than for instance at the right side of t he vortex. Also a area is seen 
where the concentration is higher then 400. This 'overshoot ' is rather strange because the 
maxima! possible concentration is 400 due to the passive nature of the dye and can only 
result from numerical errors. These errors start to appear where there is a steep transition 
between concentrations. Because of the discretization of the problem, the steep transition 
probably cannot be described correctly. It should be mentioned that the tot al diffusion of 
the system is very low because of small grid size combined with a very low physical diffusion 
(D = 3.6 x 10-10m2 / s). In the vicinity of steep transitions, extra (numerical) diffusion 
could smooth out t he errors. The numerical method used is unconditionally stable, therefore 
instability problems cannot be the explanation. Inside the curled up vortex itself, it is seen 
that the entrained fluid has a concentration higher than the expected 300 and this is result 
of numerical diffusion. The entrained fluid is close to steep concentration transitions. T he 
problem when using numerical packages for numerical simulations is that one does not exactly 
know how the numerical methods are implemented. Therefore it is difficult to explain the 
origin of numerical errors, however it is seen that steep transit ion are difficult to calculate 
and that is a problem in genera!. 
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Figure 4.3: The formation of the vortex ring at 0, 5, 1 and 2 seconds. 

After a couple of seconds the vortex ring has developed to its steadily-propagating state and 
the previous works already have shown that the inviscid models describe the motion of a 
vortex inside water well. Figure 4.4 shows such a steady vortex ring. Although the vortex 
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ring propagation is steady, material is still being transported and redistributed and fluid from 
the surroundings is being entrained. It seems that the dyed fluid cannot be pulled into the 
vortex completely and a tail starts to appear. The experiments have to show if this is the case 
or that it only appears in the simulations. It should be mentioned that the inflow velocity 
is 50% higher and thus the mass flow also. Figure 4.5 shows the concentration distribution 
through the center of the vortex ring along radial direction for different times. It is seen that 
the center of the vortex ring lies between 1.9 and 2 cm and agrees well with the simulations 
of Wollfs [WO] and Hua [HY]. It is also seen that the entrained fluid bas a rather high 
concentration, which was already addressed. The experiments have to show if it is a physical, 
or a numerical effect . A physical explanation seems however not plausible because of the 
small diffusive transport of the dye. 
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Figure 4.4 : Nurn erical calC'ulations of a self propelling vortex ring 
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Figure 4.5: The concentration distribution through the center of the vortex along radial direc
tion 

The velocity field of the vortex will not be measured during the experiments, thus verification 
of the motion of the simulated vortex ring is done in a more qualitative manner . However 
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Figure 4.6: Comparison between analytical and numerical stream functions of the vortex ring. 

there are some methods to verify the simulations. First of all the propagating velocity can 
be examined and is simply the distance traveled in time. At 5 seconds, the propagating 
velocity is just below l.lcm/s and at 10 seconds about l.05cm/s. These values agree well 
with the measurements of Wolffs [WO] and Hua [HY]. Helmholtz ' mathematical description 
for the stream function of a steadily propagating vortex ring can also be used to compare the 
simulations as demonstrated in Figure 4.6. Outside the core it is seen that the stream lines 
fairly resemble and the values also. The parameters for Helmholtz' stream function are taken 
from Wolffs [WO]. 
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Chapter 5 

LIF measurements and numerical 
validations 

5.1 Introduction 

In this thesis LIF is being used for measuring concentration fields in a flow. The flow is 
represented by a vortex ring containing a fluorescent dye. The fluorescence intensity is a 
measure for the concentration inside the flow and can a lso be used for qualitative visualizing 
the flow. Wolffs [WO] already visualized vortex rings using a fluorescent dye, and the same 
experiments will be conducted to test LIF visualization in section 5.2.1. The still unsolved 
problem of the difference between real inlet velocity and the numerical inlet velocity, will also 
be addressed. Hua [HY] already mentioned that inlet velocity measurements are needed to 
validate the used inlet velocity profile in the measurements . In Section 5.2.2 these measure
ments were performed and a clever software method is used to obtain the inlet profile . During 
the experiments, technical problems occurred with the step-motor driven traversing system 
and this let to the idea that the <lefined inflow parameters could be wrong. Thcrefore extra 
measurements where conducted to define the inlet flow rate in Section 5.2.3. The results 
from the inflow velocity and flow rate measurements are used to adjust the inflow boundary 
condition from the numerical calculations in Section 5.2.4. 

Section 5.3 describes the measurements and calculations performed to obtain the concen
tration field inside the vortex ring. The choice was to perform measurements with high 
concentration and rather high laser power. A model to find the absorption within the fluid 
was setup and interesting results could be obtained. This model required multiple calibrat ion 
measurements and corrective calculations as described in Section 5.3.1. A corrected calibra
tion image can be used to calculate the concentration fi eld inside the vortex, which is done 
in Section 5.3.2 and can be compared with the simulations. 
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5.2 Flow visualizations using LIF 

5.2.1 Visualization of vortex rings 

The visualization and characterization of a vortex ring is already done by Wolffs [WO], and 
this section mainly shows that LIF is perfectly suited for fluid flow visualizations. As already 
mentioned above, there were technica! problems with the step-motor driven traversing system, 
resulting in asymmetrical vortices. Probably there was something wrong with the power 
supply and could not be solved anymore during the experiments. Also ambient temperature 
changes caused convective flow inside the water tank. In the morning the room was heating up 
and the best measurements were performed in the afternoon. Turning on the air conditioning 
also resulted in temperature gradients inside the room resulting in convective water flow. 
Nevertheless some nice results where obtained, but less symmetrie as the results of Wolffs. 

For spatial calibration a calibration grid was used, special designed for the setup, in combi
nation with Da Vis calibration software to correct for dewarping effects. The calibration grid 
can be seen in Appendix A. The created laser sheet has an average height of around 9 cm, 
which was sufficient to follow the motion of the vortex ring. Unfortunately, the original high 
speed laser broke down, and it was replaced by a 30Hz Nd:Yag laser. The camera could not 
record at that recording rate and was set to 60 Hz, resulting in a maxima! recording time of 
22 seconds, which was sufficiently long to capture the vortex ring traveling along the whole 
laser sheet. Results of the measurements can be seen in figure 5.1. 
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Figure 5.1: Two images of a vortex ring at different times. Panel a shows the cross-section 
of the vortex ring at t=4s. Panel b shows cross-section of the vortex ring at t=7.5s 

The high-powered laser sheet displays the vortex ring beautifully and many details can be 
distinguished from the vortex. The core radius of the vortex can be located visually, and was 
found to be between 1.9 and 1.95 cm for a steady propagating vortex ring and agrees well 
with the findings of Wolffs [WO] and Hua [HY] . The mean propagating velocity of the steady 
vortex ring was found to be 10.5 cm/s and this also agrees well. 

When looking at the numerical calculations, a tail of dye is formed behind the vortex ring 
and a small tail is also seen at 4 seconds, which is pulled inside the vortex during the roll-up. 
However experiments were conducted where a larger tail has formed . Figure 5.2 shows such a 
conducted experiment. An explanation is that due to the technica! problems, one side of the 
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vortex ring got more dyed fluid and as a result apart of the dye could not be pulled inside the 
vortex ring during roll-up , and was left behind . The numerical calculations were performed 
with a flow rate 50% higher as in the experiments , and the tail can be a result of too much 
injected dye. Because of viscous forces a part of the dye is left behind and resulting in this 
tail. Another t hing that can be concluded is that the vortex generator does not generate 
reproducible vortex rings. 

Figure 5.2: A vortex ring with a 'tail ' 

As the vortex propagates steadily, roll-up still occurs and can be detected by the fact that 
more rotations of dyed and non-dyed fluid can be observed within t he vortex ring. This 
also means t hat t he vortex ring still entrains fluid from its surroundings. The total amount 
of fluid inside t he vortex ring is called the 'vortex atmosphere' . The streamlines describing 
the vortex ring enclose the vortex atmosphere. Section 2.3 .2 stated already that it should 
be possible to describe the stream function of a vortex ring by visualizing the flow. Now 
is it fairly difficult to subtract the streamlines directly from the vortex ring visualization , 
because one big blob of fluid is inj ected and redistributed by the flow . However, the non
dyed surroundings can also be an indication of the streamline pattern; the non-dyed ftuid 
contrasts t he dyed fluid very well. Figure 5.3 shows a vortex ring from the experiments with 
its streamline pattern , acquired by using Helmholtz' analyt ica! streamline function. It can 
be seen t hat the dyed and non-dyed fluid visualize the streamline pattern rather well. The 
vortex ring is represented by the closed streamlines inside the streamlines that encloses t he 
vortex ring. The ring radius used for Helmholtz' function is derived from the visualization of 
the vortex ring and the circulation r is taken from Wolffs [HY]. An important thing should 
be kept in mind which is that Helmholtz' stream function is derived for an inviscid flow, 
meaning that the streamlines within the vortex ring doses and this means that no ftuid is 
being entrained , otherwise streamlines would intersect each other , which is impossible. The 
instantaneous streamlines representing the real vortex ring do not close, while ftuid is still 
being entrained into t he vortex ring due to viscous forces. Nevertheless, the Helmholtz' stream 
function for steady inviscid vortices represent t he real vortices well. 

The complete motion of the vortex ring is shown in Appendix B. 
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Figure 5.3: A vortex ring, with visualization of the streamlines 

5.2.2 Vortex ring inflow measurements 

In the experiments, it was noticed that during the fluid injection the inflow profile did not 
behave similar to the numerical calculations. Hua [HY] already mentioned that the current 
inflow profile is probably wrong. This section gives a method to calculate the inlet velocity 
profile from LIF images, with use of image processing. In order to create inflow images, the 
laser sheet was lowered by adjusting the multiple sheet scanner. 

The image-processing algorithm will now be described. First, multiple images of the devel
oping vortex ring were taken. Then half of the orifice diameter was used to examine the flow. 
Secondly the grey-values were discretisized in zeros and ones with use of a threshold value, 
and every value above it became one and the rest zero. Third, the images were subtracted 
from each other to find the vortex displacement in time. Now three values are possible: zero, 
one and minus one. In order to only use the wanted part of the vortex ring, the image was 
masked, assigned with value zero in the fourth step. In the fifth step, everything a value other 
than one, becomes zero. Now the velocity can be calculated by adding the pixels with value 
one in vertical direction, representing the axial vortex movement in time. With use of the 
magnification, the pixel movement can be transformed in the traveled distance by the vortex. 
Finally the axial velocity can be determined by dividing the traveled distance with the time 
between the images. To verify if this algorithm is usable, the algorithm is tested on a steadily 
propagating vortex ring at 4s and 4.1s. Figure 5.4a shows the imaging and discretisation at 
4s. Figure 5.4b shows the substraction of the vortex rings, the masking process, the traveled 
distance and the axial propagating velocity. The mean propagating velocity (red line) is found 
to be l.lcm/ s and this agrees very well with the expected propagating velocity 

The image-processing algorithm works properly and the same process can be repeated for the 
developing vortex. Figure 5.5a shows the developing vortex ring at 0.166s and it is seen that 
the top shape of the vortex ring is different. It seems that the fluid is injected first at the 
orifice edge and travels then inside. The calculated velocity profile, as seen in Figure 5.5b, 
shows the same result. At the center, no fluid is injected yet and the inlet velocity is higher 
than 2.4cm/ s. Where the velocity was being injected, a velocity peak can be detected that is 

37 



200 200 200 

400 400 400 

600 600 600 

BOD 800 800 

1000 
1000 1000 

50 100 150 50 100 150 

200 
13 

200 12 )llJLirr_··· 400 
400 11 

600 L f , L-600 10 
800 

800 9 

1000 1000 B 50 100 150 50 100 150 50 100 150 0 5 10 15 20 

(a) (b) 

Figure 5.4: Propagating velocity calculation of the vortex ring. Panel a shows the imaging and 
discretisat-ion of a steadily propagating vortex ring at 4 seconds. Top view: the vortex ring. 
Bottom left: the area above the left orifice radius. Bottom right: dis cretisation. Panel b shows 
the calculation of the axial propagating velocity of the vortex. Top left : substraction. Top 
right: masking. Bottom left: the traveled distance. Bottom right: velocity profile calculation 
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moving towards the orifice center . After about 0.25s the peak reaches the orifice center. ow 
there are some drawbacks of the used method. First of all , in front of the orifice a small metal 
rod is sticking out , which block the s ight. Furthermore, at the edge of the vortex generator , 
a perspex fl ange is placed in front of the orifice. The vortex ring can clearly be detected , but 
after 0.33s it reaches the edge of the fl ange and due to refraction it is impossible to calculate a 
reliable velocity profile during 0.4s. Also when the orifice is fully covered by inj ected fluid , the 
injection profile directly at the orifice cannot be calculated anymore. lt is now only possible 
to calculate the profile just above the orifice. Nevertheless, for the first 0.3s it is possible 
to derive an inlet velocity profile. In Appendix C , more figures of the inflow calculations at 
different t imes can be seen. 

A new velocity inlet profile can be modeled , and this is done with a Heaviside function based 
on a hyperbolic t angent function. The main function can be described as: 

where: 

Uin (r , t) = J(t)Vz(r)U(r, t) 

f (t ) = 3(30t )2 
- 2(30t)3

, 

f (t ) = 1, 

J(t) = 3[30(1 - t)]2 
- 2[30(1 - t) ]3 , 

Vz (1
· ) _- tanh [(R - r) / <5] 

tanh( R/ ö) ' 
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Figure 5.5: l nfiow velocity profile calculation 
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(5 .5) 

For the complete function, see Appendix C. Uo represents the base inflow velocity, as used in 
Chapter 4 and 8 = R/40 the new inflow boundary layer. The result is a base inflow velocity 
with a traveling wave on it. When the wave reaches the center of the orifice, it continuously 
disappears quickly (between 0.3s and 0.33s) . Figure 5.6a shows t he new velocity inlet profile 
with Uo = 2.4cm/ s and A = l.6cm/ s, and will be used for new numerieal calculations. Figure 
5.6b shows the total average inlet velocity per time unit and the total averaged velocity. 

5.2.3 Vortex-ring flow-rate measurements 

During the experiments the mean inlet velocity should be Üo = 2.4cm/ s as calculated in 
Section 3.7.1, and flow rate measurements were performed to verify if this is really the case. 
The injected fluid was collected into a glass container and weighted to obtain the mass flow 
and recalculated toa volumetrie flow . The mean volumetrie flow rate was found to be 32.9ml 
per injection, resulting in V = 32.9ml/s providing the inflow time is one second. The flow 
rate can be transformed into mean velocity by: 
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Figure 5.6: The new infiow velocity profile. Panel a shows the new inlet velocity profile at a 
certain time. Panel b shows the average axial velocity per time (blue line) and total average 
velocity (red line) 

- 4V 
Uo = 1r D 2 = 2.62cni/ s (5.6) 

where D is the orifice diameter. If Uo = 2.4cm/ s in the model, then the average velocity 
is found to be 2.11 cm/s due to acceleration, deceleration and the boundary layer of J/20. 
It can be seen that the real mean inlet velocity is 24% higher than 2.llcm/ s, resulting in 
Uo = 1.24 x 2.4 = 2.98cm/ s . New numerical calculations will be performed with the real flow 
rate in Section 5.2.4. 

5.2.4 Numerical validations 

The results from the inflow measurements and flow rate measurements were implemented in 
the numerical model. The results are shown in Figure 5.7. The first image at cach time step 
is the experimental vortex ring. The second image at each time step represents the numerical 
data from Chapter 4 with Uo = 3.6crn / s. The third image shows the same data but now with 
the t raveling wave on top with A = l.6cm/ s. The last image at each time step represents 
the real inlet velocity with on top the traveling wave: Uo = 2.98cm/s and A = l.6cm/ s. It 
can be seen that the inlet velocity with traveling wave represents the real situation very well 
at 0.5s and 2s . However , for a steadily-propagating vortex ring, the adjusted inflow velocity 
profile barely seems to have any effect. 

When looking at the vortex ring with the real inflow rate, it can be seen that it propagates 
still too slow and also the 'tail' is present. Thus too much inj ected dye, as mentioned before, 
seems not to be the cause of the tail. N evertheless it can be seen that the numerical vortices 
resemble the real vortices very well ; the roll-up, the fluid entrainment as well the motion of 
the vortex are correctly represented. More inflow measurements are still needed to find the 
discrepancy between the real inlet velocity profile and the numerical one. A further option 
is to model the vortex ring with an inlet velocity of Uo = 3.6cm/s and shorten the injection 
time, as such that the numerical flow rate and the real flow rate matches. 
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Figure 5.7: The experimental and numerical vortex rings 
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5.3 Concentration field measurements 

This part of the report describes the concentrat ion measurements performed, and as already 
mentioned , with a replacement laser. the replacement laser has a very short pulse length, and 
therefore a high intensity. The effects of the high laser intensity will also be investigated. 

5.3.1 Laser absorption correction model 

Many LIF experiments are based on the optically-thin assumption and in a controlled environ
ment this is fairly easy to achieve, but also narrows the range of experiments. The challenge 
is to perform LIF measurements with a concentration that cannot be neglected. Experiments 
with high concentrations were conducted and the question is if the Beer-Lambert law if st ill 
valid. Also the laser intensity plays an important role when performing measurements. The 
linear relat ionship of fluorescence is based on 'weak excitation' and high laser power causes 
non-linear effects. 

The laser absorption correction model as briefly introduced in Section 3.5 states that is 
possible to find t he Beer-Lambert law in a recorded image. To validate the model , a reference 
is needed and is represented by a laser beam traveling through a fluid with a fairly high, 
but constant Rhodamine 6G concentration. The camera aperture is fully closed , to avoid 
optical vignetting. Also a statistica! analysis is performed to verify the reproducibility. The 
laser beam is assumed spatially constant, and therefore constant in laser intensity. Fifty laser 
images were recorded and transformed to one average laser image. For a couple of pixels 
inside the laser it is tested if the grey-value distribution follows a Gaussian profile , and this 
is seen in Figure 5.8a. It seems like this is the case however fifty images are slightly too little 
for a complete profile. A normal distribution is however assumed for this analysis . The mean 
fluorescence intensity along the laser bearn is presented in Figure 5.8b , within plusminus two 
times the standard derivation accounting for a 95% confidence interval. 

The distribution differences look rather severe, and is caused by shot-to-shot laser fluctua
tious, but the focus is the intensity decay along the laser beam. The decay is concentration 
dependent and should be the same for each shot . The decay is a result of energy absorption 
by the dissolved fluorescent dye and the water. The Beer-Lambert law along the laser for a 
uniform concentration becomes: 

G(s) = G(s = so) exp( -s (1:C + 77)) ex I(s) = Io exp( - s(1:C + 77)) = Io exp( - 0:s) (5.7) 

where G is the cornputed grey-value, I[W/m2
] the local laser bearn intensity (where in the 

laser sheet S is used) , s [m] the distance along the laser beam , 77 [1/cm ] the water absorption 
coefficient and a = 1:C + 77, the total absorption coefficient. For convenience the concentration 
is now clefinecl as C [mol / l] and the extinction coefficient as E[l / (molcm)] . The total absorption 
coefficient a can now be found by taking the natura! logarithrn frorn (5.7), and the result can 
be seen in Figure (5.9a) . The absorption coefficient stabilizes after 2cm and is averaged 
and found te be ex = 0.0654cm- 1. The dissolved dye should have a concentration of C = 

189 x 10-6g/l resulting in 77 = 0.0203cm - 1 in case of E = 1.14 x 1051/ (molcm) . This absorption 
coefficient looks rather high for water , and the concentration of Rhodarnine 6G is probably 
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Figure 5.8: Statistical characteristics of the laser beam. Panel a shows the distribution of 
grey-values at one pixel. Panel b shows the fiuorescence intensity profile along the laser 
within plusminus two times the standard distribution 

not correct due to weighing errors. The exact extinction coefficient of Rhodamine 6G in tap 
water should also be examined. However the total absorption coefficient is found accurately 
and the absorption function can be calculated with use of the Beer-Lambert law, as seen in 
Figure 5.9b. The red and green dotted lines represent the normalized decay within plusminus 
two times the standard deviation. The normalized intensity variation within two times the 
standard deviation is found to be 2% and can be attributed to background noise. Thus the 
big shot-to-shot fluctuations do not matter when examining the Beer-Lambert law. 

An absorption correction is applied with use of the found absorption coefficient: 

G(s) 
Gcorr(s) = ( ) exp -as 

(5.8) 

Where Gcorr are the corrected grey-values of the laser. Figure 5.10 shows the intensity distri
bution along the corrected laser for the mean data within two times the standard deviation. 
The intensity distributions are perfectly straight lines and the Beer-Lambert law is proven. 
The mean laser power was measured and found to be 0.025 W. This laser has a very short 
pulse duration of about l0ns and for 30 Hz this results in 83kW per pulse. The laser beam 
has a small diameter resulting in a very high laser intensity. Several tests at higher laser 
powers were conducted and in all cases the absorption did not obey the Beer-Lambert law 
anymore. Caution is therefore advised when using a high powered laser. 

The Beer-Lambert law has been confirmed and the same should account for a laser sheet. 
Some physical effects were implicitly assumed to be true, such as linear camera response and 
no lens effects. For examining the laser sheet, measurements were performed to account for 
these effects. First the optical lens effects, such as optical vignetting, were measured with 
use of a flat-field image. The flat-field image is created with use of milk glass, to diffuse the 
light, in front of a bright lamp. In front of the camera objective a special lens wat fitted 
which also diffuses light. The total light diffusion represented a flat field-image very well, and 
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Figure 5.9: Absorption characteristics within the laser beam. Panel a shows the the total 
absorption coefficient. Panel b shows the resulting calculated logarithmic decay within two 
times the standard deviation. 
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Figure 5.10: The absorption corrected laser within two times the standard deviation. 

for each aperture opening pictures were taken. The images were averaged and the fl at-field 
image for aperture number N = f/d = 2 is shown in Figure 5.lla, where fis the focal length 
and d the lens diameter. Optica,l vignetting is very present at this aperture opening. The 
camera responsiveness was examined at N = 5.6 , N = 8, N = 11 , N = 16 where optical 
effects are negligible. Each consecutive aperture opening should divide the amount of light 
by 2, and the camera responsiveness can be comparecl accorclingly. Figure 5.llb shows the 
camera responsiveness along a line through the center of each image, and it can be concluded 
that a flat field is representecl properly. The camera responsiveness decreases with a factor 
1.9 for each consecutive aperture number at each pixel and is consiclerecl to have a linear 
responsiveness. 

Now that the camera behaves linear and the flat field profile for each aperture is known, the 
laser sheet can be transformed such that the absorption can be found. Figure 5.12 shows the 
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Figure 5.11: Normalized data of fiat field calibration images 

laser sheet as recorded by the camera with N = 4 and the same unform dye concentration as 
with the reference absorption test. The dyed fluid was put in small glass container ant placed 
in the big large test container, filled with water. The laser sheet enters at the right side of 
the image. The order of correction is important and first the background image Ga(Px,Py) 
will be extracted. The following step is to correct for optical effects caused by the camera 
objective. This is done with use of the normalized flat field data at N = 4, such that: 

(5.9) 

where Gopt is the optically corrected image. 

The transition through air, water and glass causes the laser sheet to refract, and this can 
be detected as lines with different intensity. To correct for the refraction, a virtual point 
was numerically calculated, which indicates the origin of the radial laser sheet and where the 
refractive lines start. As the laser is a radial laser and the image itself is in cartesian coor
dinates, the conversion to a cylindrical coordinate system is more convenient. A coordinate 
conversion is applied, where the origin of the laser indicates the system origin: 

0(x,y) = arctan(~), 
X 

(5.10) 

The refractive index is temporarily constant and each line can be corrected with use of a 
reference. The reference is defined as the mean value of the intensity distribution on a radius 
from the origin within the laser sheet. By referring to the mean intensity, the total energy of 
the laser does not change. Each pixel on a refractive line is corrected on the fact that each 
line has the same angle and thus the same correction factor. The refractive index correction 
Gric can be modeled as: 

Gric = Gopt(0)fric(0) (5 .11) 
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Figure 5. 12: The laser sheet as recorded by the camera, before the corrections 

where 01 is the angle representing the top of the laser and 02 t he bottom angle respectively. 
Function fric is the correction factor, defined as: 

~ Ji2 
Gapt(0)d0 

Gapt ( 0) 
on r = rref (5.12) 

where rre f is t he reference radius. The laser image is represented by pixels, which is a discrete 
representation of the real laser , and Eq. (5 .11) and Eq. (5.12) change into: 

(5.13) 

j .. (B( )) _ il I:[:1 Gapt ,i (0(Px,Py)) 
nc Px,Py - G (0( )) opl,i Px, Py 

(5.14) 

where i is a pixel on rref· The refraction correc tion is shown schematically in Figure 5.13, 
where the calculations from the virtual origin are illustrated. 

The last correction results in a uniform laser sheet and the only two remaining factors causing 
a decay in intensity are the divergence of the laser sheet and absorption by the dye and water. 
After correcting for the divergence, the only factor left should be the absorption . The reference 
laser height is the entrance position of the laser sheet, and the divergence is defined as the 
ratio between the laser height at a certain position in x-direction and the entrance laser height . 
The correction is performed by multiplying with the divergence fdiv (Px, Py): 

( 5. 15) 
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Figure 5.13: Refraction correction method 

The corrected laser sheet is shown in Figure 5.14 and a decay from right to left can be detected 
fairly well and is expected to be the absorption, and if so, absorption correction would result 
in a completely uniform laser sheet. This can only be true when the absorption behaves 
accordingly to the Beer-Lambert law. 

Now that the raw laser image is corrected, the same procedure as used for the laser beam 
is applied. The Beer-Lambert law can be verified and with that the absorption coefficient. 
Finally, the raw laser can be corrected for absorption and can be used as reference for the 
concentration field calculations. Figure 5.15a shows the calculated absorption coefficient, and 
as fairly horizontal, hut not as horizontal as with the reference. Figure 5.15b shows the 
logarithmic decay of the corrected laser sheet, compared to Beer-Lambert using an estimated 
absorption coefficient. The estimated absorption coefficient is the mean absorption coefficient 
calculated as 0.0633cm-1 which differs about 3% with the absorption coefficient calculated 
from the laser beam. It is seen that the decay follows the Beer-Lambert law for the first 8cm. 

The final laser sheet can now be corrected for absorption and this is shown in Figure 5.16a. 
The laser sheet is fairly uniform and it can therefore be concluded that the different physical 
factors that change the intensity profile of the laser, are correctly accounted for. The absorp
tion correction can now be applied for the raw laser image and this is seen in Figure 5.16b, 
which serves as reference image for concentration field calculations. 

It is demonstrated that it is possible to convert the raw intensity distribution to an exponen
tial decay following the Beer-Lambert law in a single image after several image processing 
corrections. It also demonstrates that the LIF theory is correct, because the corrections are 
based on the physical factors changing the laser intensity, such as optica! effects and diver
gence of the laser sheet. However, the physical factors , as described in the LIF theory, are 
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Figure 5.14: The laser sheet after the corrections 

all stated as multiplicators, whereas the corrections itself are not simply multiplications. For 
instance the optical effects have to be corrected first. A guideline can be to correct for the 
physical distortions in the opposite order that they occur [FF] 

The laser used for the measurements fl.uctuates greatly and 500 images are averaged to obtain 
a mean laser sheet. Figure 5.17 shows the intensity decay within plusminus two times the 
st andard deviation, and the variations are quite severe. However the absorption can be found 
in a single image because it is defined as A = - ln(I / Io) where A is the absorbance and 
is merely a function of I and Io and both can be found in one image. The ratio should 
always be the same, because the dissolved Rhodamine G concentration is constant during the 
recordings. Figure 5.9b showed already that the mean normalized decay only differs a couple 
of percent within two times the standard deviation. The many images where recorded to 
produce smoother lines, because background noise is always present and reduces by averaging 
many images. The laser fl.uctuatious play a big role when calculating the concentration field 
inside the vortex ring. The concentration field changes spatially as wel temporally due to by 
the motion of the vortex ring and avcraging is therefore not possible. Laser fl.uctuations now 
have a strong effect on the concentration calculations. 

5.3.2 Vortex-ring concentration field and numerical validations 

The concentration calculations were performed using the ratiometric intensi ty using the for 
absorption corrected laser sheet as shown in Figure 5.16b. The reference background con
centration was calculated as Cc = 189 x 10- 6 g/l, which did not seem correct as already 
mentioned. However , The ratiometric intensity is still applicable because it defines the ratio 
between the measured intensity and reference intensity resulting from a certain uniform con
centration Cc. The concentration distribution of the vortex ring at 5s and 7.5s is shown in 
figure 5.18. 

It is seen that the concentration within the vortex is about 0.75Cc and that the surrounding 
water has concentration zero. Variations within the vortex ring can be detected and this is not 
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Figure 5.16: Absorption corrections. Panel a shows the absorption correction for the trans
formed laser sheet. Panel b shows the raw laser sheet after absorption correction 

caused by concentration variations. Rhodamine 6G concentration variations only occur due to 
diffusive transport, which is negligible during the experiments. A uniform dye concentration 
is injected and should remain uniform within the vortex ring. Refractive lines can be detected 
and they should cancel out using the ratiometric intensity. The explanation of this effect is 
rather simple. For the reference image an extra test container placed inside the large water 
container is used . T he extra water-glas-water transitions caused an extra refractive shift of 
the laser during the reference measurements. As such the refractive lines of the laser are 
not at exactly the same position anymore and the ratiometric intensity does not cancel out 
the refractive lines. An extra refractive correction is therefore needed, or another option is 
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Figure 5.18: The concentration distr-ibution within the vortex ring. Panel a shows the vortex 
ring at 5s. Panel b shows the vortex ring at 7.5s 

to fill the complete container with dye. The test container is 60 x 60 x 50cm resulting in a 
volume of about 150l. Another option is shot-to-shot image correction, with use of a small 
background concentration. N ow t he laser sheet is visualized and refractive index correction 
can be performed. Because of the technica! problems and the limited time, these experiments 
could not be executed anymore. 

The measurements can be compared with the simulations. For comparison , t he simulated 
vortex ring with 50% faster inlet velocity is used . From the experiments , the left side of 
the vortex ring is being used , based on the fact that it resembles the simulated vortex ring 
more. Figure 5.19 shows the comparison of the normalized concentration distribution between 
the real vortex ring and numerical calculated vortex ring along the centerline. It is seen 
that the center of the real vortex ring has a lower concentration than the numerical one. 
Furthermore it is seen that the concentration peaks of the real vortex ring decay from left 
to right , caused by absorption. The concentration was rather high during the experiments 
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and about 10% absorption is present. The entrained fluid should have no dye concentration 
and the numerical vortex ring as well the experimental vortex ring show higher values. In 
the numerical calculations this effect is caused by numerical effects. The details inside the 
vortex are very small and sub-pixel details become averaged, causing also a form of diffusion, 
yet now by the finite size of the camera pixels. Nevertheless it is seen that the numerical 
calculations resemble the real vortex very well, in particular for the larger features . 
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Figure 5.19: Normalized concentration distributions along the center of the vortex ring at 5s 
and 7.5s. The top panels show the experimental concentration distribution and the bottom 
panels the simulations 

To finish the 2D measurements a word has to be said about the accuracy of the experiments. 
The replacement laser has big shot-to-shot intensity variations up to 15%, causing the same 
variations in concentration calculations when using the ratiometric intensity. The original 
laser has a shot-to-shot variation of maxima! 1 %. It is proven that the Beer-Lambert law 
is valid and images can be corrected for absorption. It is also shown that within the vortex 
ring absorption is present. Section 3.5 already stated that there are two absorption errors 
present, namely the absorption error in the reference image fc and the absorption error 
in the measurement image fm- For fc is corrected, whereas for fm not, which is still a 
problem. Now if the reference concentration is known precisely and the original laser is used, 
concentration calculations with accompanying errors within the laser intensity variation (1%) 
and the background noise (1-2%) should be possible, provided that refraction and absorption 
during the experiments are corrected for . 
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Chapter 6 

First exploratory 3D LIF 
measurements 

6.1 Introduction 

This section describes the first exploratory 3D LIF measurements. The 3D measurements were 
performed with use of the multiple sheet scanner , which sweeps a laser sheet through the flow. 
All t he cross-sectional 2D concentration fi elds in one cycle form a 3D representation of the 
flow field. To obtain qualitative reliable images, one cycle should be short enough to freeze 
the flow field , otherwise the front of the flow field will shift during one cycle. The original 
setup was designecl for a cycle time of l/30th s, which shoulcl be fast enough to visualize the 
vortex ring. Because of t echnica! problems a slower laser is usecl, which results in a cycle of 
1s. This is far too long, but can still be used to acquire first insights in performing 3D LIF 
experiments. One of the clifficulties is to have a sufficiently large clepth of field and there 
are also some other practical considerations when performing 3D LIF measurements such as 
laser power and dye concentration. These are explained in Section 6.2. Finally, some 3D LIF 
images will be shown in Section 6.3. 

6.2 Practical considerations when using 3D LIF 

In 2D measurements only the intensity within one laser sheet needs to be properly recorcled, 
whereas in 3D measurements, this must be done in a volume. One of the difficulties is that 
the camera then needs to be focussed on the volume of interest to obtain sharp recordings. 
The Depth of Field (DOF) is quant ity which describes the depth in which the camera records 
sharp images and is defined as [BC] : 

2Hz2 

DOF = H2 2' - z 
s < H (6.1) 

where z is the distance from camera objective to the measurement volume and is in this case 
0.9 m . The hyperfocal length H is definecl as: 
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12 
H=

Nc 
(6.2) 

where cis the Circle of Confusion (CoC), defined as an optica! spot caused by a cone of light 
rays from a lens not coming to a perfect focus when imaging a point source. In this case 
the CoC is taken to be the pixel size of the camera ( 17 µm). The axisymmetrical nature of 
the vortex ring allows to focus on its front or back half. With use of N = 11 , CoC=l 7µm, 
f = 0.105m and s = 0.9m, resulting in DOF= 2.75cm, which is barely sufficient. 

The 2D measurements were performed with N = 4 resulting in DOF = 1cm, meaning the 
camera should be focussed almost exactly on the laser sheet. Changing the aperture from 
N = 4 to N = 11 results in eight times less light falling on the CCD-chip and causing 
substantial difficulties . For N = 4 the measurements have an intensity of 2000 counts; for 
N = ll this results in about 250 counts and this is in the bottom range of a 12-bit camera. 
To obtain a higher resolution and to avoid background noise effects, higher intensities are 
required. 

In order to achieve high LIF intensity, higher dye concentration or higher laser powers can 
be used. A higher concentration results in higher LIF intensities but also more absorption 
within an image. The high dye concentrations during the 2D measurements were deliberately 
chosen with an eye to the 3D measurements. Higher laser powers also contribute to higher 
LIF intensities, however one should be careful to stay in the weak excitation of the laser. A 
compromise between lens aperture, laser power and dye concentration is unavoidable. 

In the ideal case, the laser intensity distribution should be the same for each depth within one 
sweep. This is however not the case. The laser sheet varies in thickness and is seen in Figure 
6. la. If the concentration field is uniform, this should not result in problems because the 
theory stated that the laser volume, accounting for the whole laser thickness, is projected onto 
a surface which the camera records. If the laser sheet is thicker , more volume is illuminated 
but the laser intensity is lower and for the thinner parts vice versa. Conservation of energy 
states that the total recorded LIF signal should be the same. During the 2D measurements 
the laser thickness changed across the test section (see Figure 6.lb and this would change 
the LIF signal if it was thickness dependent. However, when the concentration is changing 
within volume ~V (the same volume as used in Chapter 3) , this will have an effect on the 
fluorescence signa!. Also the details within ~ V cannot be seen, because the camera only 
records the projected surface ~A. The last two effects are also present in the standard 2D 
LIF measurements. 

Figure 6.2 shows the laser profiles at three depths within a uniform dye concentration, and 
with a coplanar spacing of 1cm in between. The intensities are almost equal, meaning that 
varying laser thickness does not change the recorded intensity. The images were recorded 
with the original laser therefore laser fluctuations are small. 

6.3 3D vortex 

This section shows some results of 3D images reconstructed together from 2D cross-sections 
of the vortex ring. The reconstruction is done with use of a Matlab algorithm which connects 
the same intensities together, resulting in iso-surfaces. The laser-sheet scanner covers a depth 
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(a) The middle laser sheet is thicker than al the left and right 
side 

(b) T hickness variat ions 
along t he laser sheets 

Figure 6.1: laser sheet thickness variations. 

p, , e l 

(a) (b) (c) 

Figure 6.2: Laser profiles at different depths 

of z = 66mm and with 30 slices t his results in a spacing of 2.2mm per image. Figure 6.3 
shows 3D iso-surfaces created with use of the original laser , t hus with the lkHz laser and 
resulting in an instantaneous representation of t he vortex ring. However , the aperture was 
set to N = 2 with a very small DOF, resulting in blurry images when the laser sheet is not 
in the camera focal plane. Nevertheless Matlab was able to create a 3D image, but details 
inside the vortex ring were lost due to the blurry 2D images. 

The 3D measurements were executed again but now with aperture number N = 11 and with 
the replacement laser of 30 Hz . The vortex ring was now almost perfectly symmetrical , for 
t he first time. The laser power was increased to obtain high resolution images . Concentration 
fields could not be obtained because the laser intensity was not in the weak excitation regime 
of the dye anymore and the ratiometric intensity could t herefore not be used . The ratiometric 
intensity is based on t he linear character of ftuoresce within the weak excitation regime. Figure 
6.4 shows some cross-sections of the vortex ring and more images can be seen in Appendix D. 
Details are shown really well and Figure 6.4 shows t hat the vortex cores have a higher intensity 
as shown in the previous 2D measurements. This again demonstrates that the vortex-ring 
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Figure 6.3: Intensity iso surfaces of the vortex ring. Panel a shows a quarter of the vortex 
ring. Panel b shows half of the vortex ring 

generator does not generate reproducible vortex rings. 

The resulting 3D iso-images are shown in Figure 6.5. The 30Hz replacement laser is too slow 
to freeze the flow and during the recordings the vortex ring therefore shifted. Panel a shows 
the whole 3D vortex ring and the axisymmetrical nature can be detected very well. Panel b 
shows again a quarter of the vortex ring to compare the details between the x-y-plane and 
the interpolated y-z-plane. 

Objects further away from the camera appear smaller, therefore a calibration image at each 
laser-sheet position is needed if one wants to use the ratiometric intensity to obtain the 2D 
cross-sectional concentration field at different depths. For 3D images, one coordinate system 
obtained from one magnification is needed. lt is also possible to use a known background 
concentration and then shot-to-shot concentration calculations can be applied, yet still re
fraction of the laser is present; each laser sheet travels through air, glass and water. To avoid 
refraction one can apply refractive index matching. This method uses a fluid with (in the 
ideal case) an identical refractive index as the glass of the test container. 

This exploratory study thus demonstrates that 3D concentration LIF measurements can be 
performed by extending the 2D techniques. 
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Figure 6.5: The new 3D vortex ring acquired with the 30Hz laser. Panel a shows an outside 
iso surface of the vortex ring. Some of the interior of the vortex ring can also be seen. The 
laser could not freeze the flow. Panel b shows a quarter of the vortex ring to demonstrate the 
diff erence in detail. 
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Chapter 7 

Conclusions and recommendations 

7.1 Conclusions 

In this thesis the measurement technique Laser lnduced Fluorescence (LIF) was used for 
measuring concentrat ion fields within a 3D vortex ring. A fluorescent dye served as a passive 
tracer and the recorded LIF intensity is a measure for the dye concentration. The first 
objective was to test and specify the possibilities of LIF . The second objective was measuring 
concentration fields within the vortex ring and the t hird objective was to perform a comparison 
with numerical calcula tions. The summary of the findings will be presented here. 

In the TFE laboratory a new LIF setup was installed and was used for the first time during 
this thesis. A detailed description of LIF was needed and delivered in Chapter 3. A descrip
tion of general fluorescence is given and is then specified for measuring planar concentration 
fields. Also an introduction for measuring temperature fields , the long-term objective, is de
scribed for complet eness . LIF is a complex measurement technique and many physical factors 
change the fluorescent signal before it is recorded and conversed into a digital signa!. Direct 
concentration calculation from a recorded intensity is t herefore rather difficult. To overcome 
this issue, a reference image with known concentration can be used and the concentration in 
a measurement can be found by applying the ratiometric intensity. Absorption of laser light 
is a centra! physical effect and in many experiments, absorption is neglected by choosing low 
dye concentrations. The absorption is investigated in Chapter 5 and it was found that the ab
sorption obeys the Beer-Lambert law. A model was introduced to find the absorption within 
a radial laser sheet , and after several corrections the Beer-Lambert law could be detected. For 
higher laser powers this was not the case anymore. Chapter 6 described the first exploratory 
3D measurements. Here the fluorescence signa! should be stronger because the aperture of 
the camera is closed to have a larger Depth of Field . To obtain a stronger fluorescence signa! 
one can increase the laser power and/ or increase the dye concentration. It can be concluded 
that LIF is understood well in which physical factors changing the signal can be recognized. 

The second objective was measuring concentration fields within vortex rings. First the theory 
describing the motion of a vortex ring was given in Chapter 2. The theory is extended by 
proving t hat the diffusion can be neglected compared to advection when using a fluorescent 
dye, called a passive tracer, which allowed to perfectly visualize flows and in this thesis a 
vortex ring. Potential theory was applied to demonstrate that the fluorescent dye can be 
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used for stream line visualizations. The vortex-ring visualizations using LIF are described in 
Chapter 5 and showed detailed images. The visualization is based on the contrast difference 
between injected dye and entertainment of the non-dyed surrounding. Velocity profile and 
flow-rate measurements were performed to find the discrepancy between the propagating 
velocity of the numerical and real vortex ring. The new inflow profile was calculated by using 
image-processing techniques and showed some promising results. However after numerical 
implementation, no real improvements could be detected. What causes this discrepancy is 
still unknown. For measuring the concentration field within the vortex ring, the ratiometric 
intensity is used with the for absorption corrected laser sheet as reference image. The results 
showed refractive lines which should cancel out when using the ratiometric intensity. For 
the reference image, an extra test container was used to avoid filling the whole original test 
section with water and dye, and this caused additional refraction. The 3DLIF experiments 
were restricted to vortex ring visualization only. The original laser broke down during this 
thesis and a replacement laser was used and was a 30Hz laser instead of the original lKHz 
laser, which was too slow to freeze the flow. Nevertheless nice 3D visualizations were acquired. 
It should be mentioned that the vortex ring generator was not operating correctly anymore 
as well. 

For the numerical calculations a high resolution numerical grid was used which allowed de
tailed calculations of the vortex ring. This was however very demanding and the calculations 
were performed on a special cluster with parallel calculation capabilities. Aside from some 
numerical effects, the motion of the vortex ring and the concentration distribution were cal
culated well. But still the difference between real propagating velocity and numerical velocity 
are not known. To match the propagating velocity, the inflow velocity was increased by 50% 

7.2 Recommendations 

The first and most important recommendation is to find the source of the inconsistent vortex 
rings. Probably something is wrong with the power supply of the step-motor-driven traversing 
system. During the writing of the recommendations the original laser was returned from 
repair. The original laser has less shot-to-shot intensity variations and with a pulsating rate 
of lKHz it is perfectly suited for 3D measurements. 

For new LIF measurements, the reference image should be created by filling the complete test 
container with dye, instead of a small extra test container placed in the large one, to avoid 
additional refraction. For the flowing liquid instead of regular tap water, demineralized water 
can be used. Absorption measurements for both types of water are required nevertheless 
for calculating the contribution to the total absorption. Because of the spatially dependent 
concentration fields, absorption corrections during the experiments are difficult. A new cor
rection method can be used, or one can start by doing experiments under the optically-thin 
assumption. 

The numerical calculations showed good results, however the explained velocity difference is 
still present and maybe PTV inflow measurements can give more insight of the inflow velocity 
profile. 

With a proper working vortex generator and the repaired laser, various flows could be exam
ined, thinking of jets and turbulent vortex rings. Also non-isothermal flows can be used, to 
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investigate temperature fields. 
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Appendix A 

The experimental setup 

(a) Total setup (b) Total setup, top view 

(c) Vortex generotor (d) High-speed camero 

Figure A. 1 
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(a) Multiple sheet scanner (b) Laser sheets top view 

( c) Calibration _grid with fram e 

Figure A.2 
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Appendix B 

The complete motion of a vortex 
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Appendix C 

The measured inflow profile 

The complete new velocity inlet profile 

where: 

with: 

using: 

Uin(r, t) = f(t)Vz(r)U(r, t) 

f (t) = 3(30t)2 
- 2(30t)3

, 

f (t) = 1, 

f(t) = 3[30(1 - t)] 2 
- 2[30(1 - t)] 3

, 

0 :S t :S 1/30 

1/30 < t :S 29/30 

29/12 < t :S 1 

V: ( ) 
tanh[(R - r)/6] 

0 
R r =----- <r< 

z tanh(R/8) ' - -

21r{r - ro(t)} 
H1(r, t) = 0.5[tanh( 0.00l ) + l] 

H2(r, t) = 0.5[tanh( 21r{r -
0
ri(t)}) + l] 

0.0 1 

U ( ) A()
. (21r(r-ro(t))) 

1 r, t = t sm ----
0.01 

r1 (t) = -0.067t + 0.01725 

ro(t) = r1(t) + 0.005 t < 0.3 

A = 0.016 
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Appendix D 

• 3D LIF images 
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Figure D.l: 3D Vortex cross-sections 
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