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Summary 

Boiling is a well known phenomenon that is defined as the formation of vapor in a liquid by 
heat. Boiling heat transfer can be utilized when high heat fluxes need to be achieved. This is 
why its applications are widespread. 
One of the power plant applications is the so-called rifled tube evaporator. The heated wall 
causes the fluid, which flows through the tube, to start boiling. Boiling bubbles are formed on 
the wall. The special geometry of the ribbed tube generates a strong swirl. This swirl makes 
fluid with a high density to be flung to the wall and vapor with a low density to go to the 
center of the tube. The temperature in the middle of the channel will rise due to the conden
sation of the bubbles. When the temperature is above saturation temperature the bubbles 
start to coalescence and a slug flow is formed. The slug flow will give way to farm an annular 
flow further along the channel. To warrant safe operation, under sub-critical conditions, the 
physical phenomena affecting bubble detachment have to be clearly understood. 

The main objective of this Master Thesis is to study the infiuence of flow on the growth 
and detachment of boiling bubbles. This is done by validating a fully closed analytical model 
derived by Van der Geld in [10] and [11] which represents the hydrodynamic lift force on a 
single bubble during its growth and detachment period. The model holds for bubbles with 
the shape of a truncated sphere growing in an uniform approaching flow. This model is val
idated with the aid of a force balance where the hydrodynamic lift force should balance the 
surface tension force, pressure correction force and drag force. With an experimental set-up 
the changing geometry of the appearing, growing and detaching bubbles can be followed. In 
a closed loop set-up demineralized water is pumped around. The fluid is heated electrically 
close to saturation temperature. The bubbles are generated in the center of the channel with 
a vertically positioned specially designed bubble generator. Images of the bubbels are cap
tured with a high speed camera. The results of the analyzed images show that bubbles are 
deformed by the approaching flow. The higher the flow, the higher the deformation of the 
bubble. Especially at the beginning and at the end of bubble growth the shape of the bubble 
can not be approximated with the shape of a truncated sphere anymore. This makes that the 
force balance is not predicted very well anymore. 

Parallel to the study described above measurements are performed on bubbles in stagna
tion flow, a situation that can also be simulated with the methad applied for the model 
mentioned in [10] and [11]. A second series of experimentsis performed with bubbles growing 
on a horizontaliy positioned bubble generator in a downward stagnation flow. Use is made of 
the same set-up as for the uniform approaching flow measurements. Software is rewritten to 
quickly analyse the captured images. The analyzed data of the shape oscillations has yet to 
be compared with the model predictions. 



Samenvatting 

Koken is een algemeen bekend verschijnsel dat gedefinieerd wordt als het vormen van damp 
in een vloeistof door warmte. Warmteoverdracht door koken kan toegepast worden als er hoge 
warmte fluxen bereikt moeten worden. Dit maakt dat de toepassingen wijdverspreid zijn. 
Een van de toepassingen in energie centrales is de zogeheten rifled tube verdamper. De verwar
mde wand zorgt ervoor dat de vloeistof, die door de buis stroomt, begint te koken. Kookbellen 
worden op de wand gevormd. De speciale ribben op de wand van de buis genereren een sterke 
werveling. Deze werveling zorgt ervoor dat de vloeistof met een hoge dichtheid naar de wand 
beweegt en de damp met een lage dichtheid naar het centrum van de buis gaat. De temper
atuur in het midden van het kanaal zal gaan stijgen als gevolg van het condenseren van de 
gevormde bellen. Als de temperatuur boven de verzadigingstemperatuur komt coalesceren de 
bellen en zal een slug flow worden gevormd. Deze zal op zijn beurt weer een annular flow 
genereren verderop in het kanaal. Om een veilige werking te garanderen, onder sub-kritische 
condities, moeten de mechanismen die bel loslating beïnvloeden volledig begrepen worden. 

Het hoofddoel van dit onderzoek is een studie naar de invloed van stroming op het loslaat 
gedrag van kookbellen. Dit wordt gedaan door het valideren van een volledig gesloten ana
lytisch model, afgeleid door Van der Geld in [10] en [11], dat de hydrodynamische liftkracht 
uitdrukt die werkt op een enkele bel tijdens het groeien en loslaten. Het model geldt voor 
bellen met de vorm van een afgeknotte bol die groeien in een uniform naderende stroming. 
Het model is gevalideerd met behulp van een krachten balans waar de hydrodynamische lift 
kracht de oppervlaktespanning kracht, de druk correctie kracht en de weerstandskracht moet 
compenseren. Met een experimentele opstelling kan de veranderende geometrie tijdens het 
vormen, groeien en loslaten van bellen gevolgd worden. De opstelling is een gesloten· sys
teem waarin gedemineraliseerd water rond gepompt wordt. De vloeistof wordt elektronisch 
verwarmd tegen verzadigingstemperatuur. De bellen worden gegenereerd in het midden van 
de pijp met een verticaal gepositioneerde belgenerator. Afbeeldingen van de bellen worden 
gemaakt met een high speed camera. De resultaten van de geanalyseerde afbeeldingen laten 
zien dat de bellen vervormd worden door de naderende stroming. Hoe hoger de stroming hoe 
meer de bel vervormd wordt door de stroming. Met name aan het begin en aan het einde van 
belgroei kan de vorm niet meer benaderd wordend door die van een afgeknotte bol. Dit zorgt 
ervoor dat de krachten balans niet meer goed voorspeld wordt. 

Parallel aan bovenstaande studie zijn metingen uitgevoerd met bellen in een stagnatie stro
ming. Deze situatie kan ook gesimuleerd worden met de toegepaste methode voor het model 
beschreven in [10] en [11 ]. Een tweede serie experimenten is uitgevoerd voor bellen die groeien 
op een horizontaal gepositioneerde belgenerator in een neerwaartse stagnatie stroming. Er is 
gebruik gemaakt van dezelfde opstelling als voor de uniform naderende stroming metingen. 
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Software is herschreven voor een snelle analyse van de genomen afbeeldingen. De geanaly
seerde vorm oscillaties moet nu nog vergeleken worden met de model voorspellingen. 
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N omenclature 

Symbols 

A area of the bubble [m2] 
a half of minor axis from the fitted ellipsoid on cap-view [m] 
b half of major axis from the fitted ellipsoid on cap-view [m] 
G coefficient [-] 
c height of bubble [m] 
Cp specific heat [Jkg-1K-1] 
D diameter of the pipe [m] 
F force [N] 
f friction factor [-] 
g gravity [ms-2] 
h distance between center of fitted ellipsoid and wall on side-view [m] 
I electrical current [A] 
k thermal conductivity [wm-1K-1] 
m coefficient [-] 
m mass flow [kg/s] 
N number of samples [-] 
p pressure [Pa] 
q heat flux [wm-2] 
R radius [m] 
Re Reynolds number [-] 
t time [s] 
t' dimensionless time [-] 
T temperature [KJ 
u velocity in x direction [m/s] 
V velocity in y direction [m/s] 
V volume [m3] 
x coordinate perpendicular to the wall [m] 
y coordinate in streamwise direction [m] 

Greek symbols 

vi 



CONTENTS vii 

a contact angle [0] 
1122 added mass coefficient [-] 
1133 added mass coefficient [-] 
(3 contact angle [-] 
trace(f3) added mass coefficient [-] 
ó boundary layer thickness [-] 
À geometrical parameter [-] 
f-L dynamic viscosity [Nsm-2] 
1/ kinematic viscosity [m2s-1] 

p mass density [kgm-3] 
(T surface tension [Nm-1] 

CTQ standard deviation [-] 
'I/Jx,3 added mass coefficient [-] 
w vorticity [s-1] 

Subscripts 

b bubble 
buo buoyancy 
c curvature 
c center 
cap cap 
d detachment 
eq equivalent 
f foot 
g gas 
hydro hydro 
L lift 
1 liquid 
le leading 
m mean 
max maximum 
pc pressure correction 
rel relative 
s surface 
tr trailing 
w wall 
0 reference situation 
(T surface tension 
T friction 
00 free stream 



Chapter 1 

Introduetion 

1.1 Scope 

Boiling is a well known phenomenon that is defined as the formation of vapor in a liquid by 
heat. Boiling heat transfer can be utilized when high heat fluxes need to be achieved. It is one 
of the most effective heat transfer mechanisms provided by nature. This is why its applications 
are widespread. Examples are water-tube boilers, evaporators, water-caoled nuclear reactors 
and many other chemical and power plant applications. 
One of the power plant applications is the so-called rifled tube heat evaporator. The heated 
wall causes the fluid, which flows through the tube, to start boiling. Boiling bubbles are 
formed on the wall. The special geometry of the ribbed tube generates a strong swirl. This 
swirl makes fiuid with a high density to be flung to the wall and vapor with a low density 
to go to the center of the tube. The temperature in the middle of the channel will rise due 
to the condensation of the bubbles. When the temperature is above saturation temperature 
the bubbles start to coalescence and farm a slug flow. The slug flow will give way to from 
an annular flow further along the channel. To warrant safe operation, under sub-critical con
ditions, the physical phenomena affecting bubble detachment have to be clearly understood. 
To much heat or to little flow will farm a vapor film on the wall. This vapor film makes 
it impossible for the wall to release all its energy to the fluid. This excess of energy has a 
negative influence on the efficiency and can damage the surface of the wall. Too little heat or 
a too high flow willlead to too little vapor formation. Too little vapor formation will unneces
sarily decrease the efficiency. How to find an optimum will be explained in the next paragraph. 

Boiling occurs either as pool boiling or as flow boiling depending on the condition of the 
liquid. Pool boiling is defined as boiling from a heated surface in a stagnant liquid. In the 
case of an evaparator flow boiling occurs which is defined as adding heat to flowing liquid so 
that vapor is formed. Boiling can also be divided into four regimes depending on the wall 
superheat. Wall superheat is the temperature difference between the wall temperature and 
the saturation temperature of the liquid. The four regimes will be shown with the aid of figure 
1.1, the so called pool boiling curve of water. Despite the fact that its the pool boiling curve 
the theory remains the same for flow boiling. 
From A to B is the natural convection regime, here no boiling occurs, heat from the wall is 
removed by conveetien to the liquid. The onset of nucleate boiling is from B to C: the wall 
superheat is sufficient to cause vapor nucleation at the wall. C to D is the nucleate boiling 
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GRAPTER 1. INTRODUCTION 

regime. In this regime first some bubbles occur which at higher superheat coalescence and 
close to point D form vapor patches and columns. The higher the wall superheat the higher 
the heat fluxes. When the heat flux is still rising after D the formation of vapor is larger than 
the removal of vapor. The formed film of vapor on the wall will block the heat transfer. The 
wall can damage in the way of buro-out or melting of the pipe material when this heat transfer 
is blocked. From D to E a transition boiling regime exists where an unstable vapor film covers 
partly the heated surface. This regime only occurs at a constant surface temperature. The 
film boiling regime is from E to G where a stable vapor film covers the entire heated surface. 
It can be concluded that for an efficient as possible heat transfer the process should be at point 
D. Here is a maximum in the heat flux to wall superheat ratio without a vapor film blocking 
the heat transfer. In the case of flow boiling this optimum depends on many variables like 
the temperature of the fluid, the temperature of the wall, the pressure in the installation, the 
shape of the wall, the surface of the wall and the approaching flow. This last variable, the 
approaching flow, is of main interest in this research work. 

Heat flux density qw [Mwm-2) 

Convection Nuc!eate Transition Film G 

1.0 

0.75 

0.50 

0.25 

A 

10 JO' 10' 
Wall superh•.at e \KJ 

Figure 1.1: Boiling curve of water at atmospheric pressure 

The main goal of this Master Thesis is to study the infiuence of flow on the growth and 
detachment of boiling bubbles in the nucleate regime. This is done by validating a fully closed 
analytica! model derived by Van der Geld in [10] and [11] which represents the hydrodynamic 
lift force on a single bubble during its growth and detachment period. The model holds for 
bubbles with the shape of a truncated sphere growing in an uniform approaching flow. This 
model is validated with the aid of a force balance where the hydrodynamic lift force should 
balance the surface tension force, pressure correction force and drag force. With an experi
mentalset-up the changing geometry of the appearing, growing and detaching bubbles could 
be followed. In a closed loop set-up demineralized water is pumped around. The fluid is 
heated electrically close to saturation temperature. The bubbles are generated in the center 
of the channel with a vertically positioned special designed bubble generator. Careful analyses 
is carried out for force calculation. Former experimental research in this area is carried out by 
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CHAPTER 1. INTRODUCTION 

Van Helden [15] and more recently by Kovaeevié [22]. Van Helden [15] created the bubbles in 
a rectangular channel on the wall. In this research bubbles are generated with a constant heat 
flux in contrast with Kovacevié [22] whom generated the bubbles with a constant temperature 
on the bubble generator. 

Parallel to the study described above measurements are performed on bubbles in stagnation 
flow, a situation that can also be simulated with the method applied for the model mentioned 
in [10] and [11]. A second series of experimentsis performed with bubbles growing on a hori
zontally positioned bubble generator in a downward stagnation flow. U se is made of the same 
set-up as for the uniform approaching flow measurements. The measured shape oscillations 
can be compared with model predictions. 

1.2 Thesis overview 

This report continues in chapter 2 with a nomendature of the different dimensions descrihing 
the geometry of a bubble. Description of the forces werking on a single bubble growing on 
a vertical wall are also treated in this chapter. Chapter 3 gives a description of the set-up. 
Special attention is given to the werking principle and shape of the used bubble generators. 
Chapter 4 explains how the bubbles are analyzed with home-made software and how the 
data is processed. Laser Doppier Velocimetry experiments are carried out to determine the 
approaching velocity profile. The LDV experiments showed the presence of a boundary layer on 
the bubble generator. The experiments are also used to estimate and validate the thickness 
of this boundary layer at the position where the bubbles are created. This is described in 
chapter 5. After the representation and discussion of the results in chapter 6 conclusions are 
drawn and recommendations are given for future work. 

3 



Chapter 2 

Theory 

2.1 Introduetion 

When a fiuid is above saturation temperature a cluster of vapor molecules can be formed. 
These molecules have a higher kinetic energy than the average of the molecules within the 
fiuid. This cluster can collect other molecules with a higher kinetic energy and can become 
large enough to form a nuclei and grow into a vapor bubble. This initial stage in bubble 
formation is called nucleation. 
Dissolved gas in the fiuid and entrapped gas on the wall can act as bubble initiators. When 
the bubble appears on a boundary or wall instead of totally surrounded by liquid the process 
is called heterogeneaus nucleation. On a wall are several surface imperfections which can 
entrap gas in it. In the case of a surface imperfection or cavity, bubbles form more easy and 
less energy is needed to form an active cluster. In general such a cavity will emit bubbles 
till it is totally filled with vapor or liquid [27). Most cavities in engineering applications will 
emit bubbles for a finite period of time, typically several minutes to hours. A special type 
of cavity is the reservoir type. Beneath the mouth of the cavity is a reservoir which will he 
filled with entrapped gas when it is placed into a liquid. Here vapor formation can occur for 
a substantially longer period of time in contrast with a normal scratch or cavity. A cavity 
of the reservoir type has been applied in the bubble generators which are used during the 
experiments. 

Different forces caused by physical phenomena are working on a bubble when it is formed 
on a wall. The physical phenomena are interacting with each other during bubble growth, 
this makes the problem of formulating a force balance quite difficult. In this chapter the 
different forces will be stated and explained. Also it will be shown which forces dominate the 
examined situation and which are negligible. In order to compare bubbles with a different 
shape and actual time of growth, some parameters are defined or made dimensionless. The 
time in which a bubble appears, grows and detaches is defined as the bubble grow time. The 
bubble grow time needs to be made dimensionless. This is done by taking the time corre
sponding to the image before the first image on which the bubble is recorded to its begin time 
to. The image before the bubble is detached from the wall is defined as its end time td. These 
definitions can be used to make the time dimensionless and make the time vary between 0 
and 1 (see also appendix A). 

t- to t'=-
td- to 
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CHAPTER 2. THEORY 

Because the shape of the bubble differs from time to time and from bubble to bubble a length 
scale needs to be defined to compare the different bubbles. This is done by introducing an 
equivalent radius. The equivalent radius is the radius of a truncated sphere which has the 
same volume of the examined bubble. The volume of the examined bubble Vb can be converled 
to an equivalent radius with the following procedure [22]: 

(2.2) 

À is a geometrical parameter defined as À = ~, it describes the shape of the truncated sphere. 
If the bubble shape is a truncated sphere, then R = Req as in figure 2.1. In the model of [10] 
and [11] À is therefore defined as Rj2h. 

c 

Fbuo 

V vbulk 

Figure 2.1: Geometry definitions of the bubble 

2.2 Forces 

2.2.1 Pressure correction force 

Throughout this thesis a coordinate system and nomendature as stated in figure 2.1 will be 
used for the upward uniform approaching flow experiments. The bubble is attached to a 
vertical wall. The bottorn and top of the bubble are defined in vertical direction. The cap 
of the bubble is the side which grows horizontally into the liquid. Later on the cap-view of 
the bubble will be fitted to an ellipsoid. The half of the minor axis from the ellipsoid will be 
named a., the half of the major axis from the ellipsoid will be named b. The bubble foot is the 
part of the bubble which is attached to the wall. 
The Archimedes force works in upward direction. It is caused by the difference in mass density 
of the bubble and the mass density of the liquid. The present flow over the bubble creates an 
inhomogeneous pressure distribution over the bubble. This is accounted for in the corrected 
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CHAPTER 2. THEORY 

buoyancy force which is evaluated by two radii of curvature Rc1 and Rc2. The corrected 
buoyancy force is also called the pressure correction force. The total buoyancy force consist 
out of the Archimedes part and the pressure correction part. 

Fbuo,total = (Pl- Pg)l/bgë'y + Ajoot(j (R~l + ~2 ) ë'x (2.3) 

In the case when a bubble grows on a vertical wall the Archimedes force works in the vertical 
direction and is not responsible for detachment from the wall in x direction. When research is 
done on detachment then only the pressure correction force, should be taken in account. The 
pressure upstream from the bubble is expected to be almost equal to the pressure downstream 
of the bubble. This is because bubble growth time and detachment is so fast that it is not 
possible to form a wake downstream of the bubble [15] and the difference in hydrastatic 
pressure is relatively small between the bottorn and the top. The bubble expands into the 
liquid affecting the pressure in the liquid. The two radii of curvature from the bubble cap are 
taken to calculate the pressure correction force [21]. 

Fpc = Ajoot(j (Re 1 
+ R 

1 
) ë'x 

!,cap C2,cap 
(2.4) 

2.2.2 Surface tension force 

The surface tension force works in the direction of the contact angles D!leading and f3trailing· 
The leading angle ale is on the upstream side of the bubble and the trailing angle f3tr is on 
the downstream side. This makes that the surface tension force is dependant on the contact 
angle and has a component in x and y direction. Because the bubble grows in a convective 
flow the bubble experiences a force which changes the shape of the truncated sphere and so 
the contact angle differs on each position. Assumed is a smooth variation between the contact 
angles ale on the upstream side and f3tr on the downstream side. According to Al-Hayes [1] 
and Van Helden [16] this results in the following equation: 

F. _ R ( ( cosf3tr - cosale) _ _ ( ( D!le - f3tr) ( sinf3tr + sinale) ) _ ) 
u - -27r foota ex ey 

f3tr- D!le (ale- f3tr- 7r)(ate- f3tr + 1r) 
(2.5) 

The part working in x direction is normal to the wall and should be overcome at detachment 
of the bubble from the wall. 

2.2.3 Drag force 

The flow present over the bubble causes a drag force. The direction of the drag force is in the 
flow direction. Also a second drag force is present caused by the bubble itself by growing into 
the liquid. The direction is opposite to the bubble growth. This results in the following well 
known equation: 

(2.6) 

The normally used drag force equation will be modified to the case of a rapid growing bubble. 
Cn is the drag coefficient which is dependant on the shape of the object and the Reynolds 
number. This value is overestimated with Cn = j!. A is the biggest cross section of the 
bubble in x direction and Urel is the relative velocity between bubble and flow in x direction. 

6 



CHAPTER 2. THEORY 

The cross section of the bubble A is calculated with the equivalent radius Req· Because the 
bubble grows rapidly the boundary layer may not be well developed, it is even better to assume 
a potential flow [14]. Inserting this into equation 2.6 results in the following equation 

(2.7) 

2.2.4 Hydrodynamic lift force 

The virtual hydrodynamic force is derived by Van der Geld in [10] in [11]. It counts for 
a bubble growing in an uniform approaching velocity with the shape of a truncated sphere 
between >. = 0.5 and >. = l.O. The hydrodynamic lift force depends on the added mass 
coeffi.cients a22, ass, trace(/3), 'l/Jx,3 the geometrical parameter >., the equivalent radius Req 
and h the difference between the wall and the center of the fitted ellipsoid on bubble side
view. The derivatives of Req and h describe the bubble grow velocity Req and h The second 
derivatives describe the acceleration R~q and h. The total can hydrodynamic lift force can be 
written in a form where it depends on six accelerations: 

(2.8) 

The accelerations Li,j are due to virtual inertial farces and are defined as follows: 

Req h · 8ass [m] L11 = ->.(-- -) · h ·- = 2 
Req 2h 8>. S 

(2.9) 

L = ->.Ii (~ 8trace(f3) _1_8'l/Jx,3) = [m] 
12 eq z 8>. + 2Req 8>. s2 (2.10) 

(2.11) 

(2.12) 

L-· = -assh = -.. [m] 
h5 82 (2.13) 

(2.14) 

LJ4 is the only acceleration which directly depends on the velocity of the fluid. Lh5 and LR~q6 
are the only accelerations which directly depends on the acceleration of the bubble growth 
itself. 

2.2.5 Lift force due to simple shear flow 

A bubble experiences a lift force when it is in a flow which is non-uniform. A general expression 
used for this force is derived by Auton et al. [2]. The next equation describes the lift force: 

(2.15) 

The lift coeffi.cient for a perfect sphere CL is also derived by Auton et al. [2] to be 0.50. The 
vorticity can be calculated with w = "\? x i1 = g~ - g~. In the case of a boundary layer with 
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CHAPTER 2. THEORY 

the assumption that the vorticity is equally divided over the boundary layer the following 
equation holds: w = ;: . In chapter 5 the thickness of this boundary layer will be derived. 
It will be shown that the thickness of this boundary layer is relatively small compared to 
the bubble dimensions. This results in a negligible smalllift force. Despite the fact that the 
contribution of the boundary layer to the force balance is negligible, it may have an effect on 
the heat transport to the bubble. This is because bubble growth also depends on the heat of 
the bulk liquid flow. 

2.2.6 Force balance 

The sum of all forces in x direction and y direction should be 0. The forces in x direction are 
of interest when attention is paid on the detachment of the bubble from a vertical wall. The 
sum of forces in x direction consists of four contributions. The pressure correction force, the 
surface tension force, the drag force and the hydrodynamic lift force. The contri bution of the 
lift force due to simple shear flow has been neglected because of the reason mentioned above. 
This leads to the following equation: 

2.:::: F = Fpc + F~ + Fdrag + Fhydro = 0 (2.16) 

= AjootCT (-R 1 + -R 1 ) - 27rRjootCT ((COS~tr- COSO'.ze)) 
l,cap 2,cap tr - O'.!e 

(2.17) 

127rvpzReq(k + Req) + Vbpz(LJl + L12 + Lf3 + LJ4 + L'h5 + LReq6 ) 

2.3 Frequency of oscillation 

The motion induced by strong deformation of a bubble in the vicinity of a plane solid wall 
can be predicted with a theoretical model presented in [13]. A typical frequency of shape 
oscillation was already derived by Lamb [23] and can in dimensionless form be written as: 

2 21r{(n- 1)(n + 1)(n + 2)} 
wn = Weo (2.18) 

n is the number of the conesponding Legendre polynomial, W eo is the initial Weber number 
which is described by: 

The frequency is defined by: 
27rRt=O 

Wn = db 
Tn~lt=O 

With these equations it can be derived that the oscillation time is: 

cr{(n- 1)(n + 1)(n + 2)} 

(2.19) 

(2.20) 

(2.21) 

It will be investigated whether oscillation of a bubble with a foot at a plane wall can possess 
a oscillation time of the order of magnitude as in equation 6.2. The oscillation time Tn will 
be calculated for the second and third Legendre mode. 
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Chapter 3 

Set-up 

Over the years a set-up for creating single bubbles in a channel flow has been designed and 
improved [15], [22]. The bubbles are generated with a bubble generator on an artificial cavity 
in the center of the channel. Two different series of experiments have been carried out in the 
same set-up. In the first series of experiments the bubble experiences an upward uniform ap
proaching flow. The bubbles are generated with a specially designed so called thin film bubble 
generator. In the second series of experiments the bubble experiences a downward stagnation 
flow. For the stagnation flow experiments a different bubble generator and observation area 
within the sameset-up has been used. 

3.1 Set-up 

The set-up is a closed loop system made of stainless steel pipes and filled with demineralized 
water, see figure 3.1. The verticallength ofthe loop is approximately six meter. The pipes with 
a diameter of 0.0397 m of the set-up are isolated by a thermal insulation for minimizing heat 
loss. Demineralized water is circulated at saturation temperature by a pump KBS type ePK 
e32_125. The flow can be read out by a rotameter. The distance between the observation 
area and the rotameter is approximately 2.0 m which is more than 50 times the diameter. This 
makes that the flow is fully developed. The bulk velocity is varied between 0.08 m/s and 0.17 
mjs which gives a Reynolds number between 11400 and 24300. The pressure in the system is 
approximately the sum of the ambient pressure and the pressure from the water column above 
the observation area. The water column is approximately 3. 70 m. The demineralized water in 
theset-upis heated by an electrical heater. The heater is controlled by a WATLOW 93 116 
DIN microprocessor-based auto-tuning controL On the WATLOW the desired temperature 
of the water can be chosen. Because the heat exchanger is some distance away from the 
observation area the temperature will here be approximately 1 oe less. The temperature is 
measured 0.57 m before and 0.23 mafter the observation area by two thermocouples PtlOO's 
with an accuracy of ±0.1 oe. This temperature can be read out by a computer and is recorded 
every second. On top of the set-up a condenser is positioned for condensing the created vapor 
bubbles in the observation area. Insection 3.3 and 3.4 a description of the bubble generators 
will be given. 
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Figure 3.1: Schematic drawing of the test rig 

3.2 Test section 

The test section, or so called observation area, is a part of the set-up where the stainless steel 
pipeis replaced by a small glass pipe. This sectionis named 0-1 and 0-2 in figure 3.1. The 
bubble generator is positioned in the middle of this area fot a uniform approaching flow. This 
also makes it possible tolook to the bubble from different sides. During the processof bubble 
growth and detachment the bubble experiences an approaching flow. Due to this flow the 
bubble is not spherical during the process. To get information about the relevant dimensions 
two views should be recorded at the same time. An optical system has been realized to record 
side-view and cap-view images at the same time(see figure 3.4). This is clone by three mirrors. 
Mirror 1 and mirror 3 reflects the cap-view image, mirror 1 reflects the side-view image. The 
images are recorded by a high speed camera from PCO . The process of bubble appearing, 
growing and detaching occurs in typically several milliseconds. Because of this relative short 
period of time a high frame rate should be realized. Only a small part of the CCD sensor of 
the camera is used to be able to generate almost 5000 frames per second. The images have a 
size of 620 x 120 pixels. The images taken within an experiment are saved as *.tif files and 
have 256 grayscale values with 8 bits per pixel. 
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Figure 3.2: Thin film bubble generator in upward uniform flow 

3.3 Thin film bubble generator 

To make sure that a single bubble is created every time on the same place a special designed 
bubble generator has been used [20]. The bubble generator is positioned in the center of the 
tube (see figure 3.2). Here the flow of the fluid is supposed to be uniform. For finding the 
effect of flow on bubble detachment the boundary layer should be kept small. This is clone 
by the shape of the bubble generator and the position of the artificial cavity. The tip of the 
bubble generator is sharp and the distance between the tip and the artificial cavit:y should be 
kept as small as possible. The distance between the tip and the artificial cavity is 1.95 mm. 
This makes that the theoretica! boundary layer is between 0.29 - 0.44 mm with a flow varied 
between 650- 250 1/h (see chapter 5). For creating bubbles the cavity is locally heated. This 
is clone by electrical power dissipation in a thin titanium film. This thin film of titanium is 
sputtered on a basis of rough glass. 

3.4 Stainless steel bubble generator 

For the stagnation flow measurements a special designed bubble generator is used. The bubble 
generator is placed in the middle of the pipe (see figure 3.3). The flow is downward and the 
bubble is generated against the direction of the flow. The bubble is created on a locally heated 
artificial cavity. This cavity is made in a small piece of stainless steel which is heated by sending 
a current through this small piece of metal. At the backside of this plate a thermocouple type 
K is positioned to measure the temperature of the heated plate. 
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Figure 3.3: Stainless steel bubble generator in downward stagnation flow 

Camera 

Figure 3.4: Optical system for bubble side- and cap-view 
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Chapter 4 

Data processing 

As stated before images from bubble growth are taken with a high speed camera. For analyzing 
the experiments the dimensions and parameters of the bubbles needs to be converted from 
pixel coordinates to actual coordinates. The software for these analyses is written in MATLAB 
with the help of some specific MATLAB toolboxes. 

4.1 Calibration 

A special designed calibration device is used for converting the pixel coordinates to actual 
coordinates. The calibration device has the shape of a key with 10 holes in it from which the 
center position is known. Before the measurements an image of the bubble generator with 
the calibration device mounted on it is taken. The pixel coordinates of the holes can now be 
determined. This is done by a procedure in MATLAB which transforms the grayscale image 
to a binair image. Now the contour of the holes in black and white can be determined and the 
data of these boundaries is stored in a matrix. Now it is possible to let MATLAB calculate 
the center coordinate of the closed boundaries. The distance between the center coordinates 
in pixels can be transferred to an actual known distance between the center coordinates. The 
actual distance between the center coordinates have been measured with an accuracy of± 
0.011 mm. In figure 4.1 the images during the calibration procedure are shown . 
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Figure 4.1: Conversion from grayscale image to binair image to pixel coordinate image 
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4.2 Data analyses of the uniform flow measurements 

In every measurement almest 5000 frames per second are taken. The time between each 
successive image is 0.202 or 0.203 ms. Images of a single bubble growth on the artificial cavity 
needs to be selected. After selecting a serie of images the wall of the TFBG needs to be 
identified. The position of the wall is also the position of the bubble foot . This can be done 
by uploading an image of the measurement without a bubble. MATLAB can identify the 
edge of the TFBG and shows this in an binair image. Here the wall can be selected and the 
coordinates of the wall will be saved. In figure 4.2 the images during the procedure are shown. 
The heat of the thin film disturbs the sharp edge of the wall. It makes the image a little bit 
blurred due to the heat which causes density differences in the liquid. This can easily be seen 
in the binair image of figure 4.2 where the wall is not a straight line. 

The side-view and cap-view images are analyzed separately because the procedures are 

Figure 4.2: Procedure to determine the coordinates of the wall 

differently. MATLAB treats the captured grayscale images as matrices filled with the different 
values of the grayscale of the pixels. This makes it possible to subtract the image of the wall 
from the image with the side-view from the bubble. What is left is a matrix with zeros on the 
position where no bubble is and a number on the position where the bubble is present. This 
makes it possible to let MATLAB recognize the bubble. Now it is possible to recognize the 
edge of the bubble and with some fitting procedures a binair image is generated. The bubble 
can be selected in this image and again with some fitting procedures a smooth curve is fitted 
around the bubble to the already indicated wall. In figure 4.4 a circle and an ellipsoid are 

Figure 4.3: Procedure to determine side-view dimensions 

fitted around the contour of the bubble. It can easily beseen that the bubble has not exactly 
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the shape of a truncated sphere but more of an ellipsoid. From the fitted ellipsoid the value 
h can be determined to calculate later on >. the geometrical parameter. Because the bubble 
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Figure 4.4: Fitted circle and ellipsoid 

has not the shape of a truncated sphere also the view from above needs to be analyzed for 
calculating the bubble volume. An image is created which shows the edge between light and 
dark (figure 4.5). In this image four partsof the boundary of the bubble needs to be selected. 
MATLAB fits an ellipsoid through these selected boundaries. From this ellipsoid the half of 
the size of the minor axis a and the half of the size of the major axis b are determined. The 
flow deforms the shape of the bubble which can best be fitted with an ellipsoid. 

Figure 4.5: Procedure todetermine cap-view dimensions 

Because of the simultaneous recording of the side-view and cap-view bubble growth could the 
bubble volume be determined with 3D reconstruction. The error due to the spatial resolution 
of the camera is the actual size of one pixel. Together with the error in filtering and fitting 
operations is the error in bubble diameter estimated to be ± 0.02 mm. 

4.3 Data analyses of the stagnation flow measurements 

Analyzing the downward stagnation flow measurement is almost similar to the upward ap
proaching flow measurements. The bubble growing in a stagnation flow stays almost sym
metrical. Therefore only one image needs to be analyzed. Some simplifications in the written 
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software are made to make analyses faster. The procedure described above where the image 
from the cap-view of the bubble was analyzed can be skipped for the downflow measurements. 
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Chapter 5 

Laser Doppier Velocimetry 

The rotameter used in the upward uniform approaching flow experiments is not calibrated and 
has a systematic error. This makes it not possible to calculate the bulk velocity via the relation 
Vbulk = ~ with Q the flow and A the area of the cross-section of the pipe. Calibration of the 
rotameter has been done by means of Laser Doppler Anemometry measurements (LDV). After 
calibration, the flow indicated by the rotameter will correspond to an approaching velocity 
in meters a second. The LDV measurements are also used to estimate the thickness of the 
boundary layer present on the bubble generator. The measurements are only performed near 
the thin film bubble generator. 

5.1 Principle of Laser Doppier Velocimetry 

Laser Doppler Velocimetry (LDV) can be used for measuring the velocity field and the velocity 
fluctuations in a pipeflow. Measuring with LDV has some advantages compared to other flow 
measuring techniques. The measurements are non-contact so the flow is not disturbed by the 
measurement itself. Another advantage is the lineair relation between laser velocimetry and 
fluid velocity. The velocity fluctuations can be measured as a result of the small measuring 
volume. 
The principle of LDV is based on the Doppler effect, this effect causes a shift in the frequency 
of light when it is scattered by a moving particle. According to Lorenz-Mie light is scattered 
to all directions, but only the light reflected to the detector is useful. In the set-up scattering 
in two intersecting beams is used. The two beams are scattered to the detector with slightly 
different frequencies due to the different angles. The difference between these two frequencies 
is the Doppler-frequency fD· From the Doppler-frequency it is directly possible to calculate 
the velocity via: 

>. 
uy = 2sin(B/2/D (5.1) 

In this equation is >. the wavelength of the laser beam and () is the angle between the two laser 
beams. In LDV not the fluid velocity is measured but the velocity of the particles in the flow. 
These particles should follow the fluid flow accurately. So the particles should be small and 
light but large enough to scatter enough light of the laser. 
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5.2 Set-up 

In the set-up the backscatter methad is used where receiver and transmitter are in the same 
housing. This has the advantage that aligning of those two is not necessary. Figure 5.1 
represents the housing of the laser. After the laser the beam is splitted into two beams by 
mirrors. A lens makes the two beams to cross each other in the there defined origin. A 
partiele moving through the origin scatters light to receiver. In the receiver the refl.ected light 
is transformed to the velocity of the moving partiele with equation 5.1. 
The housing or so called laser head is fixed on a traverse table. The traverse table with the laser 
head can be positioned with an accuracy of 0.1 mm. The fl.uid used in the LDA experiments 
is demineralized water with approximately 5 % normal tapwater. Normal tapwater has some 
more small particles in it which are necessary for scattering of the laser beam. Note that in 
the boiling bubble measurements only demineralized water is used. 

Laser Receiver 

Figure 5.1: LDA backscatter methad 

5.3 Velocity profile 

For reliable results the number of samples N have to be calculated. For calculating the number 
of samples it is desired that the error of the mean velocity .D.v can be 0.5 % and the RM S 
value can be 10 % of the mean velocity. With the following equation, with a 95 % confidence 
interval, it can be calculated that the number of samples should be 1600 

.D.v = 2RM Sdesired 

J(N -1) 
(5.2) 

After the measurements the real mean velocity v and the RM S value of the mean velocity 
are calcu1ated by the following equations: 

(5.3) 

N-1 

RMS = L ~(vi- v) 2 

i=O 

(5.4) 

Measurements are done with nine different fl.ows, from 250 1/h with steps of 50 1/h up to 650 
1/h. This are also the flows at which the boiling bubble measurements have been performed. 
For each flow 5 series of measurements have been performed on five different positions. The 
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velocity is measured on the centerline of the tube and then with four steps of 1 mm in radial 
direction. This gives the velocity profile in the center of the tube. The measured velocity 
profile is compared with arelation of a theoretical velocity profile which is defined in [4]: 

u(r*) = Vmax(1- r*) 11k with r* = r/Rp (5.5) 

ris the radial coordinate, Rp is the radius of the pipe and Vmax is the centerline and logically 
also the maximum velocity. The dimensionless value k is calculated in section 5.4. The results 
of the measurement is fitted with a third order polynomial and compared in figure 5.2 with 
the theoretica! velocity profile of equation 5.5. At the low flowsof 250 1/h till 350 1/h there is a 
higher fluctuation between the measurements on the different radial coordinates compared to 
the higher flows. This is because at this flow the pump is working at the border of its designed 
operating range. The error of the LDA measurements consists of the error in the established 
flow and the reading of the rotameter. This error is estimated to be ± 10 1/h. The standard 
error of the mean, am, can be calculated with 95 % reliability with the following equation: 
am = :;{MS . This gives a relative small error of below 1 %. This error is used toplot the 

(N-1) 
negligible errorbars. 

Velocity profile 
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Figure 5.2: Velocity profile in the center of the tube without the bubble generator 
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5.4 Determination of the average velocity 

From the with LDV measured centerline velocity it is possible to determine the average or 
bulk velocity. Several equations are necessary to calculate the average velocity iterative. First 
an initial guess for the average velocity has to be made to calculate the Reynolds number. 
With the Reynolds number and the Blasius approximation [4] it is possible to calculate the 
friction factor j. Now the dimensionless value k can be calculated [7]. Inthelast equation 
Vmax is the measured centerline velocity. With this equation [4] the bulk velocity Vbulk is 
calculated and can be used to compare it with the initial guess. 

The values for the Blasius approximation a=0.316 and n=0.25 can be found in [4]. In figure 
5.3 the flow in 1/h is plotted against the results of the measured centerline velocity Vc = Vmax 

and the calculated bulk velocity Vbulk· The ratio v.v, is increasing with increasing flow. This 
bulk 

corresponds to the theory that with a higher flow the profile gets more uniform. 
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Figure 5.3: Centerline and average velocity 
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5.5 Boundary layer estimation 

A boundary layer is a phenomenon caused by viscous forces. It is the smooth transition from 
approaching velocity the velocity V 00 to the velocity value zero at the wall. This effect is related 
to the Reynolds number. The boundary layer develops in the y direction of the flow along 
the thin film bubble generator. In spite of the fact that the thin film bubble generator has a 
special shape there still exists an certain boundary layer. For a full and proper analyses of the 
forces working on a bubble the thickness of this boundary layer needs to be estimated. This 
is done in two ways, analytical and experimental. For the analytical approach an empirical 
relation is used [3]: 

1260 __!__ = 5.84 ~ 
37 Re V V:, (5.7) 

c5v is the boundary layer thickness which is defined as the distance perpendicular to the wall 
where the velocity reaches its maximum free stream velocity V 00 • y is the distance from the 
artificial cavity to the the tip of the bubble generator. For the theoretica! calculation of the 
thickness the distance y is taken till the cavity, so y = 1.95 mm. The kinematic viscosity of 
the water is taken for 20 oe and 105 oe. The LDV measurements were done without heating 
the fluid. This is done because the heated demineralized water corrodes the observation glass. 
The corroded glass gives a blurred view which makes it impossible for the receiver to intercept 
the scattered light. The measurements for the several flows are done on different positions 
near the bubble generator. In figure 5.4 the positions are stated. The cavity on which the 
bubbles are generatedison position 3, 1.95 mm above position 4 which is the tip of the thin 
film bubble generator. The position of the cavity is defined as the origin. In figure 5.5 

pos. 1 

7.5 mm 

pos. 2 

7.5mm 

pos. 3 cavity 

pos. 4 

15mm 

pos. 5 

Figure 5.4: Positions where the LDV measurements are performed 

the results of the LDV measurements are plotted. The error consist of an error in reading 
and establishing the flow and the standard error of the mean of the measurement. Also the 
calculated theoretical thickness of the boundary layer c5v is plotted in the figure with a red 
dotted line. The solid red line is the position of the wall of the thin film bubble generator. 
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Table 5.1: Theoretica! thickness boundary layer 

Pos. v = 1 · 10 ·o m'l. j s v = 2.78 · 10 7 m'l. / s 
250 1/ h 650 1/ h 250 1/ h 650 1/ h 

1 2.44 mm 1.64 mm 1.29 mm 0.87 mm 
2 1.82 mm 1.23 mm 0.96 mm 0.65 mm 
3 0.83 mm 0.56 mm 0.44 mm 0.29 mm 

The results show a good agreement between the experimental and theoretica! thickness of the 
boundary layer. Now it can be concluded that equation 5. 7 gives a good approximation of Ov 
the boundary layer. So the boundary layer thickness for a flow of 105 oe is calculated with 
this equation. The thickness of the boundary layer between 0.29 mm and 0.44 mm results in 
a negligible lift force due to simple shear flow present in the boundary layer. 
The peak which can beseen best in the measurements on pos . 3 arises from the conservation 
of mass. The higher the mass flow the higher the peak. This peak develops after the tip of 
the TFBG and diffuses downflow after a while. The reason that the theoretica! thickness of 
Ov does not agree with the experimental thickness on pos 1. arises from the presence of the 
holder of the TFBG. See figure 3.2 and 5.4 for images of the holder. 
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Figure 5.5: Velocity profile for a flow of 250 l/ h and 650 l/ h 
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Chapter 6 

Results and analyses 

Experiments are performed for two different types of approaching flows. The fust series of 
experiments is performed with bubbles growing on a vertical wall experiencing an upward 
uniform approaching flow. The second series of experimentsis performed with bubbles grow
ing on a horizontal wall experiencing a downward stagnation flow. The aim of the upward 
uniform approaching flow experiments is to validate a model representing the hydrodynamic 
lift force for a single bubble growing on a wall. This force is validated with the aid of a force 
balance where the hydrodynamic lift force should balance the surface tension force, pressure 
correction force and drag force as stated in chapter 2. The flow is varied to get a better insight 
in the effect of flow on boiling bubble grow and detachment. 
This chapter explains how the measurements are performed. Next, the results of the measure
ments will be shown. This is clone by fust illustrating and explaining the obtained results of 
one typically single bubble growth is. Throughout the further analysis of the measurements 
only the results of the lowest and highest measured approaching flow are shown in this chap
ter. This corresponds to an approaching velocity of 0.10 m/s and 0.21 m/s. The reason for 
treating only the results of these two flows is twofold. Showing al the results of the different 
approaching veloeities would be an overflow of information and if there is an effect of flow on 
the growing and detaching bubble the effect should be best visible within these results. To 
see whether a clear effect is also a trend depending on the flow conditions it will be checked 
with the results of the other flows. The results of the other flows are represented in graphs in 
appendix D. 

6.1 Upward uniform approaching flow 

Experiments are carried out for nine different flows corresponding to an increasing centerline 
velocity of 0.1 m/s to 0.21 mjs. The images taken with a flow of 0.19 mjs were disturbed too 
much and could nat be analyzed therefore. They were disturbed by the heat coming of the 
thin film of the bubble generator. 
The experiments are started by turning on the pump to circulate the demineralized water for 
a while through a filter to get rid of the small particles in it. Next, a calibration image is 
taken of the bubble generator with the calibration device mounted on it. Then the calibra
tion device is disassembied and the pump and electrical heater, which is positioned after the 
pump, are turned on. The water is heated gradually close to its saturation temperature. An 
often occurring problem here, is that it takes a while to get a stable flow. This is because of 
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va por formation downstream of the test section. This formed vapor is disturbing the flow and 
images. It takes a couple of hours to get a stable flow close to saturation temperature. When 
the power over the thin film is turned on images can be recorded of the bubbles appearing, 
growing and detaching on the bubble generator. After a measurement the recorded images 
with the high speed camera are saved. The temperature of the liquid, whose course is followed 
with the aid of Lab View, is also saved. 

6.1.1 Single bubble growth 

From each single bubble growing at the wall images are captured during its growth. In 
appendix B the subsequently captured images of a typically bubble growth can be seen. The 
analyzed results of this bubble will be represented and discussed in this section. The first 
image where the bubble appears could not be analyzed because the view of the bubble is 
blurred. The reason for this blurred view is twofold. A first reason is the fast growing velocity 
of the bubble in the beginning. A second reason is the temperature gradient between the thin 
film of the bubble generator and the liquid causing a density difference in the fiuid near the 
wall region making the image blurred. Next only the images where the bubble is still attached 
to the wall are analyzed because the attention is focussed on the forces working on the bubble 
which accounts only if the bubble is attached to the wall. In the left graph of tigure 6.1 the 
measurement data a, b, c, h (for nomendature see tigure 2.1 and section 2.2.1) descrihing the 
dimensions of the bubble are represented against the dimensionless time. This dimensionless 
time t' was introduced in chapter 2. In the right graph of tigure 6.1 the equivalent radius Req, 
which is directly coupled to the bubble volume Vb, is plotted against the actual time. The data 
of Req is fitted with a 5th order polynomial which followed the course of the data best. h is 
fitted with a 3th order polynomial. The bubble has an actual grow time of 3.5 ms. Despite the 
fact that it is not possible to analyze data of the bubble in the beginning of its growth, it can 
be seen on Req that the bubble grows relatively fast just after appearance. After appearance 
its grows further to a maximum equivalent radius. Sometimes this is at detachment and 
sometimes, as in this case, before detachment the maximum radius is reached. This makes 
that the volume of the bubble can decrease just before detachment. An explanation for this 
will be given in section 7. 
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Figure 6.1: a, b, c, h and Req for single bubble growth 
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The bubble grow velocity is specified by h and Req· The bubble grow acceleration is specified 
by h and R~q· To acquire the data of the velocity the 3th order polynomial fitted to h and 
the 5th order polynomial fitted to Req are differentiated with respect to the time. When the 
obtained equations are differentiated again the accelerations h and R~q are obtained. The 
obtained equations descrihing the change of velocity and acceleration in time are shown in 
figure 6.2. 

approach velocity 0.10 [m/s) 

0 . 
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(t- f0 )/(td- fo) [-) 

Figure 6.2: Grow velocity h and Req and grow acceleration h and R~q 

It can beseen in the figures 6.1 and 6.2 that h grows with a slightly decreasing velocity and 
that Req grows to a certain maximum radius. Only on the end of bubble grow time the velocity 
of Req can become negative corresponding to a decrease in bubble volume Vb. 
The course of À in time is plotted in figure 6.3. As stated in chapter 2 the model for the 
hydrodynamic lift force holds for a truncated sphere growing between À = 1 and À = 0.5. 
In the beginning of bubble growth the bubble has a fl.attened shape (see appendix B). This 
makes that À can be larger then 1. At the end of bubble growth a so called neck is formed 
between the bubble and the wall making that À can have a smaller value then 0.5. This can 
also beseen in the images from side-view in appendix B. The two dashed red lines shown in 
figure 6.3 illustrate the border of À = 1 and À = 0.5. This indicates where the model for the 
hydrodynamic lift force should hold. This is the reason why only the data between À = 1 and 
À= 0.5 is used to calculate the forces. The right graph in figure 6.3 shows the forces werking 
in x direction on a single bubble growing on a vertical wall in an upward uniform approaching 
flow. The calculated forces are divided by the bubble volume to be able to compare the forces 
werking on different sizes of bubbles. This is useful for camparing the results of the different 
fl.ows in the next section. This makes that the force is not represented in [N] but as force 
density in [Njm3]. 

In figure 6.3 it can beseen that the drag force Fdrag has a negligible contribution in the total 
force balance. In further analysis it will neglected because of its small contribution. This 
makes the new force balance used in further analysis to be: 

L F = Fpc +Fa+ Fhydro = 0 (6.1) 

It can be said that the sum of the pressure correction force and the surface tension force should 
compensate for the hydrodynamic lift force. In figure 6.4 Fpc + F(j and Fhydro are shown. It 
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Figure 6.3: À, force density of forces werking on the bubble 

can be observed that for this bubble there is only a balance between F pc + F~ and Fhydro in 
the middle period of bubble growth. So in the beginning and end of bubble growth the model 
for the hydrodynamic lift force does not predict the force correctly. This lies in the fact that 
the bubble does not grow as a truncated sphere, it has a fiatterred shape. The hydrodynamic 
lift accelerations LJ2 and L f3 totally dependeuts on R eq· Where R.eq goes to 0 on the end of 
bubble growth also these accelerations go es to 0. L fl also depends on h and keeps a certain 
value. This makes that L fl is the dominantly acceleration at the end of bubble growth. The 
data representing the hydrodynamic lift force accelerations are shown in the right graph of 
figure 6.4. 

"'s z1 
.è 
·~ 0 
Q) 

"0 
Q) - 1 

~ 
.8 

-2 

approach velocity 0.10 [m/s] 

-J~---=o"=".2 -----:0:'":.4----o='=.6:----"::èo.s=-------c 
(t- to) /(td- to) [- ] 

approach velocity 0.10 [m/ s] 
200r-------------~---=--...-,=;:=o===il .. ,. 
150 

N 100 
(/) -..... 

g_ 50 

:::: 
0 

~ ... 
~ -50 

8 
~ - 100 

- 150 

+ Lf' 
+ L!3 
+ L/4 
~Lï.s 
-& L,;;' 

-200o!:----=o"=".2 ------::o:'7.4-----:o~.6-----:o"".s------: 
(t - to)/(td- to) [- ] 

Figure 6.4: Force density of Fhydro and Fpc + F~, hydrodynamic accelerations 

26 



CHAPTER 6. RESULTS AND ANALYSES 

6.1.2 The effect of flow on boiling bubbles 

In this section the results of the analyzed bubbles experiencing an approaching velocity of 0.10 
m/ s and 0.21 m/ s are presented and compared. For the approaching velocity of 0.10 m/ s 20 
bubbles are analyzed and for the approaching flow of 0.21 m/ s 15 bubbles are analyzed. See 
appendix D for the experiment conditions and for the results of the intermediate flows. The 
figures represented in this section have the same magnitudes on its axes for easy camparing 
the results of the different flows . Figure 6.5 shows the development of the equivalent radius 
in actual time. Because of the direct relation of Req and the bubble volume Vb it can be 
concluded that for a higher approaching velocity the bubble grows to a smaller volume and 
radius, this also holds for the results represented in appendix D. The bubbles experiencing 
the approaching velocity of 0.21 m/ s reaches very fast its maximum radius and then starts 
decreasing while the bubbles experiencing the lower velocity keeps on growing for a longer 
instanee of time. An explanation is that a higher flow has a higher convective cooling which 
makes it harderfora bubble to grow into the uniform approaching velocity. A reason for the 
spread in the results of the different bubbles is due to the difference in heat transported to 
each bubble. 
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0.45 . 
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Figure 6.5: Bubble equivalent radius Req 

In tigure 6.6 the dimensions a, b, c and h of the bubbles are shown. The red solid line is a 3th 

order fit trough the measurement data to show its trend. The images shown in appendix B 
showed already that the bubble has the shape of an ellipsoid in the cap-view images. This can 
also beseen in tigure 6.6 where the trend line indicates that bis bigger dan a. The higher flow 
the higher the ratio ~. This trend also holds for the bubbles analyzed for the intermedia te 
flows presented in appendix D. 

For evaluating the force balance also the grow velocity and acceleration of the equivalent 
radius Req and h needs to be analyzed. This is done on the same way as described before 
by differentiation of the 5th and 3th order fits through Req and h. Because the equivalent 
radius of the bubbles with the approaching velocity of 0.21 m/ s is decreasing the velocity will 
be negative on the end. There is a lot of spread in the results of the bubble experiencing 
the higher flow. This is because there is less data available of the higher flows due to its 
shorter grow period. The error in deterrnining the time of appearance will be larger, and the 
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Figure 6.6: Bubble dimensions a, b, c and h 

error in the fits will be bigger. Also the sizes of the bubbles are smaller making the error 
in bubble dimensions relatively larger. The results of the grow velocity and acceleration are 
represented in the figures 6.7 and 6.8. lt can beseen that the results for hand h for the higher 
approaching fl.ows have a remarkable different course in time. This course is not correct and is 
due to fitting. Despite some attempts to improve it did not lead to better results. The wrong 
results of the fits in R~q are not included in the force analyses, but they are represented here 
due to automatic analyses of the data. 
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Figure 6.7: Bubble grow velocity Req and acceleration R~q 
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approach velocity 0.10 [m/ s] approach velocity 0.21 [m/ s] 

Figure 6.8: Bubble grow velocity h and acceleration h 

Figure 6.9 shows a higher scattering for the results of the velocity of 0.21 m/ s. The same 
holds here, a bubble grows for a shorter period in time, making the number of images which 
could be analyzed less. This makes that the error in determining the relative time larger. As 
explained before the error in bubble dirneusion determination is larger making the error in 
the dimensionless geometrical parameter À larger. Observed can be that the period of time, 
where 0.5 < À < 1.0, is shorter, making that the force balance must be calculated fora shorter 
instanee of time. The surface tension force works in the direction of the contact angles. The 
course of the contact angles in time are shown in . It can be seen that there is a smoother 
course of the contact angles in the case of the low approaching velocity. This is because the 
images for the higher flow were harder to analyse. For the higher fiows more heat from the 
thin film is necessary to generate bubbles. This heat from the thin film disturbed te images 
near the bubble foot, making it harder to analyse the contact angles. 

The calculated force densities are shown separately in figure 6.11. When camparing the two 
different fiows , Fpc decreases less for the higher approaching flow. Fpc depends on the area of 
bubble foot AJoot and the surface tension a. In figure 6.13 it can beseen that there are minor 
difference in the course of the radius of the bubble foot for the different fiows, so the area 
of the bubble foot is also approximately the same. Now it can be concluded that the radius 
of curvature from the bubble cap determine the difference in the pressure correction force 
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between the two flows. When camparing the force balance of the different flows with each 
other the hydrodynamic lift force for the higher approaching veloeities does not compensate 
the pressure correction and surface tension force. The model for the hydrodynamic lift force 
does not predict this force correctly for the bubbles generated in the experiments with the 
higher approaching flows. An explanation for this is that these bubbles does not grow as a 
truncated sphere. 

The accelerations are shown in figure 6.14. This figure shows the contribution of the different 
accelerations to the hydrodynamic lift force. Again it can be seen that L 11 dominates the 
accelerations at the end of bubble growth as stated insection 6.1.1. 

The only acceleration which directly depends on the flow is LJ4 . As expected from the relation 
for L f4 holds that the higher the flow the higher the acceleration. This can also be seen in 
the results in appendix D. 
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Figure 6.11: Force density of the forces working on the bubble 
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Figure 6.12: Force density of Fhydro and F pc + F u 
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Figure 6.13: Radius of t he bubble foot r foot 

6.1.3 Applicability of the hydrodynamic lift force 

In the preceding section it has been shown that the model of the hydrodynamic lift force does 
not correspond with the experiments. For the beginning of bubble growth this can by the fact 
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Figure 6.15: Acceleration Lt 4 

that the bubble is not a truncated sphere. In the beginning of growth the bubble is a little 
bit flattened . This can beseen in the captured images in appendix B. 
In the beginning the bubble is flattened so the cross section of the bubble in flow direction 
is different from a truncated sphere with the same volume. Or in other words R eq does not 
describe the shape of the bubble which is felt by the liquid flow. R eq is overestimated because 
it indicates a to big bubble cross section in flow direction. Because R eq is overestimated also 
the velocity is overestimated. An other way of descrihing the grow velocity in the beginning 
of bubble growth is to use (ë - h), described by (22]. In this way only the grow velocity in x 
direction is taken into account making that the cross section of the bubble in flow direction 
can not be overestimated. This is not performed within this work. 
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6. 2 Downward stagnation flow 

A second series of experiments is performed with bubbles growing on a horizontally positioned 
bubble generator in a downward stagnation flow. Use is made of the sameset-up as for the 
uniform approaching flow measurements. The measured shape oscillations can be compared 
with model predictions in [13]. This has to be performed yet. 
It has been calculated that the bubble oscillates almost axi-symmetrical, the bubbles move 
only one pixel to the left and right when it is growing and oscillating. This is within the error 
of analyses which is also one pixel. The size of one pixel is 0.011 mm, resulting in an error 
of± 0.011 mm. When symmetry is assumed only one side-view need to be analyzed. That 
the bubble is axi-symmetric all the time can also be observed from the captured images in 
appendix C. In figure 6.16 it can be seen that the oscillation times increase for increasing 
bubble radius. It is derived in chapter 2 that the oscillation time is: 

a{(n- 1)(n + 1)(n + 2)} 

approach velocity 0.08 [m/s) 

e D, bubble diameter 
0 H, bubble height 
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Figure 6.16: Bubble height and diameter oscillation during growth 

(6.2) 
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Table 6.1: Oscillation time 

Rb= 0.4 mm 
Rb= 0.5 mm 
Rb= 0.6 mm 

n=2 n=3 
0.059 s 0.032 s 
0.082 s 0.045 s 
0.108 s 0.059 s 

The results of the calculation for the oscillation time for n = 2 and n = 3 are captured in 
table 6.1. The oscillation times are calculated for the typical bubbles radii of 0.4, 0.5 and 0.6 
mm (see figure 6.16). It can be seen that the calculated oscillation times are a factor of 2 or 
3 times bigger than the oscillation times in figure 6.16. The condusion is that they are in the 
sameorder of magnitude, but more bubbles need to be analyzed to get a founded conclusion. 
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Chapter 7 

On heat transfer 

Figure 7.1 gives an overview of the equivalent radius of the bubbles at detachment. A linear 
fit through the obtained values shows a decreasein Req with increasing flow, this is also found 
by Van Helden in [15]. Explanation is that a higher flow has a higher convective cooling which 
makes it harderfora bubble to grow into the uniform approaching velocity. 
There is a big spread in Req by the different velocities. Reasous for this can be found in the 
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Figure 7.1: Req at detachment for different approach veloeities 

heatflux delivered to a bubble during its grow period. Heat flux to a bubble is delivered by 
the heated wall and by the heated fluid. First cause in different heat flux delivered by the 
wall results from the difference in the selected electrical power on the bubble generator. This 
results in a different temperature on the thin film of the bubble generator. A secoud reasou 
for the variation in heat flux delivered by the wall can be found when the results of this work 
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are compared with the results of former research. When the represented results are compared 
with the experimental results of Kovacevié [22] a condusion is that withinthese results there 
is a bigger spread in the measured dimensions of the bubbles. This has to do with a different 
boundary condition experienced by the bubbles. Kovaeevié [22] did measurements with a 
constant wall temperature in contrast with these measurements which where performed with 
a constant power boundary condition. When the temperature of the wall is kept constant 
each bubble experiences a same temperature of the wall and and constant heat flux. During 
the foregoing described measurements the power over the thin film is kept constant but the 
temperature differs. This is caused by the history preceded at bubble formation. When a 
bubble is formed at the wall it subtracts energy from the wall, resulting in a temperature 
drop of that wall around the bubble. Because the bubbles are not formed in sameintervals 
of time the temperature changes from time to time. So when bubbles are formed relatively 
fast after each other they are probably smaller because there is less energy available to grow. 
In contrast with the case when there is a relative big time interval between two consecutive 
bubbles, the temperature of the wall will rise to a higher temperature leaving more energy 
to form a bubble. So during the measurements, the energy subtracted from the wall differs 
from bubble to bubble causing a difference in bubble volume. Even though the pre setted 
experiment conditions were the same. 
Not only the temperature of the wall differs, but also the temperature of the fluid flow. This 
also effects the bubble growth because the bubble also subtract energy from the fluid. The 
temperature of the fluid differs from position to position because of the turbulent flow. The 
existence of a correlation between the turbulent flow and the temperature distribution has 
been shown by Bloks [5] in his DNS simulations. The dimensionless simulations performed by 
Bloks are here normalized to the performed experiments in this work. This is done in the same 
way Bloks made the simulations dimensionless. The following equations are used to normalize 
the results of the simulations: 

(7.1) 

(7.2) 

In equation 7.1 is T,. the friction temperature, Qw is the heat flux through the walland Vr is 
the friction velocity. The heat flux is calculated with the aid of the PtlOO's in the set-up. A 
temperature loss of 0.93 oe over een length of 3.41 meters has been measured for a flow of 
250 1/h which corresponds to an approach velocity of 0.10 mjs. With the following equation 
it is possible to calculate the heat loss through the pipe: 

_ m · Cp · AT _ 0.085 · 4216 · 0.93 _ 
8 3 

Wj 2 
Qw - A - 0.41 - 1 m (7.3) 

With an estimated friction velocity Vr of 0.006 mjs the friction temperature can be calculated. 
This is used to calculate the temperature of the fluid T. The average temperature of the wall 
Tw is measured to be 85 oe. Normalizing the results of the DNS simulations results in figure 
7.2. In figure 7.2 turbulent structures are visible in the velocity field and temperature field. 
Due to the temperature distribution the formed bubbles experiences different temperatures 
of the flow. This makes that bubbles within one flow can grow to different volumes or even 
collapse after detachment when it is detached in a patch of colder fluid. A remark has the 
made on the foregoing results. The DNS simulations are performed for a flow through a 
rectangular duet insteadof a pipeflow. Another difference is that Bloks simulates fora heated 
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Figure 7.2: Velocity and temperature field 

wall, and in this case the wall is not heated but cooling the liquid. Nevertheless it gives a 
good indication of the temperature distribution in a turbulent flow. 
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Conclusion 

The main goal of this Master Thesis is to study the influence of flow on the growth and 
detachment of boiling bubbles in the nucleate regime. This is done by validating a fully closed 
analytica! model derived by Van der Geld in (10) and [11] which represents the hydrodynamic 
lift force on a single bubble during its growth and detachment period. The model holds for 
bubbles with the shape of a truncated sphere growing in an uniform approaching flow. This 
model is validated with the aid of a force balance where the hydrodynamic lift force should 
balance the surface tension force, pressure correction force and drag force. 
With the aid of an experimental set-up the changing geometry of the appearing, growing 
and detaching bubbles could be followed. The experiments delivered the necessary variables 
to calculate the farces involved. The results of the analyzed images show that bubbles are 
deformed by the approaching flow. The higher the flow, the higher the deformation of the 
bubble. For the lower flows the model holds at the middle period of bubble grow, but for 
the higher flows the model does not seems to hold. At the beginning of growth the shape of 
the bubble can not be approximated with the shape of a truncated sphere anymore. This is 
because the bubble is flattened. The model also holds not at the end of bubble growth. This 
is because the bubble does not grow as a truncated sphere. The force balance also shows that 
the drag force has a minor contribution and can be neglected during further analyses. 
Beside the deformed shape of the bubbles, the flow has also an effect on the bubble volume. 
The higher the flow, the smaller volume of the bubble due to convective cooling. This is 
explained with an analyses based on the heat delivered to a bubble. Temperature patches in 
the fluid make the heat experienced by the bubbles vary from time to time. The constant 
power boundary condition contributes to the fact that the heat delivered to a bubble from the 
wall also differs from time to time. Ristory of the preceding bubble has an influence on the 
volume of the next bubble. 

A second series of experimentsis performed with bubbles growing on a horizontally posi
tioned bubble generator in a downward stagnation flow. U se is made of the sameset-up as for 
the uniform approaching flow measurements. The measured shape oscillations can be com
pared with model predictions in (13). This has to be carried out yet. Calculation of a typical 
frequency of shape oscillation, derived by Lamb in (23], has ben performed. It showed that 
the calculated asciilation times are a factor of 2 or 3 times bigger than the actual asciilation 
times, but they are in the same order of magnitude. More bubbles at different approaching 
flows need to be analyzed to get a founded conclusion. 
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GHAPTER 8. GONGLUSION 

8.1 Outline for future work 

For further research on the model descrihing the hydrodynamic lift force no experiments need 
to be performed anymore. When the model is corrected for bubbles not growing as a truncate 
sphere, the captured images and bubble dimensions obtained during this research can be used 
again to validate the adapted model. In the beginning of bubble growth the model can be 
corrected by replacing Req by ( ë - h). It has to be seen whether this improves the results. 
For further research on the validation of the frequency of bubble asciilation more bubbles need 
to be analyzed, also for different approaching velocities. Also the simulations with the method 
applied for the model mentioned in (10] and [11] have to be carried out. 
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Appendix A 

Dimensionless time 

For camparing the different bubbles, time needs to be made dimensionless. This can be done 
by 

t- to t'=-
ta- to 

(A.1) 

The problem occurring is that the exact time of appearance and detachment of the bubble can 
not be determined. This is because images are taken every 0.202 ms. Two different ways have 
been examined for defining to and ta. For camparing the different approaches two dimension
less graphs are produced for each procedure. In the first graph the dimensionless equivalent 
radius is plotted against the dimensionless time for all the bubbles from one measurement 
(approaching velocity 0.10 m/s). In the secend graph the geometrical parameter is plotted. 
The equivalent radius is the radius of a truncated sphere which has the same volume of the 
examined bubble. The volume of the bubble can be converted to the equivalent radius with 
[22]: 

(A.2) 

To make Req dimensionless it is divided by the last value of Req befere detachment Req,det· 

À is a dimensionless geometrical parameter defining the shape of a truncated sphere. The 
parameter À defined as 

À= Req 
2·h 

(A.3) 

h is the distance between the center of fitted ellipsoid and wall on the side-view of the bubble. 
When the bubble would be a sphere touching the wall in just one point than À= 0.5. When 
À = 1.0 the bubble is the half of a sphere. When a bubble is growing as a truncated sphere 
then À would decrease from 1.0 to 0.5. 
The first way of making the time dimensionless is done by use of equation A.I. Time is made 
dimensionless by taking the time of the first image on which the bubble can be seen to be t0. 
The moment in time when the last image was recorded, on which a bubble is still attached 
to the wall, is taken to be td. This makes t0 = 0 and td = 1. In figure A.1 the data from 20 
bubbles of one approaching velocity are presented. 
The secend way is a little bit more complicated. The approach is based on the fact that À of 

every bubble passes the value À= 1.0 and À= 0.5. Now t~ = 0 is the moment in time when 
À = 1.0 and t~ = 1 is the moment in time when À = 0.5. The results can beseen in figure A.2. 
It shows a really smooth course of À in time but Req,max is, especially in the beginning, more 
spread out. The reasen that À can be bigger than 1.0 or smaller than 0.5 is due to the fact 
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that the bubble is nota truncated sphere anymore. The approaching flow has an infiuence on 
the shape of the bubble during growth. 
In the analyses of the bubble use is made if the fust method, so defining t0 as the moment 
of time when the first image is taken of a bubble and td is the moment of time when the 
last image of the bubble is taken before detachment. This is done because the error of that 
method can be defined as the time between two consecutive images. Also it creates no extra 
spread between the data of the geometry which can be seen when the two graphs representing 
Req/ Req.det are compared. 
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Appendix B 

Images of bubble growth 

Figure B.l: Side-view images, approaching velocity 0.10 m/ s 
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Figure B.2: Cap-view images, approaching velocity 0.10 m/ s 
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Figure B.3: Side-view images, approaching velocity 0.21 m/s 



APPENDIX B. IMAGES OF BUBBLE GROWTH 47 

Figure B.4: Cap-view images, approaching velocity 0.21 m/ s 



Appendix C 

Stagnation flow bubble growth 
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Figure C.l : Stagnation flow bubble growth 



Appendix D 

Results 

In the tables the experiment conditions for the upward approaching uniform flow are repre
sented. Experiments were performed for 9 different approaching flows, from 250 1/h to 650 
1/h. The captured images with an approaching flow of 550 1/h could not be analyzed because 
the heat of the thin film disturbed the images. The analyzed images captured with an ap
proaching flow of 650 1/h were performed with two slightly different experiment conditions. 

Flow [1/h] 250 300 350 400 450 
Velocity [m/s] 0.10 0.11 0.13 0.14 0.16 
ti Analyzed bubbles 20 20 20 20 20 

1'ziquid [CC] 105.7 105.5 106.3 106.1 106.0 

Pliquid [kgjm3] 953.8 954.0 953.4 953.6 953.6 

Pvapor [kgjm3] 0.721 0.715 0.733 0.728 0.727 
() x 10-2 [N/rn] 5.78 5.79 5.77 5.78 5.78 
1/ x 10-7 [m2 js] 2.79 2.80 2.78 2.78 2.78 

V"thinfilm [V] 2.7 2.7 2.7 2.8 3.1 

Ithinfilm [A] 0.2 0.2 0.2 0.2 0.2 

Pambient [mb] 1013.9 1013.9 1013.6 1013.6 1024.1 

Phydro static [mb] 34.5 34.5 34.5 34.5 34.5 

Flow [1/h] 500 550 600 650 650 
Velocity [m/s] 0.17 0.19 0.20 0.21 0.21 
ti Analyzed bubbles 20 - 15 9 6 

Tziquid [CC] 106.3 106.3 106.8 106.9 106.3 

Pliquid [kg/rn3
] 953.4 953.4 953.1 952.9 953.4 

Pvapor [kg/rn3] 0.733 0.733 0.745 0.749 0.735 
() x 10-2 [N/rn] 5.77 5.77 5.76 5.76 5.77 
1/ x 10-7 [m2 js] 2.78 2.78 2.76 2.76 2.77 

V"thinfilm [V] 3.1 3.1 3.2 3.5 3.0 

fthinfilm [A] 0.2 0.21 0.2 0.3 0.2 

Pambient [mb] 1024.1 1024.1 1024.1 1024.1 1012.8 

Phydro static [mb] 34.5 34.5 34.5 34.5 34.5 
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Figure D.ll: Accelerations L i,j of the hydrodynamic lift force 
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Appendix E 

Operation manual boiling bubble 
set-up 

This manual gives a short overview about how to work with the boiling bubble set-up. See 
figure E.8 for an overview of the experimental set-up and for the labeled numbers of the 
different devices. 

Startup for measuring 

• Open the demiwater valve VI in the basement (room -1.40), see figure E.2. 
The filter in the basement, before the pump, has to be cleaned when the set-up has 
been used some time. This can be done by closing V7 and V8 and taking the filter out. 
For cleaning, let some tapwater and compressed air flow trough it in opposite direction 
then in the set-up. The valves V7 and V8 are opened when heating the set-up. During 
measurements V6 is open and V7 and V8 are closed. 
On theset-upin the basement there are several hoses and valves to empty the set-up. 
Also it is possible to fill the set-up with those hoses partly with tap water which is 
interesting for LDV measurements because tap water has more particles in it. 

• From time to time check the oillevel of the pump and see if the pump it is not leaking 
to much water. This can be evereome by turning on the two bolts in the mechanism 
which rotates when the pump is working (Henri Vliegen knows how to do this). 

• Fill the set-up close to its maximum by opening V4 in the Laserlab. The indicator (see 
figure E.2) shows a green light when it has reached its maximum. A yellow light is on 
when the waterlevel is between minimum and maximum. A red light indicates that the 
waterlevel is beneath the minimum. It is also possible to look at the level of the water 
on the roof of the Laser lab. Be sure that during measurements this level is always close 
to its maximum. 

• Startup Labview with Logdatav300.exe and the webcam on the computer. The webcam 
is positioned by the rotameter for keeping an eye on the flow. Labview is used to for 
triggering the measurements, logging the temperature and an online view on the power 
and resistance of the bubble generator. 
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DETAIL' A" 
:!.5:1 

Figure E.l: Filter 

Figure E.2: The water level indicator 

• Pump/ heating settings: the device to regulate the pump and the heat exchangeris the 
Watlow. The control sensor is a thermocouple type-k (TwL) positioned just after the 
heater in the basement. 

- Turn it on with the I/ 0 switch. 

- Press the two middle buttons !:land "\1 at the sametime till 'LOC' appears on the 
screen. 

- Now press the left button () several times till 'AUT' appears. With the middle 
buttons it is now possible to change the power of the heat exchanger to '3'. 

- Press () again till the temperature appears. Establish the right temperature with 
the middle buttons (102°C). Above the present temperature can heseen and below 
the established temperature. 

- With the switch on the right it is possible to change the power of the pump, this 
should be around 30-40 % during 
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• When the set-up is heating, the filter can be opened in the basement by fust opening 
V7 and V8 and then closing V6. 

• Labview settings: set channel 3 and 4. 

- Channel 3: gain: 62.1067, offset: -4.5078 

- Channel 4: gain: 62.1256, offset: -4.5834 

- Scanrate: 10,000 

- Trigger pulse width 1.0001 sec 

Now it is possible to check the temperature online near the observation area (Tl and 
T2 for observation area 1 or T2 and T3 for observation area 2). 

Figure E.3: Printscreen of Labview 

• When the set-up has reached 101-102°C get out of auto tuning settings by (). Now set 
Watlow to reach the saturated temperature (approximately 105°C for Pat :::::; 1 bar and 
b.p:::::; 0.2 bar). If pressure is higher than this, look in table 1 which temperature should 
be set in the Watlow. 

• When the experimental set-up has reached its final temperature steam gets out of the 
yellow hose. By opening the tap on the T-junction (V15), a small under pressure will 
be created which will suck the steam out of the condenser. 
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• The flow can be read out by a rotameter or the new installed micromotion flowmeter. 
The micromotion flowmeter is installed on the position of the right rotameter and is more 
reliable than the rotameter and should be used. When possible it should be installed on 
the position of the left rotameter. 

• The flow can fluctuate due to vapor formation in the basement. When the flow is 
fluctuating it may help to turn off the pump for a while to let vapor escape to the 
condenser and over-pressure valve. Also keeping the pump working with a high flow can 
help to drive the vapor to the condenser. In the basement an expansion vessel with a 
membrane in it is installed. It should help to keep the flow constant. 

• A problem occurring sometimes is that the PID-eontrolled Watlow lost his settings. His 
settings are 1, 50, 0.60, 2.8 for 'Proportional band 1', 'Integral 1', 'Derivative 1' and 
'Cycle Time'. How to insert these setting can be read in the user manual from the 
Watlow Series 93 page 4.6. 

Measuring 

• Check the atmospheric pressure in the biomass lab. Close the filter in the basement 
(open V6 and close V7 and V8). 

• Switch on the computer connected with the PCO Camera. With this computer the 
camera is regulated by the program 'Camware'. It is possible to load camera settings 
with 'load camera settings'. When clone by hand go to camera control and fill in the 
desired values. 

- Exposure time 200 J.LS which gives us 5000 fps (frames per second). 

- Trigger mode: 'Auto sequence', Pixelclock: 86 MHz. 

- Sensor size 400 (approximately) * 120 (maximum), this has to be small for getting 
approx. 5000 fps (the hight of 120 pixels is a limitation). 

- Record mode, Acquire mode: 'External' for measuring and 'Auto' for calibration. 
(for extra info see the manual from the camera) It is also possible to save these 
camera settings. 

• Turn on the power supply for the heating coil ( under the table) for adding some extra 
heat just before the observation area. 

• Switch on the pocket lamp and/or the white lamp (80-90%)(for saving the batteries and 
lamps, put them out as soon as possible). By selecting 'live preview' in CamWare we 
get an online view of the observation area. 

• The Thin Film Bubble Generator can be used in two different ways. Bubbles can be 
generated with constant temperature or with constant power. While setting use 'live 
preview' to observe the bubble generation. 

- For constant temperature the CTA box should is used. The resistance over the thin 
film of the bubble generator can be tuned by the two switches (Rvar and Rswitch) on 
the CTA box. If Rvar is at its maximum than first turn Rvar ü to its minimum and 
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turn Rswitch one step (). Now turn Rvar to adjust the power. The power Pprobe and 
the resistance Rprobe can be seen online in Labview. In the program the power and 

v. v2 
the resistance is calculated by Rprobe = (V. :Ot,'" ) * 19.5 [0] and Pprobe = ,robe 

top probe ... o.probe 

[W). 

- For constant power turn on the EEB 42 Power supply SM7020-D. Two values van 
be chosen, the voltage and the current. Turn on the current till the green light 
turns off. Than turn with the voltage till that green light turns off and turn with 
the current again. Do this till nice bubbles appears on the screen. The maximum 
values are Imax = 0.2 A and Vmax = 4.0 V. Typical measurement settings are 
around Imax = 0.2 A and Vmax = 3.1 V. 

• The Stainless Steel Bubble Generator is used for stagnation flow measurements. Mea
surements are done with constant power so the same device is used as for the Thin Film 
Bubble Generator. Typical values for generating bubbles is V=2.0 V and 1=13.0 A. 

Figure E.4: Camera, control blue lamp and CTA (grey box) 

• - Turn off 'live preview' and click the red dot (see Figure 5). 

- Turn on the three lights (Pocket lamp Maglite, Dedocool lamp 24V 250W , ACE 
Fostec halogen lamp 150W). 

- Now the camera can be triggered by Labview. When everything is ready push the 
green switch 'Start scan' in Labview for recording one second. 

- After the measurement turn of the lights. 

- This record can played in CamWare by pressing first the red dot and than the green 
arrow (play button). 

- When satisfied it can be saved by 'save record'. When 99% is saved a pop up 
appears, here the atmospheric pressure, the pressure difference and the flow can be 
filled in. 

- On the computer with Labview two files can be saved, * _Log.txt and * _HS.txt. 
These files must be saved in a folder named nLV, with the 'n' corresponding to the 
experiment number (see figure E.8). 
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BWwindow 

Figure E.5: CamWare tooibar 

Calibration 

• Calibration should be done before heating the installation is started and after measuring. 

• On the bubble generator a calibration device needs to be assembled. This can be done 
be leaving some water out. First close V13 and V16 which can beseen in the tigure then 
open the black tap (V14) till the water level has dropped till the observation area (01 
or 02). When the water level has dropped to far let some water in by opening slightly 
V13. When there is a vacuum in the installation use V15 to let air in. 

Figure E.6: V13, V16 and black tap for leaving the water out 

• A calibration image must be made with a full observation area or sensor size. It must 
besavedas call.tif for image of the bubble generator with calibration device. One more 
image without the calibration device with a full observation area needs to be saved. The 
holes in the calibration device can be measured with a projector in the workshop of TFE 
(ask Geert-Jan van Hoek) 

Folder structure 

The files can best be saved with the following structure. First folder is the date of the 
experiment (YYMMDD) . Enumerate the experiments and put LV with if it is the labview file 
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corresponding to an experiment. The calibration imagescan be stored in the folder 'cal'. 

Measum1mts 
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Figure E.7: Structure of the folders 

Boiling point vs. pressure table 

Temperature Absolute Density of 
(Boiling point) pressure of water 

vaporiza-
ti on 

oe Bar kg/m;j 
100.00 1.013 958.05 
101.00 1.050 957.33 
102.00 1.088 956.60 
103.00 1.127 955.87 
104.00 1.167 955.13 
105.00 1.208 954.39 
106.00 1.250 953.65 
107.00 1.294 952.90 
108.00 1.339 952.14 
109.00 1.385 951.38 
110.00 1.433 950.62 
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Figure E.8: Experimental setup with observation areas 01 and 02 
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