
 

On detaching bubbles in upward flow boiling

Citation for published version (APA):
Helden, van, W. G. J. (1994). On detaching bubbles in upward flow boiling. [Phd Thesis 1 (Research TU/e /
Graduation TU/e), Mechanical Engineering]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR426286

DOI:
10.6100/IR426286

Document status and date:
Published: 01/01/1994

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR426286
https://doi.org/10.6100/IR426286
https://research.tue.nl/en/publications/1c54e93a-f5ae-4c27-9db3-e402961da254


ON 

DETACHING BUBBLES 
IN 

UPWARD FLOW BOILING 

Wim van Helden 



On Detaching Bubbles . 
In 

Upward Flow Boiling 



On Detaching Bubbles 
• 
lll 

Up\Vard Flo\V Boiling 

PROEFSCHRIFf 

ter verkrijging van de graad van doctor aan de 

Technische Universiteit Eindhoven, op gezag van 
de Rector Magnificus, prof. dr. J .H. van Lint, 

voor een commissie aangewezen door het College 
van Dekanen in het openbaar te verdedigen op 

woensdag 30 november 1994 om 16.00 uur 

door 

Wilhelmus Gerardus Jacobus van Helden 

geboren te Herkenbosch 

druk: wibro disserta tie drukkerij, helmond. 



Dit proefschift is goedgekeurd door de promotoren 
Prof.Dr.Ir. A.A. van Steenhoven 
en 
Prof.Ir. C.W.J. van Koppen 
en de copromotor 
Dr. C.W.M. van der Geld. 

CJP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG 

Helden, Wilhelmus Gerardus Jacobus van 

On detaching bubbles in upward flow boiling / Wilhelmus 
Gerardus Jacobus van Helden. - Eindhoven: Technische 
Universiteit Eindhoven 
Proefschrift Eindhoven. - Met üt . opg. 
ISBN 90-386-0184-0 
Trefw: warmtetransport / kookverschijnselen. 

Copyright© Wim van Helden, 1994. 



Once a man, like the sea I raged 
Once a woman, like the earth I gave 
There is in fact more earth than sea 

Genesis, The cinema show 
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Chapter 1 

Introduction 

1.1 On Flow Boiling 

Bolling is the process of vapour formation within a liquid. The evaporated 
parts form bubbles, whose dynamics are displayed so typically in bolling 
transparent liquids, such as water. Dependent on the flow condition of the 
liquid the bolling is divided into pool boiling and flow boiling. 

In most cases the liquid is extemally heated; heat flows from the wall into 
the liquid, causing the formation of bubbles, especially at the wall. One of the 
main advantages of bolling heat transfer is the high values of heat flux that 
can be achieved. As a result of the high latent heat of evaporation, needed for 
bolling, the heat fluxes are much higher than in heat transfer without phase 
change. With water, for instance, the heat flux for atmospheric nucleate bolling 
is 5 times higher than for natura! convection heat transfer. 

A further increase in heat flux can be achieved by flow boiling, its use being 
widespread in industrial processes. In energy plants the heat from buming 
fossil fuels or from nuclear fission is transferred in large boilers into steam at 
high temperature and pressure, that drives a turbine, coupled to an electricity 
generator. Most heat exchangers, especially in petrorefinery industry, employ 
flow bolling. 

The process of heat transfer in flowing liquids is governed by non-linear 
differential equations. These equations cannot be solved analytically, whlle 
numerically they are difficult to solve. Therefore, empirica! or semi-empirica! 
relations have been constructed to define the heat transfer as function of flow 
conditions and temperature differences. These so-called Nusselt relations, 
stated in terms of dimensionless numbers, have the advantage of indepen
dence on geometrical scale. With the advance of technology the pressures and 
temperatures in heat transfer equipment have increased. Tuis has enabled 
higher heat transfer rates and thus more efficient processes, but has also in
creased the extent of material damage in case of system failure. Figure 1.1 

1 



2 Chapter 1. Introduction 

serves as an illustration for the explanation of the mechanism that is connected 
to the risk of local bumout in highly loaded boiling systems. In this figure, the 
heating rate density, qw, is plotted as function of the wall superheat, E>, for at
mospheric pool bolling in water. E> is the difference between wall temperature 
and the saturation temperature of the liquid. The heat transfer can be divided 
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Figure 1.1: Bolling curve for atmospheric bolling of water. 

into four regions, depending on the physical mechanism of heat transfer. At 
low superheating the heat is passed to the water through convection, with 
the heat flux being relatively small. In the second region bubbles form at the 
heated surface. Ata certain size the bubbles detach and transport the heat into 
the liquid bulk. The heat flux rapidly increases with increasing superheat, up 
toa maximum at point D. At higher qw, the formation of bubbles on parts of 
the wall surface is faster than the removal rate of bubbles from the surface. A 
film of vapour forms at the wall, blocking the heat transfer and causing a jump 
in wall superheat froin point D to point F. If the temperature at Fis higher than 
the melting temperature (point G) of the wall, this will result in local damage. 
The fourth region in the boiling curve is the line of film boiling (E-G). Here, 
a vapour film covers the heating surface and heat is transferred mainly by 
radiation. The third region is a transition region between nucleate bolling and 
film boiling, where only on part of the wall bubbles are generated. In flow 
bolling systems, the boiling curve is different at different locations, depending 
on pressure and flow conditions. Part of the systern could be in the convec
tive heat transfer region, while in other parts nucleate boiling is the main heat 
transfer mechanism. For the heat transfer process to be as efficient as possible, 
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the whole system should be in state D, with the optimal heat flux to superheat 
ratio. A system designed for maximum efficiency therefore carries the risk of 
local overheating. One of the ways to prevent the local transition from nucle
ate to film bolling is the enhancement of bubble detachment by increase of the 
turbulence or swirl in flow bolling systems. In practice, this is clone by using 
pipes with helically coiled grooves or fins on the inner side, the so-called rifled 
tubes. The characteristics of these systems are, however, not yet sufficiently 
predictable. This brings us to the problem definition. 

1.2 Problem Definition, Scope of this Thesis 

In bolling systems, a maximum heat transfer efficiency is obtained in the nu
cleate bolling region (point D in figure 1.1). As transition from this region to 
the process of film bolling can cause damage, the system should remain in the 
nucleate bolling region under all circumstances. This can be attained by ensur
ing rapid bubble detachment. The bubble detachment process is determined 
by the combined action of several forces and depends on the wall material 
and its surface conditions, the liquid used, the velocity distribution, the system 
temperature and the system pressure. 

The problem can be formulated as follows: which forces act on a bubble, 
attached to a wall, in flow boiling? What is the functional form of these 
forces and in which way can they be altered to promote bubble detachment? 
Answering these two questions is the objective of this study. 

There are many factors influencing the bubble dynamics, making a simpli
fication of the problem necessary. From the broad field of bolling and heat 
transfer research, this thesis is only considering the small part of the study of 
single bubbles. The topic of this thesis can be summarised as follows: 

Object of study are single bubbles, growing on and detaching from 
an artificial nucleation site in a vertical. smooth wall into saturated or 
slightly superheated liquid. The liquid used is water. at atmospheric 
pressure, that flows upward through a test section with a square cross 
section. 

The main part of the work is directed to the experiments on growing and 
detaching steam bubbles. For reference, also the detachment behaviour of 
injected nitrogen gas bubbles is studied. The forces that act on a bubbleattached 
to a wall are given in Chapter 2. Estimates of force magnitudes, in situations 
resembling our experimental settings, are made. 

The experimental set-up is described in Chapter 3. There, also attention is 
paid to the different devices that were developed to generate steam bubbles on 
a fixed position in a controlled marmer. 



4 Chapter 1. Introduction 

Chapter 4 gives a description of the experiments and their results. A com
parison is made between steam and nitrogen bubbles. The measured quanti
ties, such as the bubble growth rate and detachment radius, are presented as 
function of independent experimental parameters. The experimental data are 
gathered in tables in Appendix C. 

An experimental technique with which the temperature distribution around 
a bubble in the present experimental set up can be approximated is described 
in Chapter 5, in which also some first results are discussed. 

Chapter 6 contains the method and results of a force coefficient determina
tion. Here, the relative importance of individual farces working on a bubble 
is determined by combining a force balance with experimental results. The 
farces used in this chapter were introduced in Chapter 2. 

The concluding discussion is given in Chapter 7, containing also some 
suggestions for future work. 



Chapter 2 

Forces on a Detaching Bubble 

2.1 Introduction 

Contrary to the good predictive quality of models concerning the detachment of 
bubbles from horizontal walls (35, 42, 43], the mechanisms underlying bubble 
detachment from vertical walls (10, 22] are not well understood. lf hydrody
namic forces also play a role, the picture gets even more complicated. The aim 
of this chapter is twofold. First, a short survey is given of literature concerning 
bubble growth and detachment in various situations. The models described 
in these sections successively introduce mechanisms that are supposed to gov
em the detachment. Secondly, the forces working on a bubble are described 
individually. This is the subject of section 2.2. 

In the last section the irnportance of the individual forces is estimated in 
situations resembling our experirnents. In these, bubbles are generated in a 
square cross section channel with a hydraulic diameter of 2 centimetres. Water 
is purnped through the channel with a velocity between 0.13 and 1.0 m/ s, giving 
a Reynolds nurnber varying from 0.9 · 104 to 6.9 · 104. The bubble Reynolds 
nurnber ranges from 20 to 2000, its Weber number from 2 to 200. The pressure 
of the system is atmospheric. 

In figure 2.4 a sketch is given of all the forces that are described. The 
relevant forces will be used in Chapter 6. There, using a force balance, the 
relative irnportance of the forces is estimated from experirnents. 

2.1.1 Nucleation 

The initial stage of bubble formation is called nucleation. The physical pro
cesses involved here are described in for instance (38], Chapter Il. Although the 
subject of this study is the detachment of an already grown bubble, some prin
ciples of nucleation theory are used in generating bubbles in the experirnents, 
as described in section 3.3. 

5 



6 Chapter 2. Forces on a Detaching Bubble 

If the bubble formed is completely surrounded by liquid, the nucleation 
is called homogeneous. Heterogeneous nucleation occurs at a wall, when 
only part of the bubble is in contact with the liquid. In a liquid at a given 
temperature, the molecules all have a different kinetic energy, the distribution 
of which is given by statistica! physics. If a liquid is at or near saturation 
temperature a cluster of molecules can form with the molecules all having 
enough energy to stay in vapour phase for a short time. Part of the surplus 
energy of the cluster is needed to enlarge the liquid-vapour interface. The 
cluster can only survive, if the addition of an extra molecule adds the energy 
needed to expand the surface. lf this extra energy is calculated as a function 
of the cluster radius, it is found that below a certain radius the cluster always 
collapses and above this radius the capture of a fast molecule leads to growth. 

If gas is dissolved in the liquid, the gas bubbles serve as nucleation clusters 
and less energy is needed to form bubbles, therefore bubbles form more easily. 
The same is true for heterogeneous nucleation. Because at a wall the cluster is 
only partly surrounded by liquid, the surface tension energy per unit vapour 
volume is less than fora completely surrounded cluster. Ata perfectly smooth 
surface the contact angle at the bubble foot is fixed but at sharp edges of surface 
irregularities this contact angle can vary. In the latter case still less energy is 
needed to forma bubble. The optima! situation for nucleation to occur is at an 
irregularity in the wall while gas is adhering to the wall. Bubbles form most 

Figure 2.1: Bubble shape at a smooth 
wall, ata conical cavity and ata cavity 
of the reservoir type. /30 is the contact 
angle. 
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Figure 2.2: Bubble geometry and co
ordinate system used. 

easily at cavities with sharp edges. Especially cavities of the reservoir type [35] 
are suitable for generating bubbles fora Jonger period (see figure 2.1). The gas 
in these cavities may serve as nucleation aid for a large number of bubbles. 
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2.1.2 Geometry and Coordinate System 

Throughout this thesis a coordinate systerh as drawn in figure 2.2 will be used. 
A bubble is attached to a vertical wall. The y-axis is taken parallel to the wall, 
the x-axis perpendicular to it. The origin lies in the centre of the capillary 
mouth. The capillary has a radius Re, while the bubble is assurned to have the 
shape of a truncated sphere with radius J4,. Tuis radius can be converted to 
the radius R of a sphere with the same volume according to: 

(2.1) 

At the moment of detachrnent these radii are nearly equal. In deterrnining the 
various forces acting on a bubble, Rb will be used. In figure 2.3, the narning of 

;rop 

i Capillary 

!Mouth Cap 
! 

1 Foot 

Bottom 

Figure 2.3: Nomendature of 
the different parts of a bubble 
at the wall. 
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lg 

Figure 2.4: Farces working on a bubble at
tached to a vertical wall. Hydrodynamic 
farces are generated by the bulk liquid veloc
ity hulk· Fora description of the individual 
farces see section 2.2. 

several parts of an attached bubble is illustrated. As the bubble is growing at 
a vertical wall, the bubble top and bottom are different from bubble cap and 
foot, respectively. This is not the same as with a bubble on a horizontal wall. 

2.1.3 Bubbles on a Horizontal Surface 

Following nucleation, the growth of a bubble can roughly be divided into two 
parts: fast or initial or inertial and slow or asymptotic growth. For a fast 

c 



8 Chapter 2. Forces on a Detaching Bubble 

growing bubble, the drag and inertial forces determine its growth. In this 
regime, the bubble radius increases as (see, for instance, Slooten [34]): 

R( t) oc t312 (2.2) 

t is the time since bubble initiation. As the bubble radius increases, the drag 
and inertial forces decrease and after a time tinert after initiation the growth is 
controlled by diffusion of heat from the (super)saturated liquid to the vapour. 
A solution for the bubble growth in this case is found, if the bubble is assumed 
to grow steadily without oscillations and if the heat diffusion is only in radial 
direction. If, furthermore, the non-linear term in the radial energy equation is 
neglected, the bubble radius is written as (cl. [44], p.29): 

(2.3) 

The growth constant Cg is given by: 

C = _!___ J 12kcpi 
g hpg 7r 

(2.4) 

() is the liquid superheat, h the heat of evaporation, Pg the vapour density, k 
the heat transfer coefficient, c the specific heat and PI the liquid density. In 
th.is model, as described by Chesters [8], a geometrical criterion is employed to 
determine the bubble detachment radius. 1t is based on the (im}possibility of 
fitting interface shapes to the cavity mouth. The departure radius of the bubble 
is given by: 

(2.5) 

By comparing several forces he found that for atmospheric pressure pool boil
ing in water the cavity radius has to be smaller than 16 µm for fast growth 
to occur. Decreasing the pressure leads to fast growth for larger radii. In 
[35], Sluyter et al. show the validity of this growth model for pool boiling at 
moderate to high pressure. Experiments were performed in a pressurized test 
vessel filled with water or ethanol. The bubbles grew at artificial cavities of the 
reservoir type made in stainless steel, of 25 and 50 µm diameter. The pressure 
ranged from atmospheric to 4 MPa. It was found that the slow-growth model 
is applicable for pool-boiling in this pressure range. 

Generally, for saturated water at atmospheric pressure it can be assumed 
that the early stage of bubble growth, govemed by inertial forces, is very 
short compared to the total growth time. Several authors [34, 39] arrive at 
this conclusion. Bürow [5], for instance, found that with a 7 f( superheated 
wall the bubble growth was fully determined by heat convection after the first 
millisecond. As in the present work we are only looking at bubble growth at 



2.1. Introduction 9 

a later stage and no large wall superheating occurs, growth is assumed to be 
generated by heat diffusion only. 

If buoyancy, and thus gravity, is supposed to play a major role in the bubble 
detachment, one would expect a bubble to stay attached Jonger at decreased 
gravity. 

Siegel (33] studied bolling heat transfer in reduced gravity. The gravity in 
his experirnents was reduced to as low as 0.001 g. Although his main interest 
was the effect of gravity on heat transfer, he also studied the bubble dynamics 
using heated wires in water. The wires were positioned horizontally, as well as 
vertically. At low g, the growth rate and detachment diameter increased. Even 
in these situations, Siegel considered buoyançy as the main cause for bubble 
detachment. 

Cooper et al. [9] observed detaching bubbles from a horizontal surface in n
hexane in a known temperature gradient. In their experiments they reduced the 
gravitational acceleration to about 0.4 % of earth gravity. In near zero gravity, 
the bubble shape and departure could be fully described by the temperature 
boundary layer thickness and the wall superheat. It was also found that in 
comparison with gravity the thermal boundary layer present in most cases had 
a dominating effect on growth and departure. Detachment 'against' gravity 
was found to be favoured by strong subcooling of the liquid and by a thin 
thermal boundary layer. 

2.1.4 General Remarks Regarding the Influence of Fluid Flow 

When liquid is flowing past the bubble other forces become important. In 
most industrial applications of boiling heat transfer, liquid is forced along the 
heated surface, thereby inducing hydrodynamic forces on growing bubbles. 
Little research has, however, been done on the effect of flowing liquid on 
bubble dynamics. 

One of the first researches was performed by Levy (22], who calculated the 
vapour volumetrie fraction in forced convection subcooled boiling. As he was 
only interested in the mean vapour fraction in a boiling tube, the behaviour of 
single bubbles was of minor interest. He aimed at finding a relation between 
flow conditions and heat transfer in a tube. To establish this, he assumed a 
force balance on growing bubbles attached to the wall. As an illustration of 
how a force balance is set up, Levy's derivation is described in more detail. 
The forces mentioned will be described in the next section. 

The assumed forces were pointing in a direction parallel to the upward flow. 
He derived a formula for the bubble radius from a balance between buoyancy, 
drag force and surface tension (see figure 2.5). The buoyant force was given 
by: 

(2.6) 



10 Chapter 2. Forces on a Detaching Bubble 

Figure 2.5: Direction of farces in Levy's [22] model. 

C8 is a proportionality constant. The surface tension force Fu: 

Fu = CsRbO" (2.7) 

Cs is a proportionality constant, O" the surface tension. The drag force was 
found by relating it to the liquid frictional pressure drop per unit length of the 
tube, which in its turn is related to the wall shear stress Tw. 

Tw 3 
Fo = CF DH Rb (2.8) 

CF is, again, a proportionality constant and DH the hydraulic diameter of the 
tube. Equating the forces gives a second order polynomial in Rb, which can be 
solved. The distance from bubble cap to the heating wall, xb, was assumed to 
be proportional to the bubble radius: 

(2.9) 

the proportionality was used because no assumptions were made conceming 
the bubble shape. If the liquid temperature at the bubble top is at saturation 
temperature, the bubble was assumed to detach. This is the detachrnent con
dition in Levy's model. In genera! this condition is crucial in understanding 
the process. Note that Levy's criterion is not stated in terms of a force balance. 
Detachrnent is supposed to occur on purely energetic grounds. Unfortunately, 
the detachrnent condition in other studies is not always stated clearly and 
unarnbiguously. 

The ternperature in the liquid was determined by the temperature distri
bution in the turbulent liquid flow and the coefficient of heat transfer frorn the 
wall to the fluid. The unknown proportionality constants were found by com
parison with experirnental data, and it was found that the detachment process 
was only dependent on surface tension and fluid drag farces, while buoyancy 
had no influence. 
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Koumoutsos [20] studied the effect of convection on detachment diameters 
of bubbles from a heated wall. Like Levy, he took buoyancy, surface tension 
and drag force into consideration. Experimentally he found a decrease in 
detachment diameter with increasing velocity. However, from a force estima
tion the drag force was found to be much smaller than the other forces and 
it was concluded that the drag force alone could not describe the influence of 
convection. 

Al-Hayes and Winterton [1] studied gas bubbles taking off into a flowing 
liquid. Their test tube could be adjusted to have an inclination of -30 degrees, 
horizontal or +30 degrees. They also assumed action of only the three afore
mentioned forces and found that detachment diameters could be predicted 
reasonably well. Their theory predicted a maximum in the detachment diam
eter with increasing downward flow which, however, was not experimentally 
observed. 

Cooper c.s. [10] performed a series of measurements on growing bubbles 
in supersaturated n-hexane, with and without gravity, in a developed 1aminar 
flow. With gravity the bubbles were found to slide along the wall, forming 
a microlayer at the bubble foot. The drag force on these bubbles was found 
to be larger than for free moving bubbles. Viscous forces in the microlayer 
wedge were thought to induce this enhancement of drag force. From the 
measurement with zero gravity they concluded that the bubble growth can be 
described completely by the Jakob number and the liquid thermal diffusivity, 
while the influence of viscosity and surface tension was negligible. The Jakob 
number is defined as the ratio of latent heat available in the (superheated) 
liquid and the heat of evaporation: Ja= p1c6..T / pgh. 

More recently, Klausner et al. [18] studied the detachment of bubbles from 
a horizontal heated wall in to saturated flowing R 113. Their heater was a NiCr 
strip without artificial cavities. They found the majority of the bubbles first 
to move parallel to the wall with their foot still at the wall before lifting off. 
Because no fixed nucleation site was studied, their results were stated in terms 
of Probability Density Functions (pdf's). An increase of wall heat flux or a 
decrease of liquid mass flux were found to cause a shift of the detachment 
diameter pdf towards larger values. From a force balance this result was pre
dicted with main parameters being the liquid velocity and the wall superheat. 
Of main importance in the force balance parallel to the wall was the force re
sulting from asymrnetrical bubble growth. The same force balance was used 
by Zeng et al. [42] to predict the bubble detachment diameters in horizontal 
flow boiling systems. They found a good agreement between measured and 
predicted data for bubble detachment in Rll3. 

From the above it can be concluded that it is not clear yet which mechanisms 
are responsible for the bubble growth and detachment in a situation with 
flowing liquid. In order to be able to distinguish their individual importance, 
the various forces that can work on a bubble are described individually in the 

c 
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next section. 

2.2 Forces on a Bubble 

2.2.1 Buoyancy Forces Fa and Fca 

In most models the upward, Archimedes, or buoyancy force F8 is of dominant 
importance for the bubble detachment. Buoyancy is caused by the inhomoge
neous pressure along a submerged body with a mass density differing from 
the mass density of the fluid. The pressure gradient in the liquid enveloping 
the bubble causes the bubble to have a non-spherical shape. For a stationary 
bubblethere is pressure equilibrium across the surface according to Laplace's 
Law: 

PI - Pg = u (_2_ + _2_) 
R1 Rz 

(2.10) 

PI and Pg are the pressures in liquid and vapour, respectively, u is the surface 
tension and R1 and R2 are the local principal radii of curvature of the inter
face. With this pressure drop over the bubble surface and the statie pressure 
diStribution in a column of water, Chesters [7] gave an analytica! solution for 
the shape of a bubble on a horizontal wal!. As bubbles on a vertical wall are 
not axisymmetrical, their shape is more difficult to derive mathematically. The 
shape of the bubble is important, however, in the present case of growth and 
detachment of bubbles from a vertical wall. In figure 2.2, page 6, a sketch is 
made of a slightly deformed bubble attached toa vertical wal!. The attachment 
leads to a buoyancy force component perpendicular to the wal!. The volur,ne 
force, Fs, is composed of gravity acting on the mass of the bubble, 

{ pggdV = - Vbpggëy Jvb (2.11) 

and the corrected Archimedes force, F~, on an adhering bubble that is calculated 
by integrating pressure over the entire bubble enveloping area, A1• Tuis area 
comprises two parts: one over the water-vapour interface, Ai, and one over the 
capillary mouth, Ac. The area Ai is situated completely in the liquid phase, at 
an infinitesimal distance from the bubble surface. This yields for the corrected 
Archimedes force: 

F~ L,P1(y)iîdA + i,pgiîdA 

i,(Po + p1glyl)iidA + i ,(Po + Ps9IYI + 2u/R1op )iidA (2.12) 

In which p1 is the statie pressure in the liquid (a function of y ), p0 the statie 
liquid pressure at the bubble top, Pg the vapour pressure inside the bubble and 



2.2. Forces on a Bubble 13 

g earth's gravitational acceleration. Rtop is the curvature radius of the bubble 
top part. As the actual bubble top has two principal radii of curvature, 2/ Rtop 
is assumed to be the effective value for the reciprocal sum of these two radii. 

The integral over Ai can be subdivided into: 

r (po+ Pg9IYI + 2u/Rtop)n dA JA, 
r (po+ Pg9IYI + 2u/Rtop)n dA (2.13) JA, 

After rearrangement and application of Gauss' integral theorem on the integral 
over A1 it is found that 

(2.14) 

Ho is the vertical distance from capillary centre to bubble downstream side 
(bubble top, see figure 2.2). All the pressure forces are the result of the product 
of statie pressure with the outward directed normal vector (n). 

Summation of equations (2.11) and (2.14) gives for the volume force: 

Fs = {(pg - pi)gHo + ~:P} Ae ëx + Vbg(p1 - Pg) ëy = Fcoëx + Foëy (2.15) 

In this equation, the y-component gives the 'normal' buoyancy force, and the 
x-component the 'corrected' buoyancy. 

2.2.2 Surface Tension Force Fu 

At the bubble base the fluid-vapour interface ends in a three-phase contact 
line. The resulting adhering force is approximately pointing in the direction 
given by the local contact angle /3. Por a bubble on a horizontal surface in a 
quiescent liquid, f3 is constant over the circumference and the surface tension 
force is given by: 

F" = 271" Reu sin(/3) (2.16) 

and points in negative y-direction. f3 is measured through the fluid. 
Por bubbles at a vertical wall or with convection the contact angle f3 is a 

function of the azimuthal angle. Al-Hayes & Winterton [1] used the measured 
upstream and downstream contact angles, assuming a smooth variation of 
contact angles at intermediate points. The net surface tension force then has 
components in x- and y-direction, each of which can be calculated by integra
tion of the approximating function for the contact angle. The integrals for the 
surface tension force components in x- and y-direction are given by: 

~ {2~ {2~ 
F" = -Reu Jo sin(/3) def> ëx - Reu Jo cos(/3) cos( <f>) def> ëy (2.17) 

c 
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<P is the circumferential angle along the capillary mouth (see figure 2.2 on 
page 6). cos( <P) is the projection of the vector in <P-direction on the y-axis. 
The contact angle at the bubble upstream side is denoted f31e, the 'leading' 
angle, at the downstream side /31" the 'trailing' angle. If the contact angles 
at intermediate <P are linearly interpolated from f31e and /31r, the integrals in 
equation (2.17) give: 

F- _ 2 D { COS f3tr - COS f31e - _ (f31e - f3tr) (Sin f3tr + Sin f31e) - } 
<7 - 7r•Lca ex ey 

f31r - f31e (f31e - f3tr - 7r )(f31e - f3tr + 7r) 
(2.18) 

Note that this equation is only valid if f31e =f. f3tr· 

2.2.3 Drag Force Fo 

In rnany models, the resisting force on a bubble moving in a fluid is considered 
to be a drag force on a spherical or hernispherical body: 

(2.19) 

Co is the drag coefficient, depending on the shape of the body and on the 
Reynolds number, A is the area of the bubble cross section and V00 is the 
undisturbed liquid velocity. 

A principal difference, however, between a vapour bubble and a rigid body 
is the value of the velocity at their surfaces. On a rigid body the velocity has 
to be zero, this condition being called the no-slip condition (see figure 2.6). If 

Solid Sphere Bubble 

Figure 2.6: Boundary conditions for the tan
gential fluid velocity at the interface of a 
solid sphere and of a bubble. 

-
V(x) 

Figure 2.7: Direction of FL2 for 
'simple shear' flow. The vortic
ity vector w is pointing towards 
the reader. 

the viscosity of the vapour is neglected, the condition at the bubble surface is 
the condition of zero tangential stress1

. Stated in velocity terms: the normal 
derivative of the tangential velocity has to vanish at the bubble surface. 

1 this only applies if the surface tension is constant along the interface. 
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The drag coefficient for bubbles rising freely in a fluid has been determined 
by several experimentators. Moore [29] gives a relation for the drag coefficient 
as a function of the bubble Reynolds number: 

Co= 48 {l - 2.2 } 
Re VRe (2.20) 

valid for Re < 60 and for spherical bubbles only. Tuis value can be higher, 
d_epending on the fluid properties, as long as the bubble stays spherical. For 
water, this means that the bubble must be smaller than 0.6 mm. Re is the bubble 
Reynolds number: 

(2.21) 

and will be referred to as the Reynolds number hereafter. v is the kinematic 
viscosity of the liquid. 

In [26], Mei & Klausner numerically solved the unsteady Navier-Stokes 
equations for the flow along a spherical bubble at finite Reynolds number. For 
the steady drag force they found a value lower than the Stokes drag on a rigid 
sphere for low Reynolds. The computed steady drag force was found to agree 
with other observations. They proposed the following interpolation for Re up 
to 1000: 

(2.22) 

with m = 0.65. 

0 ~~~~~~~~ ............ ~~~~~~~ 

s 10 100 1000 

Bubble Reynolds number 

Figure 2.8: Drag coefficient as function of the bubble Reynolds number accord
ing to different references. Solid line: Moore [29], equation(2.20); dotted line: 
Mei & Klausner [26], equation(2.22); dashed line: Al-Hayes & Wmterton [1], 
equation(2.23). 
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16 Chapter 2. Farces on a Detaching Bubble 

A theory or calculations conceming the influence of simple shear flow on 
the drag coefficient has not yet been found. 

If a bubble is attached to a wall and fluid is flowing along it, determination 
of the drag coefficient is difficult because of the non-spherical (or even non
hemispherical) shape and because of the non-uniformity of the flow field. 
Al-Hayes & Winterton [1] derived the drag coefficient of gas bubbles attached 
to the inner side of perspex tubes with liquid flowing through the tube. They 
assumed the bubble shape to be a truncated sphere and used the measured 
upstream and downstream contact angles of droplets on a tilted plate in a 
force balance equation between surface tension, buoyancy and drag force and 
arrived at a correlation for Co: 

C _ { 1.22 20 < Re < 400 
0 

- 24/Re 4 < Re < 20 (2.23) 

The latter is equal to the drag coefficient of a solid sphere with the same volume. 
The velocity used to calculate the bubble Reynolds number is the liquid velocity 
at half the bubble height. The presence of the wall will lead toa large difference 
in liquid velocities along the bubble. Tuis, plus the turbulence in the boundary 
layer, will influence the drag on the bubble. When calculating the drag force 
the reduced frontal area has to be taken into account. 

2.2.4 Lift Force FL 

If either the body is non-symmetrical or the flow is non-uniform, the body 
experiences a force in a direction perpendicular to the flow. This is the lift 
force. lt comprises all hydrodynamic forces acting in the direction transverse 
to the flow. lt is partly generated by the suction on an adhering body of a 
uniform flow over the body ('Bemoulli suction'), partly by the interaction of a 
gradient in the approaching liquid flow and the relative velocity. 

i!> - C Re A' V2 - C .LJ 1- -1 -l'L- L 1Ji ï PI mex+ L 2 PIVb Vre1 Xw e" (2.24) 

In the first term, CL, accounts for the 'Bemoulli suction' and is computed 
using Bemoulli's equation and potential flow theory. This simplification is 
allowed since the bubble Reynolds number is high (typically 400 for the lowest 
velocities). The computation, described in Appendix A, yields CL,= 11/8 for 
the initia! hemispherical bubble, with A=!7r R~ and R = Re. If the bubble is 
growing and takes on the form of a truncated sphere, the value of this force is 
assumed to decrease inversely proportional to the bubble radius, made explicit 
by the factor Re/ R in equation (2.24). 

In most theories on bubble detachment, the shear lift force on a bubble, 
represented by the second term in (2.24), is not taken into account. If a particle 
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moves in the vicinity of a wall, the shear flow results in a force perpendicular to 
the relative movement. Saffman [31] calculated this shear lift force on a spheri
cal solid particle. As the calculation was performed by a series approximation 
in v-1, his solution is only valid for small Reynolds number. 

Mei [25] gave an approximate expression for the shear lift force on a spher
ical particle, valid for Reynolds number up to 1000: 

12. 92vl/2 ( av) 1/2 
CL= 

8
"' · C 

1T'Vre! 
(2.25) 

with C given by: 

C = (1 - 0.3314a}12) exp(-Re/10) + 0.3314as1/2 for Re::; 40 

C = 0.0524(osRe)112 for Re > 40 (2.26) 

vre1 is the relative velocity between liquid and particle. The above equation is 
valid for small shear parameter os, with 

av 
Os = Bx !4,/vre1 (2.27) 

A small value of os is equivalent to small velocity gradients in the liquid. 
Another approximation for the shear lift force F1..i was given by Auton [2]. 

He assumed the fluid to be inviscid and the rigid body to be a sphere. The 
flow is assumed to have parallel streamlines, generating only 'simple shear'. 
Furthermore, as has to be much smaller than unity. F1..i has magnitude and 
direction given by: 

F1.., = -Ci.ip1Vbvre1 x w (2.28) 

with CL2 ~ 0.53 and% the bubble volume. vre1 is the difference between 
velocity of the body and ambient fluid velocity. Figure 2.7 on page 14 depicts 
the force direction. 

A corresponding expression should hold for a bubble attached to a wall, 
with part of the bubble in the vorticity field associated with the boundary layer. 
Again, a correction should be made for the non-spherical shape, for the non
uniformity of the vorticity and for the fact that the bubble is sometimes larger 
than the boundary layer thickness. If again simple shear is assumed, then the 
vorticity w is uniformly spread over the boundary layer with thickness 6, while 
Vrel = V00 • Hence, the vorticity is given by: 

(2.29) 

and an approximate expression for the shear lift force is: 

(2.30) 
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Ft.., is directed towards the higher fluid velocity (see figure 2.7). The quantity 
between brackets is equivalent to the lift coefficient (CL/?-c/ R). If the bubble 
has the same order of magnitude as the boundary layer thickness, this quantity 
is of order l. Ft.., then is comparable to FL1• An expression for the vorticity 
force in a non-uniform vorticity field, with non-simple shear, has not yet been 
found. 

2.2.5 Thermocapillary Force F 11(]' 

In the boundary layer of the fluid along the wall a temperature gradient exists. 
For all pure liquids the surface tension decreases with increasing temperature. 
A bubble attached to a heating wall will therefore have a varying surface 
tension from bubble foot to cap, if the temperature gradient is not reduced 
by evaporation or condensation at the interface. The varying surface tension 
induces a flow in the fluid along the bubble, called the thermocapillary or 
Marangoni flow2 . Various effects of the thermocapillary flow on bubble growth 
and detachment have been reported. 

Gaddis (13] calculated the flow field around a very small bubble (diameter 
of several micrometers) induced by evaporation and condensation at the bub
ble surface and by the thermocapillarity effects. He found that the Jatter had 
more in.fluence on the fluid motion. The thermocapillary flow tends to reduce 
the temperature difference between the wall surface and the bubble vapour, 
leading to lower wall superheat for nucleation. The size of the bubbles used in 
the cakulations was limited by the demand that they be smaller than the tem
perature boundary layer thickness. However, at atmospheric pressure bolling 
of water, bubbles are larger than the temperature boundary layer thickness. 
Gaddis' method cannot be applied to these bubbles, hut he states that thermo
capillarity may still be important, due to the temperature difference between 
bubble cap and bubble foot. 

Like Gaddis, Kao and Kenning [17] found that high heat transfer coefficients 
between liquid and vapour reduce the thermocapillarity effect. They found 
that the effect is very susceptible to the presence of surfactants. Even a very 
low concentration can neutralize the Marangoni motion. 

lnjection of gas bubbles into a fluid at equilibrium temperature led to con
siderable Marangoni flows. Such bubbles have a temperature difference over 
their surface, since the temperature at the bubble cap is governed by the bulk 
liquid temperature and the temperature at the bubble foot is governed by the 
local wall surface temperature. This situation can be compared with rapid bub
ble growth from a highly superheated wall or into a highly subcooled liquid, 

2A just name for this force would be Thomson force, as James Thomson was the first to 
explain the behaviour of drops in a glass of wine with the varying surface tension along the 
liquid surface. Tuis was in 1855, ten years before Marangoni's first publication (see [36)). 
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where the bubble also breaks through a temperature gradient. This mechanism 
is thought to cause bubble detachrnent in zero gravity experirnents in [9]. In 
this reference, Cooper & Chandratilleke observed bubble growth and detach
ment from a horizontal wall into a liquid with a known temperature gradient 
(see section 2.1.3). The temperature boundary layer was found to be of more 
irnportance than gravity. Only for a high Jakob number ( high superheat) 
gravity becomes equally important. 

For a vapour bubble, attached to a heated wall and growing in water, the 
mechanism is as follows. As the surface tension decreases for increasing water 
temperature, the surface tension of the bubble surface increases with distance 
away from the bubble foot, creating a shear stress directed towards the bubble 
foot. In reaction to this shear stress, momentum is irnparted to a thin Iayer of 
liquid adjacent to the bubble. As the pressure in the layer and in the adjacent 
liquid are equal, the only force induced by the temperature difference on the 
bubble is the shear stress, directed towards the wall. · For free bubbles, the 
induced liquid flow forces the bubble towards warmer regions in the liquid. 

A rough estimate for the surface tension gradient force on a bubble attached 
to a wall can be made 3

. The bubble foot is a circle with radius flc. The 
temperature difference between bubble foot and cap is b..T, and the surface 
tension varies linearly with temperature. Tuis gives4: 

Ft:J." = 27r flc( da/ dT)b..T (2.31) 

The problem is finding the right value for b..T. Normally, the temperature 
difference between wall and liquid bulk is taken [13, 17), but a difference of 
1 K at the most is also dairned, this lower value being due to the tempera
ture equalization caused by the vapour in the bubble. As the pressure of the 
vapour inside the bubble is homogeneous, the surface should be at saturation 
temperature everywhere. Only at the bubble foot the temperature can vary 
due to thermodynamic nonequilibrium. Lee & Chen [21) calculated the de
formatiön of a bubble at a horizontal wall, caused by a temperature difference 
between the wall and the (stagnant) liquid. They found that the isothermals 
bend towards the bubble foot, and that the bubble flattened with increasing 
temperature difference, as a result of the Marangoni-induced flow. 

In Chapter 6, section 6.1.1, an extra detachinge force is introduced, that 
is assumed to account for the difference in detachment behaviour between 
nitrogen and steam bubbles. The Marangoni force can not account for this 
difference, as it is pointing towards the wall. The physical mechanism behind 

3It is noted that a temperature gradient is also present at the wal! surface in contact with 
the liquid near the bubble foot. Since solid-fluid interfacial tension is of the order ucos/3 
this temperature gradient also creates tangential stresses, though at places where the liquid 
velocity is zero. 

4As with the surface tension force, the varying contact angle at the bubble foot should be 
accounted for. A factor should be included, equal to the factor in equation (2.17). 

c 



20 Chapter 2. Forces on a Detaching Bubble 

this temperature drop force is still unclear, but in order to have an order of 
magnitude estimate, the Marangoni force description is used as a basis for this 
force. 

2.2.6 Expansion Force Fe 

A growing bubble experiences a dynamic pressure difference over its surface. 
For an expanding vapour bubble completely surrounded by liquid this pressure 
difference can be found by applying mass and momentum conservation, giving 
the Rayleigh equation (see, for instance, [38)): 

3 . " 
ó.pdyn ex p1(2.R2 + RR) (2.32) 

where the dot on top of R denotes the time derivative. If the radius Ris known 
as function of time, the resulting expansion force on the bubble can be found 
by integrating the former expression over the bubble surface. 

For the potential flow caused by a growing sphere tangent to a surface, 
Witze et al. [41] gave an analytica! solution. If a growth model is given, the 
resisting force on the sphere can be calculated. Using the square-root bubble 
growth model (equation (2.3) at page 8), they found a pressure distribution 
along the sphere surface, that would cause a flattening of the sphere if it were 
deformable. From this it can be seen that the resisting force has a flattening 
effect on a growing bubble. They made a simple departure model in which the 
bubble detaches when the buoyancy exceeds the resisting force, still using the 
square-root growth law. Departure times were calculated that were three times 
smaller than experimentally found, which could be expected because surface 
tension forces were not included. 

As pointed out by Klausner et al. [18], a bubble growing at a wall causes 
a pressure distribution along the bubble surface resulting in a resisting force. 
This 'expansion' force can be written as: 

(2.33) 

The expansion force has a dominant role in the detachment models of Klaus
ner [18] and Zeng et al. [42, 43]. R, Rand the constant Ge have to be determined 
experimentally. The values found for Ge range from 1 [18] to~ [43]. Fe then is 
in the order of 1 µN, assuming steady bubble growth from 0 to 0.5 mm radius 
in 5 ms. The value 1 for Ge was found for forced convection boiling, while 
the higher value resulted from pool boiling experiments. As this coefficient 
was found by a fitting procedure, it is possible that it also displays the effect of 
other mechanisms, not explicitly incorporated in the models employed. 

The term with R in equation (2.33) is an added-mass term. If the relative 
velocity of a body, immersed in a liquid, is changed, or if its volume is changed, 
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the total kinetic energy of the liquid changes. Tuis results in a force acting on the 
body, resisting the original motion. Tuis force can be thought of as originating 
from an extra mass of the body, referred to as the virtual or added mass. The 
value of this mass depends on the geometry and size of the surrounding liquid, 
the liquid density and the position of the body. 

2.2.7 History Force 

Tuis force results from the interaction between the flow field and vorticity shed 
from a body in the flow. The shedding is caused by relative acceleration of the 
body. 

In assuming a steady flow with a small time-dependent perturbation su
perposed, Mei & Klausner [26] numerically solved the flow field around a 
spherical bubble. If the history force is stated in the same form as, for instance, 
the lift force, the history force coefficient ch for low frequency f is found to be: 

.81r f v . ch = -i--vr- exp(-i27r f t) 
00 

(2.34) 

with i denoting an imaginary quantity. An order of magnitude of the history 
force coefficient can be found when the effect of the most energetic eddies in 
the turbulent pipe flow is considered. The dimension of these eddies is typical 
2/3 Dtt. Fora bulk liquid speed of 0.25 m/ s the coefficient has a value of 0.0022. 
For higher bulk speeds or smaller eddies the effect is even smaller. Thus, the 
history force is negligible. 

2.3 Force Magnitude Estimates 

In this section, estimates of the different forces working on a bubble at a vertical 
wall are evaluated. Values for the different variables are chosen that are in our 
experimental range. All forces are non-dimensionalized with the value of the 
buoyancy force F8 , as given in equation (2.15). The bubbles are assumed to 
originate from a capillary with radius Re = 65 µm. The absolute value of the 
buoyancy is depicted in figure 2.9. lt typically lies in the range 1-40 µN. 

The attaching surface tension force is dependent of the contact angle at the 
bubble foot. An order of magnitude estimate is found if this angle is assumed 
constant at f3 = 90 °, and u is taken to be 0.059 N /m (see Appendix F). Then 
F" = 2.4 µN. The relative surface tension force F" / Fs is given in figure 2.10. 

In figure 2.11, the drag force from equations (2.19) and (2.22) divided by the 
buoyancy is shown as function of the bubble radius%. Parameter is the liquid 
velocity; the upper curve is for V = 1 m/ s, the lowest for 0.1 m/ s. Notice that 
the y-axis has a logarithmic scale. lt can be seen that for small bubble radius 
and high liquid velocity the drag force is important. 

c 
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Figure 2.9: Buoyancy force, Fa, versus Figure 2.10: Relative surface tension 
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Figure 2.11: F0 /Fa, the relative drag 
force, versus Rb· Parameter is the 
liquid speed at the bubble midpoint. 
Drag force computed using equa
tions (2.19) and (2.22). 
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Figure 2.12 gives the computed relative lift force as a function of R.t,. Again, 
the liquid velocity is the parameter. Expressions (2.25) and (2.26), used for the 
lift coefficient, result in a nearly constant relative lift force for bubble Reynolds 
numbers higher than 40. 
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Figure 2.13: Relative thermocapilJary 
force F" /Fa as function of the bub
ble radius Rb(lic = 65 µm). Parameter 
is the temperature difference b..T in 
equation (2.31). 
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Figure 2.14: Relative value of the cor
rected buoyancy force as function of 
the bubble radius Rb· Capillary ra
dius is 65 µm. 

Figure 2.13 gives the relative thermocapillary force as function of the bubble 
radius, according to equation (2.31). Parameter is the temperature difference 
b..T between bubble foot and cap. Assuming that the Marangoni force acts 
over a circular perimeter with radius lic, it can only be important for very 
small bubble radius and large b..T. 

Figure 2.14 gives the relative value of thecorrected buoyancy, Fes/ F8 . Equa
tion (2.15) is used to calculate Fes for two situations; the solid line represents 
the corrected buoyancy for the bubble having the shape of a truncated sphere, 
i.e. Riop = Rb and Ho = Rb. The dashed line gives the values for a slightly de
formed bubble, in which Riop = 0.9Rb and Ho= l.lRb· The difference between 
these two situations is small. Due to the small value of the' genuine' buoyancy, 
F8, the relative value of Fee is high at small bubble radius. 

Finally, the relative value of F. is plotted in figure 2.15. To compute the 
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Figure 2.15: The relative ex
pansion force F.! F5 as func
tion of time. Two curves 
are drawn for different val
ues of the growth exponent 
7. F. is calculated according 
to equation (2.33), with ~ = 
0.25 mm and t = 5 ms. 

expansion force some assumptions have to be made conceming the bubble 
growth rate. The growth rate is determined by two coefficients if it is written 
as: 

R = R-c + e,.p (2.35) 

The growth starts at t = 0 with R = R-c. The growth coefficient C-r and the growth 
exponent 7 determine the time-dependent behaviour of the bubble expansion. 
The expansion force is calculated using equation (2.33). In figure 2.15, two 
curves are given for different values of the growth exponent 7, fora bubble 
growing in 5 ms to a radius of 0.25 mm. 7 = 0.5 corresponds to diffusion 
controlled bubble growth, while 7 = 1.5 corresponds to the limit of inertially 
controlled growth. The values of the accompanying C-r are calculated to give 
the right growth time. The expansion coefficient, c., was set to l. On the 
whole it is seen that for increasing 7 the absolute value of the expansion force 
decreases. For large 7, it can attain negative values. F., furthermore, is only 
important initially. 

From the foregoing it can be concluded that buoyancy, drag, lift and surface 
tension force are all important. On the basis of R-c = 65 µm, Rb = 0.25 mm and 
Vbulk = 0.25 m/ s, estimà.tes of the order of magnitude are found of: 
F5 = 0(1 µN), Fes= 0(100 µN), FL = ('.J(0.1 µN), F" = 0(10 µN). 
Note that, although the value of FL is relatively small, it will increase rapidly 
with increasing bubble radius (see figure 2.12). Depending on the situation 
(growth rate, bubble diameter) the expansion force (CJ(0-10 µN)) can also be
come important. The Marangoni force probably is negligible (CJ(0-1 µN)). It 
should be noted, that the given orders of magnitude can change drastically 
with increasing bubble radius. 

In Chapter 6, these forces will be incorporated in a force balance. A variation 
of experimental parameters will help to elucidate the relative importance of 
individual forces. 



Chapter3 

Experimental Set-Up 

In this chapter, first a description of the experimental loop and test section is 
given. Special attention is paid to the velocity distribution in the test section. 
An approximate expression for the axial velocity at the bubble generation site 
as function of the distance to the wall is derived from literature. In section 3.3, 
the methods that are applied to generate bubbles at a fixed position in the test 
section are described. Three different devices are developed for this purpose. 
Finally, attention is paid to the measurements and data analysis, and estimates 
of the experimental errors are made. 

3.1 Experimental Loop 

The experiments are performed in a stainless steel circuit. The test loop and 
its main components are depicted in figure 3.1. Apart from the test section, 
the loop consists of round pipes with 40 mm inner diameter. The piping is 
covered with 6 cm thick thermal insulation. Water is circulated through the 
loop by a centrifugal pump, having a maximum capacity of 5.6 · 10-4 m3 / s. 
This corresponds with a maximum mean water velocity (VbuJk) through the 
test section of 1.39 m/ s. In early experiments the mass flow is regulated with 
a bypass. Beginning at experiment number N68 the flow is controlled by 
varying the rotational speed of the pump. The demineralized water is heated 
to saturation temperature by an electric heater, moves upward and passes the 
test section and the condenser and finally moves down again to the pump. The 
condenser is a stainless steel vessel with a cooling spiral to condensate vapour 
that was produced in the test section or in parts of the loop downstream of the 
test section. 

The test section consists of three parts; two round-to square inlet and outlet 
pipes and a channel with a 20x20 mm2 cross section. The inner walls have 
been finished very smoothly (roughness smaller than 15 µm) to minimize the 
number of unwanted nucleation sites. At about 34 cm from the round-to-
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Figure 3.1: Schematics of the test 
loop with the main components. T 1 

andT2 mark the location of the ther
mocouples. H is the water head at 
the bubble generation site. 
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Flow 

Figure 3.2: Part of the test section with 
square cross section. 

square entrance a bubble generator is moWlted in to one side of the test section. 
Class windows have been placed left and right of the bubble generator in the 
test section walls to allow optical measurement of the bubbles produced (see 
figure 3.2). 

The vertical distance from bubble generator to the water level in the con
denser is 120 cm generally, leading toa pressure at this site of atmospheric plus 
the water head pressure (denoted H in figure 3.1). 

3.2 Flow Pattem in the Test Section 

As a square duet is used as test section, first some investigation has to be done 
into the flow field in this situation. Ina review by Klein [19], it is foWld that for 
a large range of Re the flow in a pipe is fully developed at 60 diameters from the 
inlet. Gessner & Emery [14] performed measurements and made calculations 
on the turbulent flow through a channel with a square cross section. At Re= 
25 · 104 the mean axial velocity increased to a maximum at an axial distance 
from the inlet of z/ DH = 40. DH is the hydraulic diameter of the channel. 
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After this length the velocity distribution reaches its permanent shape. For 
a Reynolds number of 4.2 · 104 the flow is fully developed after an entrance 
distance of 40 hydraulic diameters. For the velocity field in a duet with a square 
cross section, as used in the experiments, no simple description can be given. 
Melling & Whitelaw [27] performed a series of Laser Doppler Anemometry 
measurements on a nearly square duet. At several axial distances from the 
duet inlet, they obtained the velocity distribution at a Reynolds number of 
4.2 · 104. At 36.8 diameters from the inlet the flow was almost fully developed. 
In the present experimental set up the distance from round-to-square inlet to 
the bubble generator is 17 hydraulic diameters. Upstream of the inlet is a 
straight circular pipe of 120 cm length, however. Over a length of circa 15 cm, 
the round pipe changes to a square cross section. The contraction of the cross 
section area is 71":1. In the review of developing pipe flow by Klein [19], results 
of experiments are compiled in which contraction ratios all are larger than 
4:1. This, and the long inlet length, gives ground to the assumption that the 
velocity profile at the bubble generator has a velocity distribution similar to the 
distribution of a fully developed flow. As the bubble generator is positioned 
in the middle of one channel side, no influence is expected of the secondary 
flows that occur in turbulent flows through channels with a non-circular cross 
section. The secondary flow is directed outward along the diagonals, then flows 
towards the middle of the walls and back to the pipe centre. The maximum 
secondary velocity is less than 7 % of the axial velocity. Figure 3.3 gives the 
dimensionless axial velocity as measured by Melling & Whitelaw at the cross 
section 36.8 diameters from the inlet. The data of Melling & Whitelaw are 

î 0.8 
> :q 0.6 

;:;;, 0.4 
>< > 0.2 

0.0 --~-~-~-~-~ 
0.0 0.2 0.4 0 .6 0.8 1.0 

2x/D,: position from duet axis 

approximated by a power function: 

Figure 3.3: Dimensionless axial veloc
ity in a center axial plane of a square 
duet at 36.8 diameters Erom the in
let. Velocity data alter Melling & 
Whitelaw [27]. Curve corresponding 
to equation(3.1) with m = 5.36. 

( ) 

l/m 

V(x) == l.25Vbulk ~~H (3.1) 

with Dtt the hydraulic diameter of the tube and m = 5.36. In smooth circular 
pipes the exponent in the velocity distribution equation is logarithmically de
pendent on the channel Reynolds number (see for instance Miller [28]). If we 

c 



28 Chapter 3. Experimental Set-Up 

assume the same dependency in our smooth test section, the exponent m from 
equation (3.1) can be written as: 

m = 0.503ln(Rea) (3.2) 

Ln is the natura! logarithm, Rea is the (square cross-section)-channel Reynolds 
number. The velocity distribution in equation (3.1) is taken to derive an esti
mate for the vorticity in a center axial plane of the channel. It can be approxi
mated by the first derivative of the mean velocity, giving: 

1.25 vbu1k ( x ) (;!;-i) 
w(x)=-- -

m ~DH ~DH 
(3.3) 

This expression is valid for Óv < x :::; ~Dtt, x is the distance from the wall 
and Óv is the width of the viscous sublayer plus buffer layer, in which w is 
nearly constant. The value of Óv is not known for the present set-up, but can 
be estimated assuming fully developed flow through a channel with smooth 
walls. Following Reynolds [30], p.118, the maximum sublayer speed is 47% 
of the centerline speed. This leads, in our situation, to a sublayer thickness 
of 50µm, approximately. In the calculations in Chapter 6, the vorticity is 
not calculated from equation (3.3), but from the local velocity at the bubble 
midpoint, divided by the distance from wall to midpoint. As the minimal 
bubble size in the calculations is lOOµm approximately, the influence of the 
sublayer is of minor importance. 

3.3 Bubble Generation 

Much attention is paid to the principle of generating bubbles in the test section. 
Main restriction was that the bubbles be generated at a fixed position. 

Many experiments on boiling use more or less locally heated surfaces on 
which bubbles grow in an indeterminate marmer. For instance, Cooper & 
Chandratilleke (9) used a thin strip of NiCr that was electrically heated by 
means of a capacitor bank to generate a known temperature gradient in the 
liquid. As a consequence of global heating, the chance of observing an isolated 
bubble at the right position is reduced. 

In many cases, boiling on heated horizontal wires is studied, as by Siegel 
(33] and Deason (11]. 

An other way to arrive at a superheated surface is by means of a sudden 
pressure drop. This drop is accompanied by a decrease in saturation temper
ature causing the whole surface as well as the liquid to be superheated. This 
method was employed by Wang & Bankoff (39], for instance. 

There are two ways to obtain more local bubble production. The first is to 
make an artificial nucleation site on the surface. Superheating can be obtained 
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either by pressure decrease (as in Slooten [34] e.g.) or by heating the surface, 
as was done by Koumoutsos et al. [20], and by Chen Jiabin et al. [16]. 

The second way to arrive at more local bubble production is by heating the 
surface very locally. Cooper et al. [10] for instance, used a metal strip on a 
glass surface to add heat locally by an electric current. Iida et al. [15] used a 0.2 
µm thick Platinum layer deposited on a quarz substrate to generate bubbles by 
electrically heating the layer. The heated surface had an area of 0.25 x 0.1 mm2• 

In the present study, a combination of local heating and artificial cavity is 
used in the first and second of three types of bubble generators employed. The 
third type uses a more indirect way of heating the. surface. 

3.3.1 Thin Film Generator 

l'l·film 3 mm 
;.-------,' 

1 

1 

1 

L 
./ 

Figure 3.4: Basis of the thin film bub
ble generator (Jeft) and two steps in 
the manufacturing process. 

Basis for the thin film bubble generator is a small glass rod (3x3x30 mm3). See 
figure 3.4. In the middle of the top side a capillary of the reservoir type is 
placed. A Platinum layer of 0.1 µm is deposited onto part of the top side by 
means of microwave sputtering. Two sputtered layers of Nickle/Gold leading 
from the top ends along the sides to the back of the glass rod serve as electric 
conductor. The Platinum layer is heated electrically by a Constant Temperature 
Anemometer (CTA). This device controls the current through the metal film, 
keeping the electrical resistance constant at a preset value (see Appendix B). 
Because pure metals have an increasing resistance with increasing temperature 
a certain resistance of the Platinum layer corresponds to a given temperature. 
By means of the CTA the temperature of the thin film is therefore controlled. 

After testing and gauging the electrical resistance the bubble generator is 
cast and fixed in a stainless steel plug by means of a resin (Marocol 701 AB, a 
two-component epoxy). Care is taken to keep the top side of the plug, with 
the resin and top of the glass rod, as smooth as possible in order to minimize 
disturbance in the flow. 

3.3.2 Stainless Steel Generator 
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Figure 3.5: Cross section (left) 
and top view of the stainless 
steel bubble generator. 

With this type of generator (see fig.3.5) local heating is produced by sending an 
electric current through a small piece of stainless steel. In the centre a capillary 
was made by means of spark erosion. The capillary leads to a reservoir that 
was made by drilling a 0.35 mm hole into the back side of the stainless steel 
plate. Also at the backside a miniature (27 µm cross section) Chromel-Alumel 
thermocouple was fixed to measure the temperature of the plate. The electric 
current is fed to the heater plate by two CuCr wires. The whole system is cast 
into the same type of plug as mentioned in 3.3.1. 

3.3.3 Heating Coil Generator 

Basis for the third type of bubble generator used is the same top of the glass 
rod with the capillary plus reservoir in its middle (see figure 3.6). Directly 
beneath this glass top a heating coil can be inserted. The coil consists of 
Canthalum wire, wound around a helically grooved glass tube. Through the 
tube a thermocouple is lead to the top to enable temperature measurement of 
the coil. The coil is heated electrically. The space between inserted tube and 
bubble generating top is filled with thermally well conducting silicon grease. 

Because the heating is indirect now, a certain area of the surface around 
the capillary mouth will have an elevated temperature. The only measured 
temperature is at the top of the heating coil. 

3.4 Nitrogen Gas Injection 

In the same test section, experiments are performed with nitrogen bubbles. 
The bubbles are injected in the flow through a glass capillary. A cross section 
of the nitrogen bubble generator is given in figure 3.7. A miniature glass disc 
with a capillary in its centre is glued on top of a glass tube. Tuis combination is 
cast into the same stainless steel plug as the other types of bubble generators. 
Preheated nitrogen gas is fed into the back side of the glass tube from a high 
pressure nitrogen cylinder and pressure reduction valve. The flow rate is 
regulated by means of a high precision tap. 
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~ Steel 

~ Epoxy 

Capillary 

Figure 3.6: Cross section of the heat
ing coil bubble generator. The bubble 
generator is fixed in a steel plug by 
means of a two-component epoxy. 
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Figure 3.7: Cross section of the nitro
gen gas bubble generator. 

3.5 Data Analysis & Error Estimates 

The mean liquid temperature is determined with two stainless steel, sheathed 
Chromel-Alumel thermocouples, positioned 0.4 m upstream and 0.3 m down
stream of the bubble generator. The thermocouples are gauged before mount
ing. The reference jtrnctions are kept at 0 °C with an accuracy of 0.05 °C by a 
Kaye Icepoint Thermocouple Reference. The experimental series trntil number 
N68 are performed with a thermocouple voltage reading of 0.01 m V (corre
sponding to 0.25 K) accuracy. Later series are measured with an accuracy of 3 
µV (~ 0.008 K). All thermocouple voltages are transformed to temperatures 
by using a series approximation. 

The mass flow is measured by a Krohne type G41.08 Rotameter with a 
maximum reading of 4.4 · 10-4 m3 / s water at 100 °C. This corresponds to a 
bulk liquid speed of 1.11 m/ s. The flowmeter is gauged to 3% accurate. Small 
oscillations in the flow cause an inaccuracy of the liquid bulk velocity that is 
always less than 0.01 m/s. 

The atrnospheric pressure is obtained from a manometer with an accuracy 
of 10 Pa. Room temperature is read from a Mercury thermometer. 

In the experiments, the growing and detaching bubbles are filmed with 
a high speed camera (Hitachi model 16-DS). Depending on bubble growth 
speed, the camera is operated with a maximum of 5500 frames per second. 
After development of the film the pictures are analyzed frame by frame on a 
motion analyzer. On this machine a picture is projected onto a screen. Positions 
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Quantity maximum error Quantity maximum error 
T 0.3K t 0.25ms 

vbullc 3%; 0.01 m/s x,y 15-45µm 

Table 3.1: Estimates for the maximum errors in the measurement of tempera
ture, time, bulk liquid velocity, and position, respectively. 

on the screen can be measured by hairlines. For gauging purpose, two lines 
with an intermediate distance of 1.0 mm are placed on one of the viewing 
windows in the test section. Including projection on the motion analyzer 
screen, a total magnification between 11 and 34 can be obtained. Combined 
with the positioning accuracy of the hairlines this gives a maximum achievable 
accuracy in distance determination between 15 and 45 µm, respectively. In 
practice the accuracy is determined by the quality of the picture obtained. 
Sometimes the picture is blurred and there are no sharp contours. 

When fihning, the film is not instantaneously at the desired speed. The 
acceleration can take up to 0.2 s. For time gauging purpose, a light dot coming 
from a frequency generator is projected on the film when filming. The fre
quency is 100 Hz. These dots serve as time markers. When analyzing, the time 
instants of intermediate frames are interpolated from these timing dots with a 
second order polynomial. In this way, the acceleration period in the film also 
can be used for analysis. 

As the dots are not always on the same position in the picture frame, the 
accuracy in time is limited to t framelength divided by the film speed. The 
camera reaches a film speed of 2000 frames per second within 400 frames. This 
first length is always lost partly in the developing process and partly in the 
film loading of the analyzer. The timing accuracy at this position is 0.25 ms. 

From every film the positions of the bubble contour are measured as a 
function of time. A computer program then processes the raw data to give 
the bubble centre position and bubble radius as a function of time. From the 
position and time data the bubble velocity is computed. The worst case estimate 
for the error in velocity is found assuming that the velocity is computed from 
two neighbouring picture frames with maximum errors for both position and 
time determination. In this case, the uncertainty in the velocity is 90% maximal. 
As the velocity is determined from three or more picture frames, the probable 
error in the velocity is much less: 10% or less. Finally, a small table (3.1) with 
the maximum errors to be expected in the measurements is given. 



Chapter 4 

Experimental Results 

4.1 Aim and Description of Experiments 

With the experimental loop as described in Chapter 3, several series of exper
iments are performed. The aim of the experiments is to get better insight into 
the role of individual forces working on a detaching bubble, by varying sev
eral experimental parameters separately. Three independent parameters are 
varied: the capillary size, the bulk liquid speed and the local superheating of 
the bubble generator. The dependent variables are: the bubble detachrnent ra
dius, its growth ra te, the upstream and downstream contact angles, the bubble 
shape at detachrnent and the direction of midpoint motion before detachment. 
From bubble size and growth rate the (corrected) buoyancy, the hydrodynamic 
forces and the expansion force are determined. The action of the latter force in 
x-direction is computed from the direction in which the bubble centre moves 
just before detachrnent. The capillary size, combined with the measured lead
ing and trailing contact angles, determine the surface tension force. 

Only the detachrnent radius and the growth rate are determined for all 
experiments, for the other variables merely a characteristic s~t of experiments 
is analyzed. 

With the given set-up, it is possible to vary the capillary diameter by using 
different bubble generators. By varying the capillary diameter the effect of 
surface tension forces at the bubble footcan be examined. As serious difficulties 
were encountered in the manufacturing of the thin film bubble generator, we 
had to turn to another principle ofbubble generation. This led to the use of three 
different types of bubble generators, each of which has its own characteristics 
(see section 3.3). The bubble generators used are summarized in table 4.1. 
The numbers of the bubble generators listed in the first column are used for 
reference throughout this thesis. 

The liquid bulk speed in the test section is the second parameter that is 
varied. The speed range spanned between zero and 1 m/ s, approximately. 
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Number Name Type De 
(µm) 

1 PifC921211 heating coil 130 
2 R930401 stainless steel 37±1 
3 B930210B thin film 119±1 
4 N930410 nitrogen 101±4 
5 N930514 nitrogen 132±2 
6 N9201 nitrogen 96±21 

Table 4.1: Number, name and type of the bubble generators that were used in 
the experiments. De is the capillary diameter. 

Variation of the liquid bulk speed influences the hydrodynamic forces, but also 
the heat exchange rate from wall to fluid. Tuis combined effect has to be taken 
into account. 

Dependent on the type of bubble generator used, the heating rate (and thus 
the local wall temperature) can be preset, giving the third parameter that can be 
varied. With the thin film bubble generator both the local wall temperature and 
the heating power applied are known. Because the heating principle in both 
the stainless steel generator and the heating coil generator is more indirect, only 
an estimate of the local temperature can be given when using these generators. 

In principle, the number of independent parameters can be expanded with 
the system pressure, leading to other saturation temperatures, and with other 
liquids than water. In view of the limited time available, only experiments 
with water are performed. 

Completely isothermal bubble detachment is obtained by the injection of 
preheated nitrogen gas. The nitrogen gas is preheated to the temperature of 
the test section by leading it through a hose that was wound directly around 
the test loop for several meters. During all experiments, the set-up pressure is 
maintained atmospheric. As all the other conditions in the experimental set-up 
are equal to the water vapour experiments, comparison can be made between 
nitrogen and water vapour bubble detachment behaviour. A restriction to the 
nitrogen bubble experiments is the production rate of bubbles. The volume 
flow of injected nitrogen has a minimum value below which no injection is 
possible. This minimum value leads to bubble growth rates that are always 
higher than water vapour bubble growth rates. 

A measurement is performed in the following way. When necessary, for 
instance after replacing the bubble generator, the test loop is replenished with 
demineralized water. The dissolved air is removed as much as possible by 
boiling the water several hours prior toa measurement. A typical value for 

1Microscopic observation shows that part of the capiJ!ary mouth of this generator was 
blocked by small epoxy particles. The effective capillary diameter, therefore, is smaller. 
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the content of carbon dioxide in water at l00°C is 0.2%. Then the flow is set to 
the desired value and the heater power is changed step by step until the liquid 
bulk temperature is stable and as near as possible to the saturation value. The 
bulk liquid superheat at the bubble generator position was always less than 
2 J<. 

Then, a high speed film is made of a series of detaching bubbles. After 
reloading the film camera and readjusting the loop to another set point, a 
next experiment is performed. Every film is numbered identically with the 
experiment number. 

The results of the experiments are listed in tabular form in Appendix C. 
For each of the four types of bubble generator a table is given. The detach
ment radius, Rd, is determined from the bubble size just after detachment. 
The experiment number is listed, together with Nbub, the number of bubbles 
used in calculating the mean detachment radius ~- ~ is calculated from 
the detachment radii, ~' of a series of bubbles from one experiment. The 
liquid saturation temperature Tsat is calculated from the pressure at the bubble 
generator position. The liquid bulk superheat E>bulk and the temperature in 
the bubble generator T are listed in subsequent columns. The mean growth 
rate constant C'Y and the mean growth rate exponent 1, listed in the following 
columns, will be discussed in section 4.4. Table C.l also contains the observed 
direction of motion of the bubble centre, ~' before detachment. Tuis angle is 
used to calculate the component of the expansion force in x-direction. 

The experiments tabulated in table C.1 are performed with the heating coil 
bubble generator (number 1). For three experiments the heating coil temper
ature could not be measured because of failure of the built-in thermocouple. 
Table C.2 gives results of the experiments with the stainless steel generator 
(number 2). The results of the experiments with the thin film generator (num
ber 3) are given in table C.3. In Appendix B a description is given of the 
determination of the thin film temperature. The last table with results, ta
ble C.4, contains the experiments performed with bubble generators number 4 
(De = 101 µm), 5 (132 µm) and 6 (96 µm). Fora discussion of the uncertainty in 
the measured quantities see section 3.5. 

4.2 Comparison of Trajectories for Steam and Nitro
gen Bubbles 

As a first result a comparison is made between the trajectories of nitrogen and 
water vapour bubbles after detachment. In figure 4.1 the bubble midpoints of 
individual bubbles at several instants after detachment are plotted. The nitro
gen bubbles are from experiment N30, the water vapour bubbles from NOl (see 
tables C.4 and C.1). The x- and y-position of the bubble midpoint are relative 
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Figure 4.2: Mean trajeetories of rela
tive bubble midpoint positions from 
4 experiments. Solid: nitrogen bub
bles (N30). The other 3 are steam bub
ble trajeetories; short dash: NOl (Tcou 
= 1500C ); long dash: NOS (23(J'C ); 
dots: NOB (34(J'C ). Note that the coor
dinate axes have different sealing. 

to the midpoint position at the moment of detachment. Figure 4.2 shows four 
curves that represent the relative mean trajectories of bubble midpoints after 
detachment from four experiments. 

From figure 4.1 it can be seen that in genera! the nitrogen bubbles slide along 
the wall (the bubble radius is approximately 0.25 mm), while the water vapour 
bubbles take off into the liquid and their path is more distant from the wall. 
From visual observations of other experiments, it appears that this difference 
is more distinct for higher water velocities. One possible explanation for the 
difference in detachment direction is a different growth rate of steam bubbles 
compared to nitrogen bubbles. In section 4.4 the measured growth rates are 
given. 

The trajectories of figure 4.2 are obtained by applying a least-squares poly
nomial fit to the trajectory data of a complete set of bubbles from one experi
ment. Clearly the water vapour bubble take off direction is more towards the 
x-direction than for nitrogen bubbles, while the take-off angle (relative to the 
tangent to the wall) is slightly increasing for increasing wal! temperature. 
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4.3 Detachment Radius 

In the experiments, a variation of both liquid bulk speed and local heating 
has been carried out with several bubble generators. In figure 4.3, the bubble 
detachment radius is plotted as a function of liquid bulk speed. 

,,....... 
El 
El _. 
f/.l 
::s ..... 

"C:I 
a:I .... 
..... 
d 
0 

1.7 

1.3 

0.9 

] 0.5 
0 
a:I ..... 
~ 0.1 

EJ, 

'9, 

+ 
" [J- - -

'· 

0.0 0.2 0.4 0.6 0.8 1.0 

vbulk (m/s) 
Figure 4.3: The bubble detachment radius as a function of the liquid bulk veloc
ity. Series with approximately constant wall temperature have been used. D: 

Nitrogen, Dc=132µm; '7: Nitrogen, Dc=lOlµm; +: generator nr.1, Dc=130µm; 
o: generator nr.2, Dc=37µm; The boldface symbols at zero bulk liquid speed 
are values according to [35), for the corresponding capillary radius. See also 
table 4.2. 

In genera!, it can be seen that the detachment radius slightly decreases for 
increasing liquid bulk speed. This agrees with the findings of Koumoutsos 
et al. [20], who found the same dependence for bubbles departing from a 
horizontal surface. This result is also what might be expected physically: as 
the bulk liquid speed increases, the hydrodynamic forces also increase, leading 
to earlier detachment. 

The dashed lines in figure 4.3, connecting the measured detachment radii 
from one bubble generator, are curve fits according to: 

( 4.1) 

Table 4.2 lists the values of the parameters A1 and A2. Only two parameters are 
needed to give good agreement. The first parameter is the detachment radius 
for zero bulk liquid speed. 
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Ai Ai 
0 0.45±0.01 1.14±0.08 
+ 0.63±0.04 1.5±0.2 
v 1.24±0.04 1.3±0.1 
0 1.64±0.05 1.28±0.08 

Table 4.2: Values for the parameters in the exponential curve fit of figure 4.3, 
according to equation (4.1). 

A second observation is that the detachment radius is smaller fora smaller 
capillary radius at a given liquid speed. The difference decreases at higher liq
uid speeds, reflecting the decreasing relative importance of the surface tension 
force at higher speeds. In the nitrogen experiments, the dependence of detach
ment radius on capillary radius seems to be stronger than in the steam bubble 
experiments. Tuis difference could be due to the fact that for steam bubbles 
different bubble generators have been used, employing different methods of 
heating. 

The boldface markers at zero liquid bulk velocity are calculated from the 
departure radius function found by Sluyter et al. in [35], for steam bubbles 
growing at a horizontal cavity and departing into stagnant liquid. The hori
zontal bubble detachment radius is larger than the detachment radius of steam 
bubbles, but smaller than for nitrogen bubbles. This difference will be dis
cussed in section 4.6. 

In figure 4.4 the detachment radius as a function of local bubble generator 
temperature is given. Note that two x-axis scales are used. The upper axis 
gives the thin film temperature for generator number 3, the lower axis gives 
the temperature of the stainless steel strip of generator 2. The liquid bulk 
velocity is 0.12-0.13 m/s for the thin film experiments, 0.19-0.22 m/s (open 
circles) and 0.50-0.52 m/ s (solid circles) for the experiments with generator 
number 2. See tables C.3 and C.2. 

From this figure it can be concluded that the bubble radius at detachment 
decreases for increasing local wall temperature. This is contrary to the findings 
ofChenJiabin et al. (16], included in the figure as the dashed line (0.0 m / s liquid 
speed). They studied the detachment ofbubbles from a heated, horizon tal plate 
into saturated water. The plate surface was covered with a regular array of 
identical artificial nucleation sites. A relation between detachment radius and 
plate superheating was found as indicated by the dashed line in figure 4.4. 
The radius is increasing for increasing superheat. This difference could be 
accounted for by interaction between bubbles on the surface. Furthermore, the 
liquid was stagnant. 
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Figure 4.4: Bubble detachment ra
dius versus wall temperature for two 
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generator (nr.3), upper x-axis. The 
dashed line gives the values, found 
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4.4 Growth Rate 

To determine the growth rate of individual bubbles, the measured bubble size 
is used in the following manner. The attached bubble is assumed to have the 
shape of a truncated sphere, as depicted in figure 2.2, page 6. As we will see 
in the next section, this assumption is valid to first order for all bubbles in the 
experiments. The bubble radius as a function of time is written as: 

R = ll-0 + C.., · (Y (4.2) 

with R.Q a·constant of the order of the capillary radius, t the time, C.., the growth 
constant and 1 the growth exponent. In the limiting cases of 1 = 1/ 2 or 1 = 
3/2, this growth rate formula describes heat diffusion controlled growth or 
inertial growth, respectively. The three coefficients R.Q, C.., and 1 can be found 
by applying a least-squares fit to the measured bubble radius. The mean values 
of C.., and 1 over a series of bubbles in one experiment are calculated and listed 
in tables C.1 through C.4. 

In figure4.5, the calculated growth exponents for individual boiling bubbles 
coming from the stainless steel generator (number 2) are plotted versus the 
bubble detachment radius. The data are from experiments N76 through N78 
(table C.2, page 79). In these experiments, the liquid bulk velocity is nearly 
constant and the temperature of the bubble generator is increased. The graph 
shows that on the average there is an inverse relation between growth power 
and detachment radius, but the scatter in data is considerable, even for bubbles 
generated at the same generator temperature. Therefore the mean growth rate 
"f can only be used for qualitative comparison. 

If equation (4.2) is differentiated with respect tot, it gives the radial growth 
speed of the bubble. Using, again, equation (4.2) to eliminate t from the growth 
equation, the experimentally found values of Rd, 1 and C.., can be used to es
timate R. at the moment of detachment. This is done for the bubbles from 
experiments NOl and N30, used in section 4.2 to illustrate the difference be
tween steam and nitrogen bubbles, the values for these sets for Rare 0.1 m m / s 
and 0.002 mm/ s, respectively. Ris higher for steam bubbles, but for the precise 
value of the expansion force values of C.., and 1 for individual bubbles should 
be used, in order to compare them with the other forces. This is done in the 
force balance model of Chapter 6. 

4.5 Shape at Detachment 

Although the bubbles are assumed to have the shape of a truncated sphere, a 
slight deformation can lead toa change in contact angles at the bubble foot. In 
several experiments, measurements are made of the upstream and downstream 
contact angles (/31e and /31,) of the bubble just before detachment. In figure 4.6 
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a sketch is given of a slighty deformed bubble and its leading and trailing 
contact angles. The precise angle at the bubble foot is not easy to obtain due to 
the moderate quality of the high-speed film. Therefore, the uncertainty in the 
mean angles found is relatively large. 

With three bubble generators, the contact angles at the moment of bubble 
detachrnent are determined as a function of the liquid bulk speed. Figure 4.7 
gives the results for generator number 1; both leading and trailing contact 
angles increase for increasing liquid speed. Figure 4.8 gives the same results 
for generators number 4 and 5. Generally, it can be concluded that the leading 
contact angle is larger than the trailing angle: both buoyancy and drag force 
pull the bubble upwards. 

0.3 0.6 0.9 1.2 1.S 

Bubble Radius (mm) 

Figure 4.10: f31e and f3t" for nitrogen 
bubbles coming from bubble genera
tor 5 (Dc=132µm). +: Vi,ulk = 0 m/ s; 
L: 0.54 m/s;o: 0.72m/s;V: 0.98m/s. 
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Figure 4.11: f3te and f3tu for two 
steam bubbles from bubble genera
tor 1 (Dc=130µm). +: Vbu1k = 0.65 m/ s; 
L: 0.7m/s. 

For several individual bubbles, the leading and trailing contact angles are 
determined as function of the bubble radius. The results are plotted in fig
ures 4.9 to 4.11. Parameter in these figures is the bulk liquid velocity. In case of 
nitrogen bubbles, both f31e and f3tr decrease for increasing bubble radius. This 
is not seen with steam bubbles (figure 4.11). Here, f31e is constant or slightly 
increases for increasing radius. (31" however, decreases. Note, however, that 
the .R.J-range in the latter case is smaller, about one third of the range for the 
nitrogen bubbles in figures 4.9 and 4.10. 

To see whether the distortion of the bubble shape would lead to errors in 
the calculation of the bubble volume and cross section area, the ratio between 
measured bubble diameter in x- and y-direction is determined for several 
experiments. 

Figures 4.12 and 4.13 show the aspect ratio as a function of detachment 
radius found for several experiments. The values displayed are mean values, 
the error bars give the standard deviation. All aspect ratios found lie inbetween 
0.75 and 1.25 except for 5 measurements performed with the nitrogen bubble 
generators number 4 and 5. These are the experiments with non-zero liquid 
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bulk velocity (see table C.4). The aspect ratio for these is higher than 1.5. The 
bubbles are elongated in y-direction. 

The aspect ratios from the experiments with generator number 6 are smaller 
than 1.25. An estimate for the effect this deformation can have on the velocity 
of the bubble can be made if it is assumed that the additional surface energy, · 
caused by the bubble deformation, is fully converted into kinetic energy at the 
moment of bubble detachment. If the bubble is assumed to have the shape of an 
oblate ellipsoid with axis ratio of 1.25, its surface area is larger by an amount llA 
with respect to a sphere with the same volume. The surface potential energy 
difference between these two shapes is estimated as allA. If this energy is 
completely converted into kinetic energy, a bubble with a radius of 0.25 mm 
would gain a velocity of 0.14 m/s, approximately. The liquid bulk speed in 
these experiments was 0.7 m/ s, for comparison. The actual value for the gained 
velocity will be lower, as not all energy will be transferred to motion, and the 
virtual mass for oblate ellipsoids is higher than for spheres and is higher due 
to the presence of the wall. 
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4.6 Concluding Discussion 

It was found that the bubble detachment diameter decreases for increasing 
liquid bulk speed, both for steam and nitrogen bubbles. The same was found 
by Koumoutsos et al. [20], for bubbles detaching from a horizon tal surface. This 
behaviour reflects the increasing relative importance of hydrodynamic farces 
with increasing liquid bulk speed. The dependency found can be described by 
an exponential function ( equation ( 4.1 )) with two coefficients, listed in table 4.2. 

At identical liquid bulk speed and capillary radius, the detachment radius 
of steam bubbles is smaller than of nitrogen bubbles, indicating that an extra 
detaching mechanism is present with steam bubbles. 

The detachment radii at zero liquid speed have been compared to the de
tachment radii of bubbles departing from a capillary in a horizontal wall, as 
described by Sluyter et al. [35]. Contrary to the horizontal case, the contact 
angle for bubbles on a vertical wal! is not constant along the capillary mouth. 
This leads to a decrease in the surface tension force component perpendicular 
to the wal!. For identical capillaries, bubbles are, therefore, expected to detach 
earlier from a vertical wall than from a horizontal wal!. Nitrogen bubbles, 
however, are found to stay attached longer at a vertical wall than bubbles from 
a horizontal wall. No explanation has been found for this discrepancy. 

With increasing wal! temperature at constant liquid bulk speed, the bubble 
detachment radius decreases slightly. This indicates that bubble detachment 
is promoted by the local wall heating, and is contrary to the findings of Chen 
Jiabin et al. [16], for bubble departure from a horizontal wall into a stagnant 
liquid. Their findings, however, can be explained by coalescence of smaller 
bubbles into larger bubbles just before detachment, at higher temperatures. 

In order to calculate the surface tension force more accurately, knowledge 
of the contact angle is prerequisite. The leading contact angle was found to be 
larger than the trailing angle in all situations, caused by the upward pulling of 
the bubble by buoyancy and fluid drag. 

It was observed, that steam bubbles take off in a direction more into the 
liquid, while nitrogen bubbles more or less slide along the wal!. This, plus other 
differences in detachment behaviour between steam and nitrogen mentioned 
above, leads to the conclusion that an extra detaching force has to be present 
.in the case of steam bubbles. As the only difference between the two cases is 
the local heating of the wal!, the unknown force is supposed to be connected 
to this temperature drop. In Chapter 6, this force will be included in a force 
balance model. In this model, the importance of the individual forces are 
estimated, using the measured growth rate, contact angles and direction of 
bubble midpoint motion before detachment. 



Chapter 5 

Assessment of the Temperature 
Field around a Bubble 

As has been pointed out earlier, the force arising from a temperature gradient 
along the bubble surface may be important in the process of bubble detach
ment. If it were possible to measure the temperature distribution of the liquid 
around the bubble as a function of time, a better estimate could be obtained of 
the strength of this Marangoni force. Due to the scale of the bubble growth and 
detachrnent process, temperatures cannot be measured by, for instantce, ther
mocöuples. The presence of a thermocouple would be too large a disturbance 
of the temperature distribution. A non-invasive temperature measurement 
technique has to be used for that reason. 

Laser interferometry is an experimental technique that is not disturbing. 
With this technique [3, 23], the temperature distribution around a bubble grow
ing at a horizontal wall in still liquid has been determined. Because bubble 
growth speed is high in flow bolling the interferometry has to be combined 
with high-speed cinematography to disclose the time-dependent temperature 
distribution. 

This chapter gives a description of the technique used to obtain interfero
graphs of detaching bubbles. Exploratory measurements to test the applica
bility of the method are performed. Interferograms of bubbles growing from a 
vertical wall, in both still liquid and flowing liquid, are obtained. An analyzing 
method, based on the assumption that the temperature field around the bubble 
has cylindrical symmetry, is used to calculate the temperature field around the 
bubbles, using the interferograms. 

5.1 Experimental Set-Up 

The same test rig as described in Chapter 3 is used in the Mach-Zehnder Inter
ferometry (MZI) experiments. Instead of filming the growing and detaching 
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bubbles directly, a film was made of the projection of the interferogram on a 
screen. The glass panels and test section walls were manufactured with high 
precision, leading to a minimal phase shift of light rays in the laser beam cross 
section. The remaining shift, resulting in rmwanted interference patterns, is 
corrected by adjusting the mirrors of the MZI. 

First, a description of the interferometer is given. Then the set-up, with 
which exploratory measurements were performed, is described. 

5.1.1 Mach-Zehnder Interferometer 

In an interferometer two light beams form an interferogram if one of the beams 
passes through a volume that causes the phase of the light waves to shift. 

(3/,#) =========~ 

xL 
(~~, / z 

(1) 

(4) 

(2)', 

(5) 

(3) 

Figure 5.1: Top view schematic of 
the Mach-Zehnder Interferometer. (1) 
HeNe-Jaser; (2) 50 % reflecting mir
rors; (3) mirrors; (4) test section; (5) 
screen. 

Figure 5.2: Part of laser beam cutting 
through region with cylinder sym
metrical temperature field. 

In a Mach-Zehnder Interferometer (MZI) a light beam is split into a test 
beam and a reference beam. A schematic of an MZI is given in figure 5.1. Both 
beams, guided by mirrors, travel the same distance along opposite sides of a 
rectangle and then recombine and interfere. 

In our set-up, monochromatic, coherent light coming from a 5 mW Helium
Neon laser is used as light source. The interferometer is used in the so-called 
infinite-fringe setting. The mirror positioning is such, that without disturbance 
in the test section both beams exit the interferometer parallel and centred on 
identical axes, leading to a fringe-free interferogram. 
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The test beam passes through the test section of the flow bolling loop. The 
optica! path lengths of individual light rays determine the interference fringe 
pattem. If the test beam crosses a test volume in which a temperature gradient 
exists, the phase shift is determined by the integral optica! path length through 
the volume. The difference in path length between test and reference beam is: 

6.L = j(n - nrer)dz = j 6.ndz (5.1) 

with n and nrer the index of refraction in the test- and reference beam, respec
tively, and z the path direction of the beam. 

1~~ 
screen 

~ 

reference beam ?t'frm~ î -EJ \/ / lines 

intensity x 
test volume ~(x) 

Figure 5.3: The temperature in the test volume causes a phase shift, w(x), in 
the test beam. Alter recombination with the reference beam, an interference 
pattem forms on the screen. The optica! path length difference between rays 
contributing to two adjacent fringe lines is equal to the light wave length. 

In figure 5.3 a sketch is made of the interference mechanism. If the phase of 
an outcoming light ray is identical to the phase of the reference beam, a bright 
spot results on the screen. In the figure, the phase shift is a linear function of 
X, resulting in a sinusoidal intensity distribution. The path length difference 
of light rays forming adjacent interference fringes equals >., the light wave 
length in the test volume. If the temperature is constant over a distance l in the 
z-direction but depends on x, perpendicular to the beam (see figure 5.1), the 
phase shift 6 Il! depends on x as follows: 

27r 27r [1 27r 
6'11 = ;:6.L(x) = T Jo 6.n(x) dz = ;:6.n(x) l (5.2) 

If the index of refraction is linearly dependent on temperature, the path length 
difference is: 

[ 1 r1 on on 
6.L(x) = Jo 6.n(x )dz =Jo 6.T oT dz = 6.T BTl (5.3) 

For pure water at 100 °C, ~; = -2.71 .10-4 J< - 1. As the optica! path length 
difference for two adjacent fringe lines is>., the temperature difference between 
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these two lines in our set-up would be: 

6.T = 6.L 
l an 

BT 

(5.4) 

using >. = 632.8/1.318 nm, the wavelength in water of light from a HeNe laser, 
6.T = 0.091<. 

In most practical cases, however, the temperature is not constant along 
the light ray path and only the integral contribution causes the phase shift. 
For transformation of the interference pattem to the temperature field, some 
assumptions have to be made on the geometry of the temperature field in the 
test volume. 

If the temperature field is cylinder symmetricat then T = T( r ). In figure 5.2 
a sketch is made of a light beam crossing a region with concentric isothermals. 
If the interferometer test beam cuts through this field at a distance x from the 
axis, the optica! path change from - Z1 to Z1 is: 

VR2-x2 
6.L(x) = 2 fo 6.n(r)dz (5.5) 

which can be solved, if 6.n( r) is known. Tuis is applied toa known temperature 
distribution in the next section. 

5.1.2 Exploratory Measurements 

Before performing experiments on bubbles detaching from a vertical wall, 
some exploratory measurements are done on the temperature field around a 
heated wire. The aim of these measurements is to verify whether it is possible 
to obtain results with MZI from a very small region. The bubbles in actual 
measurements have diameters of about 1 mm. 

In a cubic cuvet filled with water, a heated wire creates a cylinder symmet
rical temperature field in a region directly around the wire. The temperature 
drop between two points at distances r1 and r 2 from the wire, 6.T12, is mea
sured with the aid of two microthermocouples. In addition, the number of 
fringe lines between r1 and r2, Jexp' is measured from the interferograms made 
with the MZI. 

An estimate for the temperature profile is found by demanding a constant 
heat flux through cylinders around the wire, with radii r 1 and r2, respectively. 
This gives: 

T(r) = A + Blnr (5.6) 

with the constant B given by 

(5.7) 
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As we are only interested in temperature differences, the error, introduced 
by using only an estimate for the temperature distribution, is negligible. The 
difference in optical path length between r1 and r2 is computed numerically 
with (5.5), with the integration changed from z to r as: 

r 
dz= ~dr 

r2 - x2 
(5.8) 

The temperature distribution given in equation (5.6) is assumed to be valid in 
the entire cuvet. lf the optica! path length is only distorted by the water, the 
resulting path length change is given by: 

_ dn 1fi-wa11 ( r ) r t:.L(x) - 2dTB ln 0 ~dr 
:C Hwall r - X 

(5.9) 

Rwall is of the order of the radial distance from the heated wire to the cuvet wall. 
Tuis distance is much larger than the distance from wire to thermocouples. A 
change in Rwall does not influence the result. From equation (5.9) it is seen 
that the optica! path length difference t:.L(x) is proportional to B, thus to 
the measured temperature drop !lT12. Tuis is verified by varying t:.T12 with 
experimental results, as shown in figure 5.4. 
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Figure 5.4: Number of fringe lines be
tween the thermocouples in the ex
plora tory measurements versus the 
temperature difference between the 
thermocouples. 

The heat flux per unit wire length easily follows from: 

arJ q = k27rTJ - = k27r B 
àr 

r 1 

(5.10) 

with k the thermal conductivity. Heat flux q, calculated from (5.10) and (5.7), 
agrees with the heating power that was set in the experiments. If this q directly 
related to the heat flux towards a growing bubble, the relation between Jexp 

and t:.T( r ), as measured in the cuvet, could be used to determine temperature 
drops from fringe patterns measured around a growing bubble. However, the 
heat flux of a bubble in practical boiling experiments depends quite differently 
on location, since the local heating near the bubble foot affects isothermals in 
the liquid only locally. This hampers extrapolation of the above findings to 
boiling studies. 
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In the detachment study to be described below, the heat flux to the wal! 
cannot be neglected, which makes an estimation of q awkward. For this com
plicated heat transfer geometry, an apriori calibration is virtually impossible. 
Amore direct way to establish the relation between fringe pattern and temper
ature field for bubble growth has been outlined by Beer [3] and is described in 
section 5.2.1. 

5.2 Experiments and Results 

In the experiments with the actual test rig, the interferogram that is projected 
on screen (see figure 5.1), was filmed by a high-speed camera. The intensity 
of the laser beam restricted the frame speed of the camera to 1500 s-1

• At 
this speed the largest diaphragma was needed. At the position of the bubble 
generator the water has to be at saturation conditions. The smallest extra 
local heating by the bubble generator already leads to bubble growth and 
detachment. Films of the temperature field fringe patterns are made with 
various liquid speeds. Near the bubble generator the water is at saturation 
condition. The deviation in saturation temperature determination is less than 
0.1 K. Bulk liquid temperature is slightiy higher than inner wal! temperature, 
due to residual heat flux through the thermal insulation outside. In this section, 
first a method is described to calculate a first order approximation for the 
temperature field from the interference pattern. This method is applied to two 
bubbles in the following subsections. One bubble is generated in still liquid, 
the other in flowing liquid. 

5.2.1 Thin Thermal Layer Assumption for Measurement Analy
sis 

When analyzing interferograms of bubbles growing on horizontal heated sur
faces, Beer [3] has assumed that only in a thin layer around the bubble the 
global temperature distribution is influenced by a radial temperature field, 
caused by heat transfer to or from the bubble. In every plane parallel to the 
wal!, a quadratic profile was assumed for the temperature difference between 
RI,, the bubble radius, and R;, the maximum radius of influence measured 
from the bubble symmetry axis (see figure 5.5). The prime refers to the radial 
distance from the bubble symmetry axis, measured in a plane parallel to the 
wal!. At Ri both the temperature difference induced by the bubble, 6.T(r'), 
and its radial derivative are taken to be zero. Employing the same geometry 
as in figure 5.2, the temperature difference profile is given by: 

6.T(r') = T(r') - T(Ri) = e(R; - r')2 (5.11) 
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Figure 5.5: Lelt: schematic of observed iringe lines up to the bubble interface. 
The temperature deviation at the point marked Eon the bubble interface is 
computed with (5.5) and (5.12). The path length difference is obtained from 
the interferogram as indicated in the figure. Right: cross section through plane 
D-E. 

Here, e is a constant depending only on the deviation of the fringe lines. The 
value of R; is measured at the interferogram by determining the width of 
distortion of fringe lines near the bubble interface (see figure 5.5). For small 
6..T the refractive index is approximately linearly dependent on temperature. 
Hence, 

6..n(r') = ~~e(R: - r')2 (5.12) 

If this is used in equation (5.5), the path length difference as a function of 
radial distance is obtained. Tuis information is combined with the position of 
interference fringe lines on interferograms to yield e in (5.12) as follows. 

Because the bubble only influences the temperature field in the bubble 
vicinity, the interference pattem far away is completely determined by the heat 
flux from liquid to wall. In the schematic of figure 5.5, the fringe lines are 
parallel in this region, indicating a temperature gradient perpendicular to the 
wall. Assuming a constant temperature drop of 0.09 I< between neighbouring 
fringe lines, according to the estimate at page 48, the temperatures belonging 
to every fringe line in the outer region are determined. 

In a plane parallel to the wall, the fringe line is distorted in the bubble 
vicinity. This deviation results from path length changes as given by 6..L(x) of 
equation(5.5). Consider, for example, the plane parallel to the wall and through 
point D in figure 5.5. Going from point D to point Ethe refractive index changes 
according to equation (5.12). The optica! path length difference of light rays 
going through point E is computed by integrating equation (5.5), using (5.12). 
This path length difference, 6..L, is also measured from the interferogram. If 
the phase shift is assumed to increase linearly along the bubble surface, then 
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in the example in figure 5.5 the t!..L between points D and Eis 3).. / 4. Equating 
this value to the resulting integral gives e. With e, the temperature difference 
between D and E is calculated. 

From (5.12) it is deduced that the (imaginary) fringe line that remains par
allel to the wall has e = 0 and denotes the bubble surface temperature. In 
figure 5.5 this (imaginary) fringe line is indicated as a dashed line, marked 
'C'. In planes with e > 0 the bubble surface temperature exceeds the undis
turbed fringe line temperature. In case fringe lines bend towards the wall in 
the neig~bourhood of the bubble, there is heat flowing from bubble into liquid. 
The reverse applies for e < 0. 

This procedure is applied to measured interferograms in the next section. 

5.2.2 Zero Bulk Liquid Speed 

Figure 5.6 shows an interferogram made of a bubble with diameter 1.4 mm 
approximately, growing in otherwise quiescent liquid. In figure 5.7, a sketch 
of this interferogram is made. This sketch is used in the calculations. 

The interferograms are sirnilar to the ones obtained from bubbles growing 
on a horizontal surface with no bulk liquid velocity [3, 23] . In our case the 
parallel fringe lines far away from the bubble are caused by heat flowing out 
of the warm liquid to the wall. 

Vbulk = 0 67 0.76 -2.2 
<P e Q_,!_ 82 0.76 -2.7 dr' 

(0) (K) 103K/m 95 0.81 -3.1 
-113 0.51 -3.5 107 0.71 -3.0 
-100 0.53 -3.4 118 0.63 -2.8 
-87 0.46 -2.9 Vbulk = 0.18m/s 
-71 0.44 -2.2 -98 0.24 -0.6 
-48 0.43 -1.1 -77 -0.53 1.5 
-36 0 0 60 -0.15 0.9 
36 0.28 -0.7 93 0 -0.2 

Table 5.1: Calculated superheat and 'radial' temperature gradient in liquid 
close to bubble interface. 

The bubble generator temperature is approximately 104.5 °C, the liquid 
temperature 102.3 °C. Saturation temperature in this situation is 102.0 °C. 

The temperature in the bulk liquid, 102.3 °C exceeds the wall temperature. 
With the temperature drop of 0.09 J< between neighbouring fringe lines, the 
temperature of the undisturbed fringe lines is determined, as described in 
section 5.2.l. 



5.2. Experiments and Results 

Figure 5.6: Interferogram of a bub
ble at a vertical wall. The liquid bulk 
velocity is zero. Bubble diameter is 
1.4 mm and temperature differençe 
between bulk liquid and wall is larger 
than 0.6K. 
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l.4mm 

AT=0.09K 

Figure 5.7: Sketch of interference 
fringe lines around bubble Erom fig
ure 5.6 

Although there is no forced convection, some asymmetry between the fringe 
distances at top and bottom of the interferogram is found. The fringe lines at 
the top bend more towards the wall than at the bubble bottom. Tuis is probably 
caused by natura} convection. 

Because the fringe lines around the bubble in figure 5.6 bend towards the 
wall, it is concluded that the bubble has a higher temperature than the sur
rounding liquid, i.e. e > 0 (see section 5.2.1). The bubble surface of figure 5.6 
therefore has a temperature exceeding the temperature of the outermost line 
bending towards the wall (corresponding to the line marked 'B' in figure 5.5). 
Bubble temperature is also less than the temperature corresponding to the 
non-intersecting fringe line passing the bubble cap (corresponding to the line 
marked 'A'). 

The thin thermal layer assumption of section 5.2.l is applied to this inter
ferogram. This gives va lues of e for every fringe line, and thus the temperature 
of the liquid near the bubble surface. This calculated superheat 0 ( T minus 
Tsat) and the temperature gradients ~;: are tabulated in table 5.1 as a function of 
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Figure 5.8: Superheat in liquid Jayer surrounding the bubble for two bulk 
liquid velocities, calculated Erom measured interferograms. Plus signs: Vbuik= 

O; Triangles: Vbulk= 0.18. Values are tabulated in table 5.1. 

the angle </> (see figure 5.5). The calculated superheat is also given in figure 5.8. 
Note that the results shown can only be interpreted qualitatively, as the rnethod 
applied is accurate to first order only. The calculated superheat of the water 
surrounding the bubble is always positive. The bubble surface is at saturation 
temperature (0 = OK). The rneasurernents therefore seerningly indicate the 
wrong ternperature. However, the fringe lines are expected to bend sharply 
towards the wall near the bubble surface. The lack of resolution of the high
speed photograph hides this near-bubble fringe line behaviour. Cakulated 
superheating is therefore valid for fluid near, but not at the bubble surface. 
Frorn the variation in calculated superheat, the lirnited applicability of the thin 
layer method can be seen. 

5.2.3 Small Bulk Liquid Speed 

Figure 5.9 shows an interferograrn of a growing bubble in the sarne set-up but 
with a rnean liquid bulk velocity of 0.18 m/ s. The bubble diameter is 0.9 mm, 
the water ternperature is 103.5 °C, while saturation ternperature is 101.9 °C. 
The bubble generator has a ternperature of 103.8 °C. The water is flowing 
upward. 

A difference in upstrearn and downstrearn fringe line pattem caused by 
the flow is observed. In figure 5.6 hardly any liquid flow occurs around the 
bubble, causing relatively large ternperature variations all around the bubble. 
In figure 5.9 the liquid flow creates a wake downstrearn of the bubble which 
has an approxirnately hornogeneous ternperature. Isothermals in figure 5.9 
therefore bend away from the wall in the wake region. Upstream of the bubble 
a similar behaviour is observed. 

As the temperature distribution is not cylinder symmetrical, the thin ther
mal layer procedure outlined in section 5.2.1 is only approximately applicable 
to our situation. In forced convection the temperature gradients are confined 
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0.9mm 

103.5°C 

Figure 5.9: Interferogram of a bub
ble with liquid bulk velocity 0.18 m/ s. 
Bubble diameter is 0.9 mm and tem- Figure 5.10: Sketch of interferogram 
perature difference between bulk liq- in figure 5.9 
uid and wall is larger than 0.4 K. 

to a thin layer near the wall. Most fringe lines in figure 5.9 therefore appear 
near the wall. The heat transfer coefficient in forced convection being large, 
the temperature difference between bulk liquid and wall is less fora given heat 
flux. The total number of fringe lines in figure 5.9, therefore, is smaller than 
the number in figure 5.6. 

The deviation of the fringe lines near the bubble is less than in the zero 
bulk liquid velocity case, indicating a smaller temperature variation. Notice in 
figures 5.6 and 5.9 the reflection of the bubble in the wall and the reflections of 
the upstream fringe lines in the bubble surface. 

The calculated values of e and ~;: for figure 5.9 are also given in table 5.1. 
Because of the small number of fringe lines, only 4 data are given. The heat 
flow direction can be derived from the sign of ~;:. Note that r' is the coordi
nate perpendicular to the bubble symmetry axis, see figure 5.5. The bubble 
in non-flowing liquid is almost over its complete surface warmer than its sur
roundings, resulting in a net heat flux from bubble into liquid. Obviously, the 
formation of vapour in the bubbles takes place at the higher temperature level 
of the wal!. This vapour subsequently condenses at the 'colder' bubble surface 
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parts. In flowing liquid a larger part of the bubble is colder than the liquid, 
which is in accordance with the measured temperatures of wall and water. 

The fringe line density at the bubble is too low to disclose the nature of 
the temperature field at the bubble foot. The fringe line closest to the wall has 
different distances to the wall upstream and downstream of the bubble. This 
leads to the tentative conclusion that the temperature gradient at the bubble 
foot might be larger downstream than upstream. 

It should be noted that these measurements do not deny the possibility of a 
temperature gradient at the bubble foot. As the bubble surface is at saturation 
temperature, all the isothermal lines approaching the interface, corresponding 
with temperatures higher than saturation temperature, have to bend towards 
the wal!. This leads to a 'cóncentration' of isothermals at the bubble foot. 
In order to gain more insight into the local temperature distribution a fringe 
pattern with a higher resolution has to be obtained. For the given test section 
and given bubble sizes this can be done using a first order fringe setting of the 
interferometer. 

5.3 Conclusions 

The temperature distribution around detaching bubbles can be obtained with 
the aid of Mach-Zehnder Interferometry. Although the objects to be measured 
are relatively small (in the order of 1 mm) and the process ofbubble formation is 
relatively fast (about 30 bubbles per second), interferograms of the temperature 
field in the vicinity of the bubble are succesfully made. Quantitative analyses, 
on the other hand, require improvement of the resolution of the Mach-Zehnder 
Interferometer. 

The fringe lines in the zero bulk liquid speed case have the same genera! 
features as in horizontal bolling experiments performed by others. However, 
the liquid flow disturbs the symmetry of the temperature field around a bub
ble. The application of analyzing methods, assuming cylinder symmetrical 
temperature fields to determine the local temperature distribution from inter
ferograms, are therefore less suitable. Qualitatively, however, these methods 
show that in flow boiling a larger part of the bubble receives heat from the 
liquid as compared to bubbles growing in non-flowing liquid. 

As can be seen from the interferograms, the bubbles have the same size 
as the temperature boundary layer thickness. With increasing liquid bulk 
velocity, the temperature boundary layer thickness decreases. As only two 
measurements are available, the result of Appendix D, in which the relation 
between wall temperature, caused by local heating of the wal!, and the liquid 
bulk velocity is calculated, can only be confirmed qualitatively. 

The resolution of the interferogram does not permit conclusions regarding 
temperature gradients near the bubble foot. 



Chapter 6 

Force Coefficient Determination 

6.1 Introduction 

In this chapter, the results of both steam bubble and nitrogen bubble experi
ments from Chapter 4 are used to find estimates of the values of coefficients, 
associated with the different forces. General results of the experiments are 
a decreasing detachment radius with increasing bulk liquid speed, a smaller 
detachment radius for steam bubbles compared to nitrogen bubbles trnder sim
ilar conditions, and a difference in detachment direction between water vapour 
and nitrogen bubbles. 

In Chapter 2, a description of the forces that can work on a bubble has 
already been given. The ftrnctional relations for these farces are used in a force 
balance, with the various coefficients treated as unknowns. 

In section 6.2, it is tested whether a force, due to the temperature difference at 
the bubble foot, can elucidate the difference in detachment behaviour between 
nitrogen and steam bubbles. Furthermore, it is investigated whether a force 
balance can be used to calculate the bubble detachment radius. This is done in 
section 6.2.4. 

First a force, connected to the temperature drop at the bubble foot, is intro
duced. 

6.1.1 Temperature drop force 

In the fluid flowing along the wall a temperature gradient exists due to heat 
losses through the test section walls. Near . the artificial cavity the heating 
element induces other temperature gradients. The surface tension of pure 
liquids decreases with increasing temperature. A bubble attached to this cavity 
has surface tension varying at its interface if the temperature gradients are 
not reduced by evaporation or condensation at the interface and if the vapour 
temperature may vary. In pure vapour bubbles with a (nearly) uniform vapour 
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pressure the interface temperature can only vary close to the bubble foot, where 
thermodynamic nonequilibrium might cause the saturation equation, relating 
pressure and temperature, not to be valid anymore. The nitrogen bubbles have 
been injected at isothermal conditions. In this case, there is no surface tension 
variation nor any other effect due to temperature drop or heat transfer, e.g. 
through turbulence. 

From the force estimates in Chapter 2, it was shown that thermocapillarity 
is probably not important in bubble detachment, although the momentum flux 
of the liquid jet away from the wall, induced by it, might play a role. On the 
other hand, the experiments revealed some striking differences between the 
water vapour and nitrogen bubbles. Hence, the significance of temperature 
differences near a bubble is ni.erely investigated here by attributing a force to 
it and by trying to find out if it may help to interpret results. In the following, 
this force is taken to be linear toa typical temperature drop (just as in some 
Marangoni flows), in order to be able to quantify it. If the temperature drop 
force would be mainly due to momentum incoming at the bubble base, piu?, 
caused by evaporation at heat flux q = p1u1h, and if q would be proportional to 
the temperature drop, b.T, then the force should be proportional to b.T2 rather 
than b.T. However, this 'recoil' force is estimated to be six orders of magnitude 
smaller than other forces. 

The sole conclusion to be drawn with the following analysis is whether the 
temperature drop force is important or not. 

An expression for the temperature drop force is derived in the following 
way. The bubble foot is a circle with radius Re. Let b.T denote the mean 
temperature difference between wall and fluid at the bubble foot and let the 
surface tension vary linearly with temperature. If the temperature drop force, 
Ff),,r, would be related to thermocapillarity, it can be estimated by: 

(6.1) 

in which C f).T is a coefficient of order 1 and ~~ the surface tension temperature 
gradient. Note that b.T is a function of liquid speed and heating rate Q. In 
Appendix D the following estimate for this function is derived: 

b.T = 0.6 · Q · Vb~lk (6.2) 

with f, = -0.568. This is the temperature at the surface of a locally heated wall, 
with fluid flowing along it. The temperature is found by solving the 2-0 heat 
convection-diffusion equation with a finite element method. The coefficient 
Cf),,T and exponent f, will be considered further in the next section. 
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6.2 Analysis and Results 

6.2.1 Method 
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In this section the force balance in x-direction is studied. It is assumed that 
the bubble grows while attached to a capillary and that at every moment the 
force balance I:i FJ.x = d('::tv,) holds. From the experiments it was found that 
steam bubbles depart in a direction into the flow. It was concluded initially, 
that therefore the force balance in x-direction would be more important than 
the balance in y-direction, parallel to the wal!. A choice for a force balance 
in just one direction would also lead to a reduction in unknowns. For these 
reasons, only the balance in x-direction is studied here. The findings about the 
coefficients of the forces acting on a bubble nevertheless have to remain valid, 
in case both directions are incorporated. 

The forces working on a bubble contain a number of coefficients that are 
unknown in the present situation. The forces and the coefficients, combined 
with measured bubble data, are analyzed in a way described below and, in 
more detail, in appendix E. 
The balance in x-direction reads: 

d(mvx) 
dt = Fu,x(t) + FL,(t) + F'"'2(t ) + FAT(t) + Fe,x(t) + Fcs(t ) (6.3) 

If the expressions for the different forces are copied from Chapter 2, the force 
balance is as follows: 

d(mvx) 
dt 

In the acceleration term above, d(';~x), vx is the bubble centre of mass speed 
in x-direction, and m the bubble mass. The direction of the coordinate axes 
is depicted in figure 2.2 (see page 6). For the left hand side term of the force 
balance the following estimate is made: 

d(mvx) 
dt 

d% dv · 4 dv 
Pg(vdt + Vb dt) ;::::: p~(41rvR2R + 37rR3 dt ) 

;::::: ~7rpgR2(3R2 + RR);::::: ~:~ Fe (6.5) 

in which use is made of the estimate that Ge in equation (2.33) at page 20 is of 
order 1. The factor Pg/ p1 demonstrates that the acceleration force is thus small 
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compared to Fe. As these forces have the same functional form, the small effect 
of the acceleration force is included in the expression for the expansion force. 
This gives a force balance with its left hand side equal to zero. The acceleration 
force contribution is accounted for in the (very slightly changed) value of Ge. 

As discussed in more detail in Appendix E, the force balance terms in 
equation (6.4) are rewritten in terms connected to the coefficients to be fitted 
and a term with the remaining part: 

0 = GeXe(n) + GuXu(n) + Gi1Xi1(n) + Gi2Xi2 (n) 
+Gt>TXt>T(Ç,n) + Xz(n) (6.6) 

where Xz contains the terms without coefficient and n refers to the data point 
used as input. For every bubble measured, certain instants of time before 
detachment are selected and each time yields a data point, since (6.3) should 
hold at all times. Xz contains the following quantities measured: 

(6.7) 

coming from part of the expansion force and from the corrected buoyancy. 
To circumvent difficulties in the determination of bubble shapes and related 
quantities, a restriction on the set of possible bubble shapes is made. In the 
present model the bubble is assumed to have the shape of a truncated sphere. 
The asymmetry of the bubble is only accounted for by including the measured 
upstream and downstream contact angles f31e and f31r, respectively, as depicted 
in figure 4.6 (page 41). The contact angles at intermedia te circumferential angle 
<Pare linearly interpolated from f31e and f3tr· The resulting surface tension forces 
Fu,x and F"·Y are then given by equation (2.17) at page 13. The choice for 
linear interpolation is arbitrary. A sinusoidal interpolation, for instance, is also 
possible, but the difference after integration is small. The bubble growth rate 
coefficient G-y and the growth rate exponent 1 are measured also for all bubbles 
individually by fitting, and used to compute Rand Rat the instants of time 
selected. 

The force balance (6.3) depends on time and on the coefficients G0 , G LI' G i 2 , 

C6 T and Ge. Estimates for these coefficients are found by a procedure based on 
strict application of the total force balance (6.3). At every point of time for every 
bubble from all capillaries the force balance is made to be nearly satisfied by an 
appropriate selection of the coefficients C. This selection is determined with 
the aid of a least-squares method, described in appendix E. In the coefficient 
determination, the correlation coefficient between values of functions X; is 
also determined. A small coefficient means a good distribution of data points 
in parameter space. This increases the quality of fit for the coefficients to be 
determined. 
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6.2.2 Results 

The results from experiments on steam and nitrogen gas bubbles are divided 
in to different data sets, in order to increase the accuracy by reducing the number 
of coefficients to be fit. Table 6.1 lists the sets. 

set nr. # bubbles type vbulk Dc(µm) 
1 6 Ni =0 101 
2 2 Ni =0 132 
3 10 Ni #0 101 
4 25 Ni #0 132 
5 30 steam #0 130 

Table 6.1: Bubble sets used in the coefficient determination. 

The division is made according to type of bubble (nitrogen or steam), zero 
or non-zero bulk liquid speed and capillary radius. From the experiments on 
steam bubbles, the series performed with the heating coil generator (table C.1 
on page 78) are used in the coefficient determination, because the capillary 
diameter is of the same order as in the nitrogen bubble experiments, and the 
bubble generator material (glass) is identical. 

Results of the coefficient fitting program are presented in tables 6.2 through 
6.4. The tables list the data set(s) used, the type and value of coefficients held 
fixed and the result for the unknown coefficients. The residuals, obtained by 
computing the right-hand-side of (6.6) with the fitted coefficients, are averaged 
over all data of a data set to yield IFnl· Note that every deviation from zero of 
IFnl indicates that the force model is not completely correct. 

data fixed resulting IFnl 
set coefficients values (µN) 
1 Ge = 0.6±0.1 0.49 

GL,=0 Gu = 0.6±0.2 
-z GL2= 0 Ge = 0.6± 0.1 0.49 

Ge:.r=O Gu = 0.6± 0.4 

Table 6.2: Results for the force balance minimization procedure on data sets 1 
and 2. Nitrogen bubbles with zero bulk liquid speed. 

The first two data sets comprise the nitrogen experiments with zero liq
uid bulk speed (8 bubbles). With no liquid flowing past the bubble and no 
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additional heating of the wall only buoyancy, the expansion force and sur
face tension act on the bubble. The correlation between the input data for the 
combined data sets is very high (0.99). 
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Figure 6.1: Xe versus X"-values of the data points from sets 1and2. 

The scatter plot in figure 6.1 illustrates why the correlation is high. In this 
figure the Xe-values of the data points are plotted versus their X"-values. The 
data of set 2 are in the lower left corner, while the other data are grouped in the 
opposite corner. Tuis grouping leads to a high correlation. Keeping the two 
data sets apart leads to lower correlation coefficients. This yields the average 
values Ge= 0.6±0.l and Cu= 0.6±0.2, see table 6.2. Both coefficients are of order 
1, indicating that the minimization procedure yields realistic values. The error 
indicated is an estimate for the standard deviation, given by the square root of 
the diagonal elements of the error matrix (see Appendix E). 

Figure 6.2 depicts the resulting force on the bubbles from data sets 1 and 2, 
by using the Ge and C" values of table 6.2. This force decreases monotonely as 
a function of time for each bubble (each line segment in figure 6.2). This is due 
to the fact that parameters, such as C.., , are taken constant in time, as explained 
above. It is conceivable that, for instance, the lift coefficient depends on shape, 
and therefore on time. The same also holds for the local contact angle at the 
bubble foot. The leading and trailing angles are not measured at every time 
and at each bubble size or liquid speed. Through the measured points a linear 
interpolation was performed; this was the only possible option in view of the 
uncertainty in individual measurements. 

Next, nitrogen bubbles from experiments with non-zero liquid bulk speeds 
are used to determine the lift coefficients CL, and CL,, see tab Ie 6.3. 

The value of the coefficient for the 'vorticity' lift force, CL,, tends to the 
lowest value possible (set to 10-6), while its deviation is substantially higher. 
Hence, it is allowed statistically to take CL, equal to zero. The functions XL, 
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Figure 6.2: Net force on the bubble for sets 1 and 2. Values computed with 
Ce=0.6 and C"=0.6. 

data fixed resulting IFnl 
set coefficients values (µ N ) 

CL, = 1.9±0.2 7.0 
3and4 Ge= 0.6 CL,= 10-5±0.05 

C"=0.6 CL,= 0.0 CL, =1.83±0.05 7.0 
CL,= 11/8 CL, = 0.1±0.01 7.5 

Table 6.3: Values for fixed coefficients and estimated coefficients for nitrogen 
bubbles with non-zero bulk liquid speed, data sets 3 and 4. 

and XL2of equation (6.6), which are connected to the lift coefficients, have a 
rather large correlation coefficient of 0.89. In figure 6.3 the scatter plot for the 
Xi, values versus XL, for sets 3 and 4 is given. 

Considering merely set 3 increased the correlation coefficient to 0.96. Taking 
only set 4 reduced the coefficient slightly to 0.83. With sets 1 and 2 better results 
were obtained after splitting them into two separate sets. This does not work 
for sets 3 and 4. That XL, and XL, are correlated implies that it is better to 
determine only Ci, while keeping CL, fixed, or vice versa. If the theoretica! 
estimate of 11/8 for CL, is fixed, the value of 0.1 for CLi is found. All results are 
summarized in table 6.3. The two cases, CL2 =.0 and CL, = 11/8 are considered 
to be the limiting cases and are both analyzed in the following. 

Set number 5, containing data of 30 bubbles from boiling experiments, is 
used to examine the importance of a force connected to the local heating of 
the wall by the bubble generator. See table 6.4. This force might explain 
the different angle of detachment and other differences between nitrogen and 
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Figure 6.3: XL2 - versus XL
1 
-values of data in sets 3 and 4. 

vapour bubbles, as discussed in Chapter 4. 
In two runs listed in table 6.4, the exponent Ç is set to -0.6 which is the 

value resulting from the model of Appendix D. It is noted that C6 r should be 
of order 1. If CL2 is set to zero, a very small value of C6 r results, with a large 
uncertainty. If CL

1 
is set to 11/8, C6 r is found to be 0.9. This result is of the 

expected order of magnitude. The low value of C6 r for CL2 = 0 might be due 
to the rather high correlation (0.57) between the XL 1 and X 6 r parameters1. 

data fixed resulting IFnl 
set coefficients values (µN) 

CL1=1.83 Ç=-0.6 Ct,,.r=6 · 10-4 ±0.4 1.4 
5 Ce=0.6 CL2=0.0 Ç=4±10b, Ct,,.r=5·10-b±14 1.4 

Cu=0.6 CL,=11/8 Ç=-0.6 Ct,,.r=0.9±0.3 1.2 
CL,=0.1 Ç=-5, Ct,,.r=0.2±0.2 0.8 

Table 6.4: Results for coefficient fit with steam bubbles. 

Data set 5 has also been analyzed by varying both C 6 r and the exponent 
Ç in F6 r, making the fitting model non-linear. Although the residuals IFnl 
are smaller than with Ç fixed, the uncertainty at the lower CL2-value is only 
increased, whereas the Ç-value of the higher CL,-value (0.1) is the preset mini
mum, i.e. -5. This makes clear that the data do not favour the determination 
of Ç. 

1The correlation coefficient between XL, and Xi:;.r is 0.01. 
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6.2.3 Discussion 

From the nitrogen bubble experiments with no bulk liquid speed it is found 
that Ge and Gu have a value of 0.6±0.1 and 0.6±0.2, respectively. A better 
accuracy can only be achieved by more data and by improved knowledge of 
the local contact angles /31• and /31r· 

The description of both lift forces FL1 and F1.-, leads to data sets that are 
more or less correlated. Attributing a lower value to FL1 leads toa higher value 
of Fu, and vice versa. By considering realistic extremes, Gi1 is found to be 
1.8±0.2 approximately, and Gi 2 to be 0.1 or less. These values do not exclude 
the possibility that a lift force of the type Fu,, see (2.24), is not active at all, so 
it is recom.mended to perform dedicated experiments in which the lift force is 
isolated, in order to increase accuracy. 

According to the estimates of Appendix D, based on the calculation of the 
temperature drop of a locally heated wall caused by liquid flowing along it, the 
action of the temperature drop force would result in Ç having a value of --0.6 
approximately. With this value of Ç, and with Gi

1 
fixed to 11/8, the coefficient 

found for this force is Ge:,.r= 0.9±0.3 implying that an extra detaching force 
should be present in the case of water vapour bubbles. The results are not 
conclusive, however, since there is a dependency on Gi2 and the value of Gii 
is not yet quantified accurately enough. lt is clear that either Fu, is not active at 
all, i.e. Gi 2 = 0 and FL, is relatively large, or Ge:,.r has a significant value. It can 
not be decided on basis of the present data which option corresponds to reality, 
but both options are equally interesting. The 'Ge:,.r significant' option is more 
appealing, because of the correlation coefficient (see above) and the observed 
differences between detaching vapour and nitrogen bubbles. 
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Figure 6.4: The computed individual farces on a vapour bubble Erom set 5. 
Values for coefficients listed in third line of table 6.4 are used. 1: Fes; 2: FL,; 
3: Fe:,.q; 4: FL2 and 5: Fu,x· 
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With CL,= 0.1 and có.T = 0.9 the values of the individual forces as a function 
of the bubble radius are given in figure 6.4. Especially for small bubble radii, 
both lift forces FL, and FL, are of minor importance. The vorticity lift force, 
FL,, and the temperature drop force, F6 T, are of minor importance during the 
whole of the bubble growth. The expansion force, Fe, is even smaller and is 
therefore not depicted. The low relative importances of FL, and F6 T explain 
why it is difficult to establish their absolute value on basis of experiments with 
detaching bubbles. 

6.2.4 Prediction of Detachment Radius 

Crucial in predicting the detachment radius is the detaching criterion. Mostly 
this criterion was formulated [1, 18, 20, 42] in terms of the net force on the 
bubble: as soon as the net force is pointing away from the wall the bubble 
would take off. If, however, all forces are correctly included in a force balance, 
the sum of these forces should be zero at all times. Note that the method of 
analysis of the previous section is based on this observation. 

Let us now try to device a practical detachment criterion in much the same 
way it was done by others before. A typical value of the standard deviation 
of the residual force Fn is 2 µN . The criterion for bubble detachment is tenta
tively formulated as follows: a bubble is supposed to detach if Fn, as given by 
the right-hand-side of equation (6.6), exceeds 2 µN. The force balance, equa
tion (6.4), is based on some assurnptions, one of thern being that the bubble 
shape is a truncated sphere. If the residual force, Fn1 exceeds a threshold, this 
assurnption is, according to the criterion, not valid anymore and detachment 
occurs. 

Tuis criterion has been applied to the 30 stearn bubbles from the fifth set, 
with the result that 29 of the 30 bubbles were found not to detach, since the 
residual force always exceeded the threshold value or rernained negative. After 
increasing the threshold value to 10 µN, seven bubbles did detach. The dif
ferences between calculated and measured values were, however, very large 
and nearly all were outside the ±50% range. It is therefore concluded that 
prediction of bubble detachment diameters with a criterion like the one above 
is unsatisfactory, despite the fact that this was quite often done in the past 
[1, 18, 20, 42]. The geometrical criterion of Chesters [7] would do better, since 
it is based on the (irn)possibility of fitting interface shapes to the cavity mouth. 
Tuis criterion, however, does not explain the actual forces involved. 

What seerns to be missing is knowledge of the forces that actually cause a 
liquid bridging over the cavity mouth, i.e. that cause detachment of a bubble. 
If the physics involved would be fully understood, an appropriate detachment 
criterion could be devised. 

A last rernark should be made regarding the transition in bubble behaviour 
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at the instant of detachment. The force balance after detachment is different 
from the balance for an attached bubble. In the latter, dominating roles are 
played by the surface tension force and the corrected buoyancy. These forces 
cease to exist at the moment of detachment, and a new balance is created 
in which the other forces gain importance. Especially the expansion force 
changes and the virtual mass term becomes more important. As was pointed 
out earlier, an initial deformation of the bubble can lead to enhancement of 
the bubble take-off speed. Actually, the observation of bubbles detaching with 
rather large speed from the wall into the liquid, led to the conclusion that a 
force balance in a direction perpendicular to the wall is more important in the 
bubble detachment process. Regarding the independence of force balances 
before and after detachment, the forces in y-direction should also be included, 
leading to larger difficulties in modelling the system, however. 

6.3 Conclusions 

Farces acting on bubbles attached toa capillary are to some degree of accuracy 
quantified with the aid of a fitting procedure and a step-by-step approach 
with results of three types of experiments. Two types of experiments were 
performed with nitrogen injection from capillaries of 100 µm and 132 µm 
diameter, respectively. The other experiments were performed on bolling 
bubbles, generated by local heating of a 130 µm diameter capillary (the heating 
coil bubble generator, see section 3.3 on page 28). 

The surface tension coefficient, defined in equation (6.4) was found to satisfy 
0.4< C" <0.8. These are considered to be realistic values; the spread is attributed 
mainly to uncertainties in the values of /31. and f3tr· 

The expansion force coefficient, c., was found to be 0.6±0.1. This is smaller 
than the value found by Klausner et al. [18), but is considered to be more 
realistic since their value is far larger than the value for a bubble, expanding 
freely far from a wal!. 

Two lift forces are analyzed: one a contribution of uniform flow described 
by potential theory, FL1, and the other due to the vorticity, FLi. The data sets 
for the two lift forces are found to be more or less correlated. Either CL1 or CL2 

has therefore been fixed in the fitting procedure, to the theoretical value 11/8 
and to 0, respectively. 

The option CL,= 0 is selected on basis of a fit without fixed coefficients; this 
yields CL1 = 1.83 in the fitting procedure, which is close to 11/8. 

The option CL1 = 11/8 yields CL, = 0.1 which is still small. These findings 
suggest that the relation for a vorticity lift force, as described by Auton [2], 
may not be applicable to detaching bubbles with flow along a wall. Dedicated 
measurements of lift forces are required to settle this question. 

The detachment radii of nitrogen bubbles and steam bubbles are found to 
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be different under similar circumstances. Also the angle of the trajectory of 
a detaching bubble with the vertical wall is different for nitrogen and steam 
bubbles. These differences may be due to the action of a force connected to the 
local heating of the wall. An expression for this force is given by equation (6.1). 
For the temperature drop t:.T in this equation, a numerical analysis has yielded 
equation (6.2). Coefficient fits yield that either FLi = 0 or the temperature drop 
force is significant, i.e. C1::.r = 0.9. If CL,= 0 the temperaturedrop forceprobably 
is of minor importance. To reach fully conclusive results, knowledge of the lift 
forces would have to be improved. As yet, the option CL, = 11/8, CL, = 0.1 
and C1::.r = 0.9 is considered to be more realistic in view of the discrepancies 
observed between nitrogen and steam bubbles and for other reasons explained 
above. 

It is shown that if a force balance like equation (6.4) is used to predict 
detachment radii, the prediction is unsatisfactory. Such a prediction criterion 
lacks some of the physics involved. lts use is not recommended, despite its 
manifold occurrence in literature [l, 18, 20, 42]. 



Chapter 7 

Conclusions 

In this closing chapter, the main conclusions drawn in the previous chapters 
are summarized. Finally, some suggestions are made for future work. 

In Chapter 2, the different farces that can work on an attached bubble are 
introduced and their importance is weighted. From the order of magnitude 
estimates it is found that the history force and the Marangoni force are of 
minor importance. For this reason these two farces ar not included in the force 
balance in Chapter 6. 

Experiments are performed on bubbles detaching from a vertical wall into 
upward flow, a combination that was not been experimented on before. 

For both water vapour and nitrogen bubbles, a decreasing detachment 
radius with increasing bulk liquid velocity is found. In a first order approx
imation the detachment radius can be written as an exponential function of 
liquid velocity. 

When growing on capillaries of the same diameter, steam bubbles have a 
smaller detachment radius than nitrogen bubbles under the same flow condi
tions. An extra detaching force has to be active on steam bubbles, leading to 
the earlier detachment. 

If capillaries of different size but of the same material are used, as is the 
case in the experiments with nitrogen bubbles, the detachment radius decreases 
with decreasing capillary diameter. With steam bubbles also different capillary 
diameters are used, but not of the same material. With these experiments, no 
clear results are obtained regarding the dependence of detachment radius on 
capillary size. 

A few experiments with steam bubbles are performed in which the wall 
temperature was varied, keeping other parameters constant. lt is found that 
with higher wall temperatures the detachment radius decreases slightly. This 
indicates that bubble detachment is promoted by the local heating of the wall. 
As only little data are available, no further qualifications can be made regarding 
the functional form of this dependence. 

A marked difference is found in the detachment direction between water 

69 
0 



70 Chapter 7. Conclusions 

vapour bubbles and nitrogen bubbles. The former take off into the liquid, 
while the latter more or less slide along the wall. 

The angle of bubble midpoint motion before detachment for steam bubbles 
has a constant value of abou t 60 ° with the normal to the surface, not dependent 
on the liquid velocity. 

As a bubble has a free surface, its shape is determined by the sum of 
forces acting on it. The bubbles observed are only slightly deformed. Their 
shape can be approximated by truncated spheres, except in some nitrogen 
bubble experiments, in which the bubbles have a somewhat flattened shape. 
However, the attached bubbles are slightly 'pushed' downstream by buoyancy 
and liquid flow, leading toa varying contact angle at the bubble foot. With 
increasing liquid velocity or decreasing bubble radius both leading (upstream) 
and trailing (downstream) contact angles increase. The change in contact 
angle causes the surface tension force at the bubble foot to vary in a way more 
complicated than in the case of detachment from a horizontal wall. 

A first order approximation of the temperature field around a steam bubble 
is obtained by Mach-Zehnder lnterferometry. Two situations are studied: with 
zero and with small bulk liquid velocity. From the interferograms it is seen that 
in both cases part of the bubble surface receives heat from its surroundings, 
while in other parts the heat flows in opposite direction. The liquid flow clearly 
disturbs the symmetry of the temperature field around the bubble. Due to the 
limited spatial resolution of the interferometer, the existence of a temperature 
gradient at the bubble foot could not be affirmed. 

In Chapter 6, the importance of the different forces acting on an attached 
bubble is investigated. This is done by minimizing the total force on the 
attached bubble, approximating the real situation, in which the sum of all 
forces on a bubble is zero. The total force is calculated by summation of the 
relevant forces, described in Chapter 2. These contain unknown coeffients, 
whose values are obtained by the minimization procedure. 

Both surface tension force coefficient and expansion force coefficient found 
are 0.6. As the expansion force coefficient is of order 1, it is considered to be 
more realistic than the value found by Klausner et al. [18] in horizontal flow 
boiling. 

With the present experiments, no decisive difference can be made between 
_the two terms incorporated in the lift force, one caused by the potential flow, 
the other by the vorticity. 

The difference in detachment behaviour between nitrogen and steam bub
bles may be due to the action of a force connected to the local wall heating. 
A force, connected to the local wall heating has therefore been introduced in 
Chapter 6. lt is not clear yet, which physical mechanism underlies this force. 
Coefficient fits yield that either the vorticity lift force is negligible, or this tem
perature drop force is of minor importance. To reach fully conclusive results, 
knowledge of the lift forces would have to be improved. 
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7.1 Outline for Future Work 

7.1.1 Bubble Shape Computation 

In Chapter 6 it was found that the action of a lift force is important in the 
bubble detachrnent process. The lift force is split in two parts, the Bernoulli 
suction and the 'vorticity' lift force, as given by Auton [2]. Due to correlation 
in the measured data, it is hard to distinct between these two forces. Excluding 
either from the force balance coefficient fit gave similar results. Besides, an 
estimate for the functional form of a lift coefficient for attached bubbles can not 
be obtained by the present method, because only bubbles with a prescribed 
shape can be incorporated. 

If it were possible to include a larger variation in bubble shapes, the lift 
force coefficient could be computed from the pressure distribution at the bubble 
surface. Here, a method is sketched, with which bath bubble shape and velocity 
distribution in a two-dimensional geometry can be computed. The method 
could at least give a qualitative result for the dependence of the lift (and drag) 
coefficient on liquid velocity. lt is based on a discrete vortex method, given 
by van der Geld [37]. In this reference, a distribution of discrete vortices is 
used to describe the shedding of vorticity from a solid body. In the present 
situation, the body is a bubble, to which other boundary conditions apply. The 
flow along a two-dimensional bubble is represented by a potential part and 
by a number of vortices. The bubble is attached to a wall and its shape is 
represented by a truncated series of Legendre polynomials. The interaction 
between flow field and bubble surface is accounted for by the creation of new 
vortices at every time step. As the bubble surface is a free surface, the shape is 
adapted according to the flow field at the surface at every time step. The vortex 
creation is carried out in a fixed number of points in the liquid along the bubble 
surface. The strength of a newly created vortex is dependent on the velocity 
gradient at the surface. The boundary condition at a free surface demands that 
the sum of existing velocity gradient plus the gradient of the newly created 
vortex be zero. The zero velocity gradient is illustrated in figure 2.6 (page 14). 
Every time step all vortices are convected by the resulting flow field. The 
process of bubble shape adaption, vortex creation and convection is repeated 
until a steady state is reached. 

The influence of the wall friction on the undisturbed incoming flow can be 
modelled by creation of additional vortices along the solid wal!. The no-slip 
condition determines the strengths of these vortices. The pressure distribution 
along the bubble surface is found by integrating the velocity along a suited 
path. In this way, at least a qualitative indication of the lift and drag forces as 
function of the liquid velocity can be obtained. 
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7.1.2 Measurements 

With the findings of the coefficient fit in Chapter 6, directions for future exper
iments can be given. A better insight in the role of the vorticity lift force may 
be obtained by experiments in which the test section has roughened walls. The 
degree of roughening determines the vorticity distribution and intensity in the 
liquid flow. 

The leading and trailing contact angles are most easily studied at relatively 
large bubbles. For small capillary radii, large bubbles can only be obtained if 
the system pressure is subatmospheric. Earlier experiments with low pressure 
were not successful because of failure of the bubble generator. The epoxy with 
which the generator is cast in the stainless steel plug did not withstand the 
combination of high temperature and strain caused by the pressure difference. 
Solutions to this problem may be found in using other casting materials or 
in other fixation principles. More detailed knowledge of contact angles and 
bubbles shape leads toa more accurate assessment of both surface tension and 
expansion force. This will increase the accuracy with which the other, smaller 
forces, are determined. 

In the experiments performed, only a small variation in wall superheat 
was obtained. Consequently, no definite conclusions on the dependence of, 
for instance, bubble detachment diameter on wall superheat can be given. 
Extension of the experiments to larger superheats will enhance the clarity of 
these functional relationships. 

The detachment radius can be described by an exponential function of the 
bulk liquid velocity. lt is interesting to know if this relationship also applies to 
very small velocities (:::; 0.15 m/s), or that in this range the .R,i-Vbulk curves are 
z-shaped. 

As can be observed in the interferograms in Chapter 5, the temperature 
boundary layer thickness and the bubble diameter are approximately the same. 
It would be interesting to investigate whether the bubble detachment diameter 
is correlated with the boundary layer thickness, as was observed by Cooper [9]. 
The detachment criterion of Levy [22] was also stated in terms of temperature 
boundary layer thickness. Experiments in which better con trol over this bound
ary layer is possible, can give an answer to this question. Maybe then a better 
understanding is gained of the influence of local wall heating on the bubble 
detachment behaviour. 



Appendix A 

Lift Coefficient on a Hemisphere in 
Potential Flow 

The 'Bemoulli suction' lift coefficient CL,, as introduced in Chapter 2, is derived 
in the following way. Suppose a potential flow along a sphere as depicted in 
figure A.l. Far away from the sphere the flow is parallel in +x-direction, in the 
vicinity it is described by the flow around a dipole in the origin. The radius of 
the sphere is unity. The relations between cartesian and spherical coordinates 
are: 

x rsin(O)cos(<P) 
y = r sin( 0) sin( <P) 

z = rcos(O) (A.1) 

If U00 is the undisturbed fluid speed in x-direction, the stream function, llJ, is 
given by: 

(A.2) 

On the surface of the sphere the radial velocity is zero, while the tangential 
velocity is given by 

(A.3) 

The lift force on the hemisphere with y ~ 0 is found by integrating the pressure 
at the surface over the whole area. The pressure is found by application of 
Bernoulli's law: 

p - Poo = ~Pi { u~ - u.;,} = ~p,u.;, { ~ sin2(0) - 1} (A.4) 

By definition, 

(A.5) 
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r sine z-axis 

x-axis 

Figure A.l: Spherical polar coordinate system used to calculate lift force on 
hemisphere. 

As A is the area of the body cross section perpendicular to the flow direc
tion, A = !11". The lift force acts in y-direction, therefore the inner product of 
the norrnal vector at the hemisphere surface and the unit y-vector has to be 
incorporated in the integration, giving: 

CL, = ~la" sin(<P)d<P la" sin
2 (1J) {~sin2 (1J) - 1} dlJ 

= ~ { ~ . ~11" - ~11"} = 181 (A.6) 



Appendix B 

Determination of Thin Film 
Temperature 

With the bubble generator number 3, a thin film of Platinum is used to produce 
a higher temperature near the capillary mouth of the bubble generator. The 
principle of temperature control is explained at the end of this appendix. As 
the temperature coefficient of the electrical resistivity for thin metal films is 
different from the bulk value, the method to obtain this coefficient for thin 
films is explained first. 

The Platinum film is made by a triode sputtering process. With sputtering, 
ions of an inert gas, for instance Argon, are accelerated in an electrical field. 
The ions hit a target (in our case Platinum), releasing microscopie grains of 
metal from it. The grains are transported through the plasma and deposited 
on a substrate to form a metal film. The thickness of the film increases in 
time, depending on the discharge current and voltage, the system pressure 
and geometry, the kind of inert gas used and the combination of metal and 
substrate. 

The thickness of the Platinum film on the bubble generator is 100 nm. Both 
the resistivity and the resistance temperature coefficient of thin films are dif
ferent from the bulk material value. In genera!, the resistivity is caused by 
c9llisions of free electrons during their path through the metal. These interac
tions can be subdivided into three categories (fora more detailed explanation 
see [12]). The main cause for resistivity is the interaction of electrons with 
phonons. Phonons are the displacement of lattice points, caused by thermal 
vibration of the material. Thus this interaction is temperature dependent. Sec
ondly, the electrons can collide with imperfections in the material. This effect 
is independent of temperature. In thin films, the structure of the film (grain 
size) influences the resistivity. Finally, the electrons can scatter on the surface 
of the material. This effect will increase with decreasing film thickness and is 
dependent on the mean free path of the electrons. As the mean free path is 
temperature dependent, this effect is temperature dependent. Ü 
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These three effects lead to an increasing resistivity and a decreasing re
sistance temperature coefficient with decreasing film thickness. As the tem
perature coefficient for our Platinum films was not known, a series of test 
measurements were performed to obtain the dependency of the temperature 
coefficient on film thickness. To this end, four glass test plates (lOxlO mm2) 

were covered with a Platinum layer, each of different thickness. For every 
plate, the dependence of electric resistance on temperature was measured in 
a thermostatie silicon oil bath with temperatures between 25°C and 140°C. 
From the relations found, the temperature coefficient A1 was determined by 
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a polyomial least squares fit. In figure B.l the results are displayed. The left 
y-axis gives the temperature coefficient, the right y-axis the resistivity. The 
bulk resistivity of Platinum is 9.84·10- 8f2m, according to [24]. 

A linear fit was made through the points found, to give for the temperature 
coefficient of the electric resistance: 

A1 = (1.3±0.1) + (4±1) · d (B.l) 

in which A1 is given in 10-31<- 1 and dis the film thickness in µm. Applying 
this formula to the Platinum film of bubble generator number 3, we find A 1 = 
1.7 .lQ-3J<-1. 

Figure B.2: The Constant Tempera
ture Anemometer principle, used to 
preset the temperature of the Plat
inum film on bubble generator num-

v ber 3(see page 29). 
set 

In figure B.2, a drawing is made of the principle of a Constant Temperature 
Anemometer (CTA). Tuis device is used to contra! the temperature of the 
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Platinurn film, when generating bubbles. Main cornponents of the CTA are a 
resistance bridge and an amplifier. The current through the bridge is controlled 
by the resistance bias between left and right branch of the bridge. In genera!, 
R1 and R2 are equal. Rp1 is the resistance of the Platinurn thin film, while R,. is a 
variable resistance. lf Rp1 and Rs are equal, a constant current will flow through 
the bridge, set by V set· An increase in R. leads to a higher current, increasing 
the ternperature of the Platinum film. As Platinurn has a positive resistance 
ternperature coefficient, the increased current will lead to a higher Rp1• This 
increase will continue until R. and Rp1 are equal again. 

With the ternperature coefficient A1 known, the set resistance value of R,. is 
a direct measure of the Platinum film ternperature. 

0 



Appendix C 

Tables with Experimental Results 

Exp. N Vbulk Tsa1 E>bulk Tcoil Rd c'î I <I> 

nr. mm/s (oC) (K) (oC) (mm) (m//Y) (0) 
N33 5 160 101.2 1.8 - 0.558±0.006 0.0054 1.03 
N35 5 180 101.9 1.4 240 0.504±0.007 0.0004 1.47 
N36 3 260 101.9 1.4 240 0.40±0.01 0.00013 1.41 
N03 7 530 101.7 1.3 150 0.28±0.01 0.052 1.12 58±3 
N07 8 520 101.7 1.4 220 0.282±0.006 0.37 1.31 62±3 
N04 8 530 101.7 1.3 340 0.30±0.01 0.023 0.97 58±3 
NOl 7 660 101.7 1.3 150 0.255±0.006 0.093 1.25 61±8 
NOS 8 650 101.7 1.2 230 0.25±0.02 0.066 1.39 56±2 
NOB 8 660 101.7 1.2 340 0.25±0.04 0.0089 0.96 50±2 
N27 7 700 102.0 1.8 - 0.21±0.03 4.2 1.4 
N32 10 770 101.2 0.2 - 0.20±0.02 0.042 1.28 
N06 8 840 101.7 1.5 220 0.19±0.01 0.54 1.36 60±3 
N09 8 850 101.7 1.6 280 0.18±0.01 0.28 1.20 52± 1 
N02 8 850 101.7 1.6 340 0.21± 0.02 11 1.22 58± 2 

Table C.1: Results for vapour bubble experiments perfarmed with the heating 
coil generator (number 1), arranged in order of increasing liquid bulk velocity 
(Vbuik)· N is the number of bubbles Followed, E>bulk the liquid bulk superheat, 
Tcoil is the heating coil temperature, Rd is the mean detachment radius, C'î the 
mean growth constant and 'f the mean growth exponent. <I> is the angle of 
bubble midpoint motion befare detachment. Because of failure of the built-in 
thermocouple, some experiments Jack the value ofTcoil· 
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Exp. N Vbulk Tsat ebulk T ~ C-y 'Y 
nr. (mm/s) (oC) (I<) (I<) (mm) (m/sÎ) 

N75 6 0 101.8 0.7 103.6 0.46±0.01 0.0011 0.45 
N72 4 140 101.8 1.7 103.4 0.38±0.03 0.0029 0.73 
N73 8 175 101.8 1.5 103.5 0.35±0.03 0.0019 0.61 
N74 6 250 101.8 1.4 103.5 0.34±0.01 0.0064 0.75 
N78 7 190 101.7 1.7 103.7 0.36±0.03 0.0065 0.74 
N76 8 220 101.7 1.5 104.2 0.35±0.03 0.017 0.87 
N77 8 190 101.7 1.5 104.7 0.29±0.03 0.618 1.08 
N57 6 520 101.6 1.2 103.0 0.26±0.03 2.7 1.75 
NSS 12 500 101.6 1.3 104.0 0.16±0.01 0.09 0.92 
NSB 12 700 101.6 1.4 103.7 0.20 4.1 1.33 

Table C.2: Results of the experiments performed with bubble generator num
ber 2, the stainless steel generator. T is the temperature of the thermocouple at 
the backside of the stainless steel plate. 

Exp. N vbulk Tsat ebu1k T ~ C-y 'Y 
nr1. (mm/s) (oC) (I<) (oC) (mm) (m/sÎ) 
N84 8 130 101.7 1.8 116.2 0.32±0.02 0.0011 0.36 
N85 3 120 101.7 1.6 120.4 0.71±0.04 0.0048 0.43 
N86 8 130 101.7 1.4 124.0 0.65±0.03 0.0042 0.48 
N87 8 130 101.7 1.5 128.1 0.59±0.01 0.0029 0.39 
N89 8 420 102.1 1.6 116.7 0.16±0.01 3 0.97 
N90 6 560 102.1 1.5 116.1 0.150±0.008 0.21 1.16 

Table C.3: Results for the experiments performed with the Pt generator (num
ber 3), T is the Platinum film temperature. 

1Experiments N84, N89 and N90 differ from the other experiments in this series. In these 
experiments, the Platinum thin film temperature was approximately 116 °C, the temperature 
in the other experiments was higher. At the higher temperatures, the artificial nucleation site 
was active, generating bubbles with detachment radii between 0.59 and 0.71 mm. At lower 
temperatures another (smaller) nucleation site was active, generating bubbles with radii of Q 
0.32 mm and smaller. 
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Exp. N De Vbulk T sat ebu1k Rd C-y 7 <I> 

nr. µm (mm/s) (oC) (K) (mm) (m/s'Y) (°) 
N62 6 101 0 101.7 0.2 1.248±0.004 0.009 0.46 24 
N60 8 101 570 101.7 1.0 0.55±0.02 0.039 0.66 53 
N61 7 101 900 101.7 1.0 0.40±0.02 0.083 0.75 55 
N68 2 132 0 101.8 1.2 1.654±0.002 0.013 0.49 25 
N65 7 132 540 101.8 1.3 0.78±0.02 0.049 0.69 59 
N66 12 132 720 101.8 1.2 0.65±0.02 0.080 0.75 57 
N67 8 132 980 101.8 1.4 0.52±0.02 0.213 0.88 62 
N31 6 96 130 101.7 0.9 0.32±0.01 0.002 0.46 
N30 6 96 700 101.7 0.9 0.25±0.01 0.015 0.63 

Table C.4: Experimental results for nitrogen bubbles, bubble generators num
ber 4, 5 and 6. See table 4.1. 



Appendix D 

Estimate of the Dependence of the 
Temperature Drop Force on Liquid 
Speed. 

As the water is heated around the cavity, liquid temperature gradients occur 
near the foot of the bubble. If the water is flowing, temperature will slightly 
vary along the bubbe foot. In order to appreciate the importance of the tem
perature drop force, the water superheating at the foot, C:i.T, has to be modeled 
as a function of bulk liquid speed, Vbu1k, and heating rate Q. A 2-dimensional 
geometry is assumed. Tuis approximation should hold near the upstream end 
of the bubble. At other places, fluid motion is also directed towards the bubble 
foot, which to some extend validates the 2-D assumption. 

~! 
Figure D.1: Temperature boundary layer 
generated by local heating of the wall. The 
heated area is indicated by the dotted line 
in the wall: Left: fully developed. Mid
dle: Decrease of boundary layer thickness 
by heat consumption of growing bubble. 
Right: reduced thickness alter bubble de-
tachment. Part of the warm boundary layer 
is convected away by the bubble. 

The superheating C:i.T at the bubble foot depends on time. Before initiation 
of bubble growth, heat is accumulated in the wall and also in the liquid in 
which a temperature boundary layer develops. See figure D.1. In the following 
calculation, the temperature boundary layer is assumed to be fully developed 
and stationary (left drawing). In the other drawings, the effect of a bubble 
on this layer is depicted. The bubble takes up heat from the wall, giving 
the boundary layer less time to develop. The thinner layer results in a larger () 
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D 

Appendix D. Estimate of the Temperalure Drop Force 

c 
··---~----- Figure 0.2: Geometry used in calculation of 

liquid temperature distribution caused by a 
square heat source around (-q,O) and given 
liquid velocity distribution. q corresponds 
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temperature drop along the bubble surface. For Jarger bubbles this temperature 
drop is less siru:e detachment frequency is lower and there is more time for the 
Jayer to develop. This leads to increasing temperature drop with increasing 
liquîd speed (and decreasing detachment radii). 

The temperature distribution in the boundary layer is govemed by the 
stationary convection-diffusion equation: 

(D.1) 

where er is the thermal diffusivity, different for wall and fluid, p, the mass 
density of tl:ie (solid) wal!, c the heat capacityof the wall and 0 the dimensîonless 
temperature defined by 

(D.2) 

with T 00 the upstream (saturation) temperature. 
Q is the heat flow rate of the source (in W/m3}, distributed uniformly over a 
square region around (-q,0). The sîdes of this region have length q (corre
sponding to 1.5 mm in reality). The 2-0 geometry is given in figure 0.2. The 
y-a:xis is the boundary between wall and fluid. 

The velocity profile of the saturated liquid is that of a turbulent flow in 
a channel with square cross section and a channel Reynolds number between 
1·104 and 6· 10'. An estimate for the tirne-averaged velocity, at the cross section 
where the cavity is located, is taken from the rneasurements of Melling and 
Whitelaw (27]. From their experirnents at Re = 4.2 · 104, the following relation 
between mean velocity and position in the channel is derived: 

(D.3) 

with 1 half the channel diameter, V, the liquid speed at the channel centre; 
V. "' 1.25V.u1k, Vbulk being the liquid bulk speed. Coordinate x represents the 
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distancefromthewall(O S x S l). m = 5.36forRe = 4.2-104• Forotherchannel 
Reynolds numbers, a logarithmic dependence of m on Re as in circular pipes 
(see for instance Miller [28]), is assumed: 

m = 0.503 ln(Re) (D.4) 

ln is the natural logarithm. 
The temperature boundary layer generated by the heat source embedded in 

the wall is calculated with boundary conditions () = 0 at boundaries A and B, 
(see figure D.2), while at C and D the normal heat flux is zero, i.e. g! = 0, with 
n the normal to the wall. Solution is obtained with a finite element package 
with a mesh refined in regions with high temperature gradients. Upwind 
differencing is used to effectively handle the convective heat transport. It is 
found that the temperature boundary layer thickness only marginally decreases 
with increasing liquid bulk speed at constant heating rate. The shape of the 
boundary layer is depicted in the left drawing of figure D.l. 

35 
g 

29 Figure D.3: +: Calculated tempera-
E-< ture difference b.T = Tw - T1iquid at 
-; 23 (0,0) for varying liquid bulk speed. 
il: 

" 17 The curve is a least squares fit to the . .; calculated data, represented by equa-" 11 
il tion (D.5) . ... 

5 
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bulk liquid speed (m/s) 
Figure D.3 gives the calculated difference in temperature at position (0,0), 

the bubble generation site, and in the liquid bulk as a function of liquid speed. 
The heating power, Q, of the bubble generator was set to the typical value of 
10 W / m 3

. For the wall the material properties of glass were used (type 1 bubble 
generator), for the liquid the properties of water at saturation temperature. 

The calculated results for 6.T are very well represented by a power function 
giving: 

6.T = 0.6 · Q · Vbulk~ (D.5) 

with ~ = -0.568 and Q in W/m3
. This equation is equation (6.2). Note that 

the value of 0.6 for the constant originates from the choice of material and 
geometry. For other cases this value will differ. lts dependence on material 
properties or geometry was not investigated. Because equation D.l is linear, 
an increase in heating power leads to a proportional increase in 6.T as has 
been made explicit by Q in the above equation. Expression (D.5) is used in 
equation (6.1) to give Ft>.T· 



Appendix E 

Coefficient Fit Method 

In this appendix, the procedure to determine force coefficients, as used in Chap
ter 6, is described in more detail. Due to the limitation to truncated spheres 
and the unknown functional dependence of, for instance, the lift coefficient on 
liquid velocity or bubble shape, the force balance can not always be satisfied. 
The best choice of coefficients C is obtained by minimizing the standard devi
ation of the net force from zero over a given time interval. Tuis is done in the 
following way. 

Starting point is the force balance in x-direction (equation (6.4) on page 59). 
Tuis equation can be rewritten, if the terms are sorted into groups belonging 
to the various coefficients. Tuis gives equation (6.6). Note that the term Xt;. 0 

in this equation is non-Jinear if Ç is not fixed . All functions X attain values in 
the data po~ts, according to the measured and/or interpolated values of Re, 
/3( <P ), R, R, R, Vm, Ho and R1op· The total number of data points depends on the 
number of bubbles included in one data set and the number of time steps. For 
N data points and M unknown coefficients, equation (6.6) is a matrix equation 

· with M columns and N rows: 

{E.l) 

This matrix equation, being overdetermined, is input in a least-squares subrou
tine. The subroutine, taken from Bevington [4], calculates the set of coefficients 
that result in the least residual value x2, the mean value of the squared total 
force at all data points. It is also capable of handling non-linear sets of equa
tions. An estimate for the uncertainty in C; is given by the diagonal elements 
of the so-called error matrix. If the function matrix X is multiplied with its 
transposed, a square matrix results: Oïk = X;iXik· The error matrix is the in
verse of er, weighted with the variance in the residual force: S = O"~cr- 1 , with 

O"~ = L (F(j) - F) 2 
/(N - 1). If O"Ö is the result of white noise, the diagonal 

elements in S are the variances, while the off-diagonal elements contain the 
covariances. Coefficient i is then determined by C;±Á;. In the present case, 
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however, the functions Xi also contairl uncertairlties. Furthermore it is not 
possible to test the distibution of these errors, as there is only a lirnited set of 
experirnental results. For this reason, the calculated S;i give only estimates for 
the (co)variances. 

The correlation coefficients of the data points are obtairled by a weighted 
multiplication of the elements irl different rows of matrix X (see, for irlstance, 
Chatfield [ 6)). If the elements are denoted by xi and Yi the correlation coefficient 
is defined as: 

I:(x; - x)(y; - y) 
r = -r===================== 

j[I:(x; - x)2] [I:(Yi - y)2] 

"x·y· _ ()= X;)(l: Yi) 
L.., 1 1 N (E.2) J ( I: xr - <Y::d) ( I: y[ - ~) 

the value of r always lies between -1 and + 1. The second expression is mostly 
used, to avoid the calculation of x and y. 

The irldividually measured data of a number of bubbles at a number of 
poirlts of time is used as irlput for the net force mirlirnization program. The 
time between bubble initiation and detachment, td, is determirled for every 
bubble usirlg equation (4.2). For every bubble, the time between O,Std and td 
is divided irlto a number of time steps. The time irlterval [O,Std, td] is selected 
sirlce measurement accuracy is higher just prior to detachment and sirlce prime 
irlterest is on detachment itself. At each time step the absolute value of the 
net force irl x-direction on each bubble is calculated. With 5 time steps and 10 
bubbles, for example, 50 equations with the unknown coefficients are given. 
This (overdetermirled) set of equations os solved to give a combination of 
coefficients, leadirlg to a mirlirnal residual force. 



AppendixF 

Son1e Properties of Water at 
Saturation Temperature 

The table below lists some properties of pure water at saturation temperature 
at two pressures. All quantities are stated in S.I. units. Values have been taken 
from [32] unless stated otherwise. 

pressure 105 lQó 

llcap 2.505 . 10-;j 2.197 .10-;j 
c 4216 4408 
h 2257.9 · 103 2013.6 · 103 

Tsat(°C) 99.6 179.9 
O' 1.69. 10-7 

k 0.681 0.677 
µ 279. 10-6 149. 10-6 

v 2.91. 10-7 1.68. 10-7 

PI 958.8 887.3 
Pg 0.590 5.144 
(J 0.059 0.042 

According to Beer [3], the first derivative of surface tension as function of 
temperature between0°C and 250°C is: ~~ =-0.175 .lQ-3N/mI<. 

The dependence of index of refraction of pure water on temperature at 
100 °C is-2.71 .10-4I<- 1, found from interpolation of data from [40], p.E-392. 
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Summary 

Experiments are performed on bubble detachment from an artificial cavity in 
a plane wall of a vertical rectangular channel. Saturated water flows upward 
through the channel. Steam bubbles are generated by local heating of the 
cavity, nitrogen bubbles of about the same size by injection. Three independent 
parameters are varied in the experiments: the liquid bulk velocity, the size of 
the capillary and the local heating rate of the wall in the vicinity of the capillary. 

The bubble detachment radius decreases for increasing bulk liquid velocity, 
in a way that can be described by two parameters. Nitrogen bubbles coming 
from a capillary with approximately the same radius are larger than water 
vapour bubbles. 

A decrease in detachment diameter was found for decreasing capillary 
diameter. 

With higher wall temperatures, the bubble detachment radius slightly de
creases, indicating that bubble detachment is promoted by the local heating of 
the wall. 

The experiments show a difference in take off direction between vapour 
and nitrogen bubbles. Steam bubbles take off into the liquid, while nitrogen 
bubbles more or less slide parallel to the wall. 

From several experiments, the upstream and downstream contact angle 
between bubble foot and wall were studied. With increasing liquid velocity 
or decreasing bubble radius, both angles increase, while the upstream contact 
angle is always larger than the downstream angle. 

Interferograms of detaching bubbles were successfully made using a Mach
Zehnder Interferogram. These interferograms give a first order approximation 
of the temperature field around the bubble. 

An inventory is made of forces, that act on an attached bubble. With these 
forces, a force coefficient fit is performed on components perpendicular to the 
wall. By analyzing flow- and non-flow experiments apart, some of the forces 
are quantified. By combining the results of nitrogen bubble and steam bubble 
experiments, a force due to the temperature difference at the bubble foot is 
studied. Such a force could explain the observed differences between steam 
and nitrogen bubbles. No physical mechanism, however, is found to clarify 
the action of such a force. 

With the coefficient fit, it is found that either a vorticity lift force of the type 
found by Auton [2] is negligible, or this temperature difference force may be 
important. To reach fully conclusive results, knowledge of the lift forces would 
have to be improved. 

A commonly used criterion to predict detachment radii is found not to be 
satisfactory. 
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Samenvatting 

Een experimentele studie is gemaakt van bellen die loslaten van een kunstmatig 
kapillair in de wand van een vierkant kanaal met rechte wanden. Door het 
kanaal stroomt verzadigd water omhoog. Stoombellen werden gegenereerd 
door lokale verhitting van de wand, bellen van stikstof door injektie van het 
gas in de vloeistof. In de experimenten zijn drie onafhankelijke grootheden 
gevarieerd: de snelheid van de vloeistofbulk, de grootte van het kapillair en 
de mate van verwarming van de wand in de buurt van het kapillair. 

De loslaatstraal van de bellen neemt af bij toenemende vloeistofsnelheid, 
de mate waarin dit gebeurt kan beschreven worden middels twee parameters. 

De loslaatstraal neemt tevens af voor kleinere kapillairdiameters. 
Bij hogere wandtemperatuur neemt de belloslaatstraal iets af. Dit duidt 

erop dat een hogere lokale wandtemperatuur het loslaten bespoedigt. 
Uit de experimenten komt een verschil in loslaatgedrag tussen stoom- en 

stikstofbellen te voorschijn. De loslaatbeweging van stoombellen is meer in de 
vloeistof gericht, terwijl stikstofbellen min of meer langs de wand glijden. 

Uit verscheidene experimenten zijn de kontakthoeken aan de belvoet aan 
stroomopwaartse- en aan stroomafwaartse kant bepaald. Beide kontakthoeken 
nemen af met toenemende vloeistofsnelheid of afnemende belstraal, terwijl de 
stroomopwaartse hoek altijd groter is dan de stroomafwaartse. 

Met behulp van een Mach-Zehnder Interferometer zijn interferogrammen 
gemaakt van loslatende bellen. Deze interferogrammen geven een eerste orde 
benadering voor het temperatuurveld rond de bel. 

Een inventarisatie is gemaakt van de krachten die op een aan de wand 
gehechte bel werken. Deze krachten zijn gebruikt in een programma, waarmee 
de coefficienten voor de loodrecht op de wand staande komponenten werden 
afgeschat. Door gescheiden analyses van de experimenten met stilstaand en 
met stromend water kon een schatting gemaakt worden van verschillende 
krachten. 

Door kombinatie van de resultaten van stikstof- en stoombellen is een 
kracht, die verband houdt met het temperatuurverschil aan de belvoet, be
studeerd. Zo'n kracht zou het verschil in loslaatgedrag tussen stoom- en 
stikstofbellen kunnen verklaren. Er is echter nog geen fysisch mechanisme 
gevonden, dat het optreden van deze kracht zou kunnen verhelderen. 

Met de coefficienten aanpassing is gevonden dat ofwel een wervelsterkte 
liftkracht, van het type dat beschreven is door Auton [2], verwaarloosbaar is, 
ofwel dat de kracht ten gevolge van het temperatuurverschil van belang is. 
Een verbeterde kennis van de lifkrachten zal kunnen leiden tot eenduidige 
resultaten hieromtrent. 

Een loslaatcriterium dat veelvuldig door anderen wordt gebruikt, is toege
past op onze experimenten. De resultaten hiervan waren niet tevredenstellend. 
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Nawoord 
m:wm pa (panta rei, alles stroomt) is de rake aanduiding van de oude grieken 
voor de kosmos en alle processen die zich hierin afspelen. Het is een notie van 
het streven naar een verandering: zonder stroming geen ontwikkeling. De 
stroming heeft echter ook een richting: achteruit, richting chaos, en vooruit, 
richting orde1. 

Hoewel natuurlijk maar een uiterst klein gedeelte uitmakend van het onder
en bovenmaanse, voelde ik mij de afgelopen viereneenhalf jaar zeer sterk een 
deel van de grote stroming. Zowel persoonlijk als op het werk hebben zich 
grote veranderingen voorgedaan, de chaos heeft veelvuldig aan mij getrokken, 
de orde vaak geroepen. Mijn lief is mij afgenomen, ik heb mijn lief gevonden. 

Ik ben blij dat ik niet alleen als kollega, maar ook persoonlijk, veel steun 
heb gehad van Piet Boot. Weinig onderdelen van geschiedenis, godsdienst, 
politiek, wetenschap, en wat al niet meer, zijn onbesproken geweest tijdens 
onze vele wandelingen. 

In de afgelopen periode ben ik in staat geweest om mijn ervaring op weten
schappelijk gebied, zowel experimenteel als theoretisch als numeriek, belang
rijk uit te breiden. Hiervoor wil ik bedanken: Cees van der Geld, voor zijn 
doorzettingsvermogen, Chris van Koppen, voor zijn overzicht, en Anton van 
Steenhaven, voor zijn vragen en voor zijn geduld. 

Ik heb het genoegen gehad het grootste gedeelte van mijn tijd de kamer 
te kunnen delen met Haoran Meng, Hans Sanders en Arjen van Maaren. Zij 
waren net iets gretiger in het bemachtigen van de doctorstitel. 

Een deel van de experimenten is verricht door afstudeerders en stagiairs, 
die ik op deze plaats voor hun inzet wil bedanken: Sandra Heuts, Krista 
van der Meer, Peter de Bruijn, Ricardo Barbone, Frits Schaafsma, Harold van 
Maasakkers en Edward Jacobs. 

Mijn dank gaat uit naar Willem van Duin en Toon Thijssen van Philips PMF, 
voor het sputteren van het platina op de Pt-belgeneratoren. 

Het Engels in dit proefschrift is naar een hoger nivo getild; dank zij Gerd 
van der Slik. 

Als laatste wil ik noemen al de mensen, die in meerdere of mindere mate 
hebben bijgedragen aan het welslagen van mijn promotiewerk, in alfabetische 
volgorde: 
Rob van den Berg, Tom Flesch, Jacques Gofers, Michiel van Gorp, Leen Kik, 
Frans Kuypers, Theo Maas, Simon Plukker, Marielle Smits, Rian Tielemans, 
Frits van Veghel, Koos Verbeek, Jacques Verspagen, Jan Versteeg, Jacques Wij
nen, Jan Willems. 

1 Pas in deze eeuw is men, middels de tweede wet van de thermodynamica, in staat geweest 
een wiskundige grondslag aan dit stromingsprincipe te geven. Het blijkt dan dat het stelsel 
van alle levensvormen, zoals wij die kennen, lokaal tot een grotere orde leiden, ten koste van !' ... ". ' 

een globaal nog snellere toenadering tot de chaos. '., ____ ) 
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Stellingen 

horend bij het proefschrift van Wim van Helden 



1. De, ter validatie van numerieke berekeningen, veelgebruikte meetresul
taten van het snelheidsveld in een buis met rechthoekige doorsnede, 
gevonden door A. Melling & J.H. Whitelaw in 1976 Q. Fluid Mech. v. 
78, pp. 289-315), zijn experimenteel onvoldoende geverifiëerd. (Science 
Citation Index, 1976-april 1994). 

2. Het in diskrediet raken van de eerste persoonsvorm is in gang gezet door 
profvoetballers. 

3. Het gebruik van pof om tijdens het klimmen meer grip te houden, zeker 
in routes met een moeilijksheidsgraad lager dan 6, getuigt van bijgeloof 
bij de klimmer. 

4. Het heffen van vastrecht op goederen en diensten leidt tot een kleinere 
besparingsprikkel door de toenemende gemiddelde prijs bij afnemend 
verbruik. Een voorbeeld vormt de extreem hoge wegenbelasting voor 
LPG personenvoertuigen. 

5. Promoveren komt niet ten goede aan de algemene ontwikkeling van de 
kandidaat. 

6. Het bestuur van de faculteit Werktuigbouwkunde heeft de afname van 
de studentenaantallen voorzien, gezien het al jarenlang durende tekort 
aan fietsrekken bij de faculteit. Deze vooruitziende blik betreft niet het 
personeelsbestand, gelet op het aantal parkeerplaatsen. 

7. Over enkele duizenden jaren zal men uit archeologisch onderzoek kon
kluderen dat bierdopjes een belangrijk hulpmiddel waren bij bouwwerk
zaamheden. 

8. Energie is de enige ekonomische produktiefaktor. 

9. Daar rekensnelheid van komputers in een gestaag tempo toeneemt, is 
er voor het oplossen van wetenschappelijke problemen slechts geduld 
nodig. 

10. Het vervangen van door verkeerslichten geregelde kruispunten door ro
tondes nieuwe stijl leidt tot een soepelere verkeersstroom en minder 
frustratie bij de verkeersdeelnemers. 

11. In een kustplaats kan men maar half verdwalen. 




